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Preface

Guanidino compounds comprise creatine, arginine, and the
guanidines. In the past two years there have been over 2000
published articles with the names of these compounds in the
title. One can go to any nutrition or health food store and buy
these as supplements because it is believed they improve
health and athletic performance.

In this special issue of Molecular and Cellular Biochem-
istry the International Guanidino Compounds in Biology and
Medicine Society has invited these authors to present their
findings which include an up-to-date summary of the scien-
tific and clinical aspects of essentially all the biologically
active Guanidino compounds. The articles summarize the
current scientific knowledge of these compounds with ref-
erence to relevant clinical conditions. The reader will find a
variety of articles discussing the chemical, biological and

clinical functions of these compounds. This translation of
science and clinical applications make this a valuable re-
source for learning the latest on the subject of Guanidino
Compounds in Biology and Medicine.

The compilation of this important work has been made
easier by assistance from Muscle Tech and Avicena as well as
the Japanese Guanidino Compounds in Biology and Medicine
Society and Children’s Hospital Medical Center Cincinnati.
The contributors and independent referees have provided an
invaluable service in producing this work.

Joseph F. Clark

Department of Neurology, University of Cincinnati
Cincinnati, OH, USA

E-mail: joseph.clark@uc.edu
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Inhibition by heparin of protein kinase C activation
and hydroxyl radical generation in puromycin
aminonucleoside treated isolated rat hepatocytes

Kazumasa Aoyagi,' Yutaka Kuzure,? Siranoush Shahrzad,’
Aki Hirayama,’® Sohji Nagase® and Atsushi Ueda’

'Department of Internal Medicine, College Clinic, Tsukuba College of Technology, Tsukuba, Ibaraki; *Bio-System Research,
University of Tsukuba, Tsukuba; *Institute of Clinical Medicine, University of Tsukuba, Tsukuba, Japan

Abstract

Heparin has been reported to have many actions similar to calcium-dependent protein kinase (PKC) inhibitors. We have found
that puromycin aminonucleoside (PAN) increases hydroxyl radical generation and this was prevented by H-7, a PKC inhibitor
in isolated rat hepatocytes. In this study, we investigate the effect of heparin on the increased hydroxyl radical generation as
well as PKC activation by PAN in isolated rat hepatocytes. To estimate the amount of hydroxyl radical generation, we meas-
ured methylguanidine (MG) and creatol which are the products from the reaction of creatinine and hydroxyl radical. Synthetic
rate of MG plus creatol in isolated rat hepatocytes incubated in Krebs-Henseleit bicarbonate buffer containing creatinine and
tested reagents were recorded. This rate with or without PAN was 231 + 11 or 112 + 5.6 nmol/g wet cells/4 h (mean + S.E., n
=5), respectively. Heparin concentrations of 3.3, 6.6 and 10 U/ml inhibited MG plus creatol synthesis in the presence of PAN
by 30, 38 and 39%, and without PAN by 8.4, 27 and 34%, respectively. Statistical significance was observed except for 3.3 U/
ml without PAN. The ratio of PKC in membrane/cytoplasmic fraction, an indicator of PKC activation, increased 2.8- and 3-
fold that of the 0 time after 60 and 120 min incubation with PAN while heparin at 10 U/ml almost completely suppressed this
increase in the ratio of PKC. The PKC ratio of the membrane/cytoplasmic fraction obtained from hepatocytes with heparin
alone or without PAN and heparin was almost unchanged during the tested period. Variation of PKC levels in membrane frac-
tion is similar to that of PKC ratio of the membrane/cytoplasmic fraction. Increased creatol synthesis by PAN and its inhibition
by heparin were observed in the same samples as those used for the PKC study.

These results indicate that heparin inhibits the increase in hydroxyl radical generation induced by PAN through inhibition of
PKC activation in isolated rat hepatocytes. (Mol Cell Biochem 244: 3-9, 2003)

Key words: heparin puromycin aminonucleoside, protein kinase C, reactive oxygen

Introduction glomerular messangial matrix resembling the features of focal

glomerular sclerosis, an intractable nephrosis [7]. Therefore,
many investigators have used this reagent to create animal
models for the study of nephrosis. Besides its anticoagulant

Heparin has been widely used as an anticoagulant in hemo-
dialysis and cardiopulmonary bypass operation. Many papers

report favorable effects of heparin on kidney diseases such
as glomerulonephritis [1], renal failure [2], diabetic vas-
cular complications [3, 4] and chronic puromycin amino-
nucleoside (PAN) nephrosis [5]. PAN has been known to
induce heavy proteinuria [6] as well as an increase in the

activity, there are many inhibitory effects of heparin on the
following: smooth cell proliferation [8], tissue factor expres-
sion [9] c-fos and c-mic mRNA expression [10], transcrip-
tion of tissue-type plasminogen activator [11] induction of
matrix metalloproteinase [12] PDGF stimulated MAP kinase
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activation [13] and endothelin-1 synthesis in endothelial cells
[14] In most of these reports, activation of protein kinase C
(PKC) and/or inhibitions of these phenomena by PKC inhibi-
tors were reported.

Recently, increased reactive oxygen species (ROS) gen-
eration has been implicated as the cause of the toxicity in-
duced by PAN[15, 16]. We, also, reported that PAN increases
generation of hydroxyl radical, the most reactive ROS in iso-
lated rat hepatocytes [17-19] as well as glomerulus [20]. As
for the molecular mechanism for the toxicity of PAN, we
noted that 1-(5-isoquinoline sulfonyl)-2-methylpiperazine
dihydrochloride (H-7), a PKC inhibitor, inhibits this increases
of hydroxyl radical generation induced by PAN [21]. We also
found that PAN activates PKC in isolated rat hepatocytes (in
submission). This increased hydroxyl radical generation is
indicated by an increased synthesis of methylguanidine (MG)
and creatol in isolated rat hepatocytes within an hour of the
addition of PAN [19]. Since we showed that MG, a uremic
toxin, is formed from creatinine through a hydroxyl radical
adduct of creatinine [17—-19] that was identified as creatol
later [22, 23], it has become apparent that the synthetic rate
of MG and/or creatol from a certain level of creatinine can
be used as a marker for the rate of synthesis of the hydroxyl
radical [24-26].

In the present study, we investigated the effects of heparin
on the activation of PKC together with the hydroxyl radical
generation in PAN treated-isolated rat hepatocytes.

Materials and methods

Materials

Puromycin aminonucleoside was purchased from Sigma
Chemical Co., St. Louis, USA. Heparin was purchased from
Novo Co. Ltd. The creatol standard was kindly donated by Dr.
Ienaga of the Nippon Zoki Pharmaceutical Co. Ltd. Mono-
clonal antibodies specific against o, B and y isozymes were
purchased from Seikagaku Kogyo Co. (Tokyo, Japan). The
cell lysate for the PKC standard was purchased from the
Transduction Laboratory (Lexington, KY, USA).

Preparation of isolated rat hepatocytes

Male Wistar rats weighing 300-350 g were used in all ex-
periments. The rats were allowed free access to water and
laboratory chow containing 25% protein. Isolated hepato-
cytes were prepared essentially according to the method of
Berry and Friend [27] as described previously [28, 29]. We
calculated that 9.8 x 107 cells correspond to 1 g of wet hepa-
tocytes.

Incubation of cells for MG and creatol synthesis

Hepatocytes were incubated in 6 ml of Krebs-Henseleit bi-
carbonate buffer containing 3% bovine serum albumin, 10
mM sodium lactate, 16.6 mM creatinine, indicated substances
and with or without 1.9 mM PAN. The incubation mixture
was shaken at 60 cycles/min in a 30-ml conical flask with a
rubber cap under 95% oxygen and 5% carbon dioxide at
37°C. Equilibration of the buffer was repeated every hour.
Incubation was arrested by the addition of 0.6 ml of 100%
(w/v) trichloroacetic acid.

Determination of MG and creatol

After sonication, the supernatant of cells and medium was
obtained by centrifugation at 1700 x g for 15 min at 0°C, and
0.2 ml of the extract was used for MG and creatol measure-
ments. MG was determined by high-performance liquid chro-
matographic analysis using 9,10-phenanthrenequinone for
the post-labeling method as described previously [24]. Di-
methylformamide for fluorometrical use was purchased from
Wako Co., Japan. Creatol was separated by a cation exchange
resin column larger than that for MG analysis and was con-
verted to MG by heating at 125°C under strong alkaline
condition using the HPLC system modified from the MG
determination apparatus [30].

Subcellular fractionation of PKC from isolated
hepatocytes

Hepatocytes (1.5 g wet cells) were incubated in 35 ml of the
same buffer as used for MG and creatol synthesis with or
without PAN. An aliquot (5 ml) of the cell suspension was
taken at 0, 15, 30, 60 and 120 min and the cells were collected
by centrifugation. The collected cells were homogenized with
a Dounce homogenizer (100 strokes) in 2 ml of 50 mM Tris-
HC1 pH 7.6 containing 0.25 M sucrose, 2 mM EDTA, 0.2 mM
phenylmethanesulfonyl fluoride and 0.1 mM leupeptin. Af-
ter an initial centrifugation (600 x g for 10 min) to remove
nuclei, the supernatant was centrifuged at 12000 x g for
10 min to remove mitochondria and the supernatants were
separated into cytoplasmic and insoluble fractions by cen-
trifugation (105,000 x g for 45 min). The insoluble (mem-
brane) fractions were homogenized in 200 ml of the buffer
used for homogenization and were kept on ice for 30 min after
the addition of 1% Triton X-100 for solubilization. The cy-
toplasmic and the insoluble fractions were boiled for 5 min
in the presence of 2% sodium dodecy]1 sulfate (SDS), and both
fractions were kept at —80°C. Protein in both fractions was
determined by the Bicinchoninic acid protein assay method
[31].



Determination of PKC

Both fractions were boiled for 3 min with 1% B-mercapto-
ethanol, 5% glycerol and 0.006% bromophenol blue. Proteins
(110 pg protein) in the above two fractions were separated by
electrophoresis on 8% SDS-polyacrylamide gels (14 x 14 cm).
As a positive control of PKC (1 pg protein), rat brain lysate
obtained from Transduction Laboratories was used. The pro-
teins were transferred to nitrocellulose filters. Inmunoreactive
proteins were detected using the mixture of antibodies specific
against a, B and y isozymes. These were diluted 100 times and
mixed (1:1:1). Enhanced chemiluminescence (ECL) western
blotting detection reagents (RPN 2106, Amersham Pharmacia
Biotech, NJ, USA) were used for detecting PKCs. The bands
of PKCs were quantified by densitometry.

Statistics

Significance of experimental results between two groups was
evaluated using the unpaired Student’s ¢-test. For compari-
sons involving more than two groups, ANOVA was applied.
Results were expressed as mean + S.E. The differences were
considered statistically significant when the calculated P value
was less than 5%.

Results

Inhibition by heparin of MG and creatol synthesis in
isolated rat hepatocytes

Effect of heparin on the synthesis of creatol and/or MG in
isolated rat hepatocytes with or without PAN was investi-
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gated. The synthetic rate of MG in isolated rat hepatocytes
with and without PAN were 177 + 12 and 91.3 + 3.2 nmol/g
of wet cells/4 h (mean + S.E.). Heparin at the concentrations
of 3.3, 6.6 and 10 U/ml significantly inhibited MG synthesis
by 38, 39 and 41% in the presence of PAN and by 24, 31 and
45% in the absence of PAN, respectively as shown in Fig. 1a.
The MG plus creatol synthetic rate with and without PAN
were 231 + 11 and 111.6 £ 5.6 nmol/g of wet cells /4 h (mean
+ S.E.), respectively. Heparin at 3.3, 6.6 and 10 U/ml inhib-
ited MG plus creatol synthesis with PAN by 30, 3 8 and 39%,
and without PAN by 8.4, 26.5 and 34% as shown in Fig. 1b.
MG plus creatol synthesis was significantly inhibited by
heparin at any tested concentration except at 3.3 U/ml with-
out PAN.

The inhibition rate of 30% by heparin of 3.3 U/ml in the
presence of PAN is much higher than that of 8.4% in the
absence of PAN. The inhibition rate did not increase propor-
tional to the heparin concentration. This indicates that the
inhibition is not caused by a simple hydroxyl radical scav-
enging activity of heparin.

Inhibition by heparin of PKC activation in isolated rat
hepatocytes

The translocation of PKC from the cytoplasm to the mem-
brane fraction has been reported as the most reliable indica-
tor of the activation of the conventional type of PKC in cells
[32-34]. Bands of PKC in the membrane fractions were de-
tected by the Western blotting method and their densities
obtained by densitometry from isolated rat hepatocytes in-
cubated in control solution (without PAN and heparin ), with
PAN, with PAN and heparin, or with heparin alone respec-

:
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Fig. 1. Inhibition of MG or MG plus creatol synthesis by heparin in isolated rat hepatocytes. Isolated rat hepatocytes (0.1 g wet cells) were incubated with
various concentrations of heparin with (O) or without 1.9 mM PAN (@) as described in ‘Materials and methods’. Values are expressed as the mean + S.E.
(n=5). *Indicates a p value less than 0.05 vs. the control value (without heparin). Data were subjected to ANOV A with pairwise comparison by the Bonferroni

method.
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tively. PKC in the membrane fractions increased at 60 and
120 min incubations in PAN-treated hepatocytes. As for
the PKC bands from hepatocytes incubated with PAN plus
heparin, inhibition of the increase of PKC in the membrane
fractions at 60 and 120 min was noted. Since the total amount
of PKC is more than 10 times of that of the membrane frac-
tion, activation of PKC will not affect the PKC amount within
a short period. Thereafter, cytoplasmic PKC can be used to
correct the variation in density caused by the different expo-
sures to luminescence by the Western blot method. The PKC
ratio of the membrane/cytoplasmic fraction of the isolated
rat hepatocytes determined after 0, 15, 30, 60 and 120 min
incubations with or without 1.9 mM PAN were as follows.
In the presence of PAN, the PKC ratio in the membrane/cy-
toplasmic fraction after 60 and 120 min incubation was 2.8
and 3.0 times higher than that of the 0 time control (Fig. 2a).
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On the other hand, the PKC ratio of the hepatocytes incubated
with heparin and PAN, with heparin alone and without PAN
or heparin did not change or changed little during the tested
incubation period (Fig. 2a). PKC levels in the membrane frac-
tion after adjusting for the densities based on assumption that
0 time density is a constant is shown (Fig. 2b). There are no
major differences between the results using cytoplasmic PKC
or 0 time membrane PKC for the correction. Creatol was
determined in the same samples as those used for testing PKC
activation. Creatol levels in the presence of PAN at 30, 60
and 120 min incubation increased to 3.2, 3.0 and 2.3 times
of that seen without PAN (Fig. 2c). Heparin almost com-
pletely inhibited this increased synthesis of creatol.

These results indicate that heparin inhibits both PKC acti-
vation induced by PAN and MG generation in isolated rat
hepatocytes.
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Fig. 2. Inhibition of PKC activation in PAN-treated hepatocytes by heparin. The ratio of PKC in the membrane/cytoplasmic fraction is shown in (a). The
PKC level in the membrane fraction after adjusting the level based on the idea that O time density is a constant is shown (b). Creatol synthesis in isolated
hepatocytes in the same sample as that for PKC study under various conditions are shown in (c). The symbols O represents PAN and heparin, O represents
PAN alone, @ represents no additives and M represents heparin alone.



Discussion

In this study, we demonstrate that heparin inhibits the PKC
activation as well as MG synthesis in PAN-treated isolated
rat hepatocytes. The heparin concentration of 3.3 U/ml that
significantly inhibited MG synthesis in PAN-treated hepato-
cytes is lower than that in the blood of the patients undergo-
ing hemodialysis therapy or cardiopulmonary bypass surgery
[35]. The inhibition rate of MG synthesis did not increase at
concentrations of heparin higher than 6.6 and 10 U/ml. These
data suggest that the inhibition dose is not dependent on the
ROS scavenging activity of heparin, since the ROS scaveng-
ing activity of heparin is relatively low [36]. With regard to
the heparin effect on ROS, it has been reported that heparin
inhibit ROS generation in leukocytes [37] and in rheumatoid
synovial cell A (macrophage-like) and B (fibroblast-like)
stimulated by substance P [38]. It is reported that heparin re-
duces hepatic ischemia-reperfusion injury with decreased
lipid peroxide in vivo [39]. However, in this report, antico-
agulant role of heparin was not excluded as a cause of this
favorable effect. This report may be the second instance in
which heparin inhibits ROS generation in non-inflammatory
cells following synovial B cells.

Favorable effects of heparin on glomerulonephritis [40] as
well as chronic PAN-nephrosis [5] has been reported at
concentrations insufficient to inhibit coagulation. Similar
favorable effects of heparin or non-coagulant heparin like
substances on the vascular complications in diabetes mellitus
are also reported [4]. As the reason for these favorable effects
of heparin, inhibition of mesangial cell proliferation and ex-
pression of matrix protease have been suggested [41]. These
effects of heparin are attributed to the action of PKC inhibi-
tion. PKC plays an important role in many biological proc-
esses, especially in cell proliferation and the events following
the inflammation [32]. Considering that H-7, a PKC inhibi-
tor, prevented an increase of hydroxyl radical generation by
PAN [21], inhibition of PKC activation by heparin in PAN-
treated hepatocytes should lead to the suppression of hy-
droxyl radical generation. This report directly demonstrates
that heparin inhibits the translocation of PKC in non-inflam-
matory cells. Similar reports prior this of the inhibition of
translocation of PKC by heparin in non-inflammatory cells
could not be found.

In addition to the kidney, PAN is also known to affect the
liver. Aside from our studies [15-17], findings in the liver of
PAN-treated rats include increased liver weight [42], inhib-
ited phenobarbital induction of microsomal enzymes [43] and
increased lipoperoxidation and glutathione peroxidase [44].
Activation of PKC in liver caused cholestasis [45], stimula-
tion of apical exostosis [46], mitogen-activated protein kinase
activation [47]and phospholipase D activation [48]. Among
these effects, activation of phospholipases may lead to an in-
crease in hydroxyl radical generation through arachidonic

7

acid metabolism which is known to generate hydroxyl radi-
cals in gallbladder muscle cells [49].

As a mechanism of inhibition of PKC activation, it was
reported that heparin acts as an inositol 1,4,5-triphosphate
receptor antagonist in receptor coupled G protein-mediated
contraction of isolated intestinal muscle cells [50] and de-
creases intracellular Ca?* concentration [51].

Thus, heparin, which both scavenges ROS and inhibits
PKC activation or PKC activity, represents a potential treat-
ment for many diseases in which PKC activation is a major
element.
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Inhibition of arginine synthesis by urea: A
mechanism for arginine deficiency in renal
failure which leads to increased hydroxyl
radical generation
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Abstract

We have reported that (1) the synthesis of GSA, a uremic toxin, increases depending on the urea concentration and (2)
GSA is formed from argininosuccinic acid (ASA) and the hydroxyl radical or SIN-1 which generates superoxide and NO
simultaneously. However, an excess of NO, which also serves as a scavenger of the hydroxyl radical, inhibited GSA synthesis.
We also reported that arginine, citrulline or ammonia plus ornithine, all of which increase arginine, inhibit GSA synthesis even
in the presence of urea. To elucidate the mechanism for increased GSA synthesis by urea, we investigated the effect of urea on
ASA and arginine, the immediate precursor of NO.

Isolated rat hepatocytes were incubated in 6 ml of Krebs-Henseleit bicarbonate buffer containing 3% bovine serum albu-
min, 10 mM sodium lactate, 10 mM ammonium chloride and with or without 36 mM of urea and 0.5 or 5 mM ornithine at
37°C for 20 min. In vivo experiments, 4 ml/100 g body weight of 1.7 M urea or 1.7 M NaCl were injected intra-peritoneally
into 5 male Wistar rats. Two hours after the intra-peritoneal injection of urea or 1.7 M NaCl, blood, liver and kidney were obtained
by the freeze cramp method and amino acids were determined by an amino acid analyzer (JEOL:JCL-300).

ASA in isolated hepatocytes was not detected with or without 36 mM (200 mgN/dl) urea, but the arginine level decreased
from 36 to 33 nmol/g wet cells with urea. Ornithine which inhibits GSA synthesis, increased ASA markedly in a dose depend-
ent manner and increased arginine. At 2 h after the urea injection the rat serum arginine level decreased by 42% (n = 5), and
ornithine and citrulline levels increased significantly. Urea injection increased the ASA level in liver from 36-51 nmol/g liver
but this was not statistically significant.

We propose that urea inhibits arginine synthesis in hepatocytes, where the arginine level is extremely low to begin with,
which decreases NO production which, in turn, increases hydroxyl radical generation from superoxide and NO. This may, also,
be an explanation for the reported increase in oxygen stress in renal failure. (Mol Cell Biochem 244: 11-15, 2003)

Key words: urea, arginine, reactive oxygen, uremia, guanidinosuccinic acid

Introduction

Synthesis of guanidinosuccinic acid (GSA) increases in pa-
tients with renal failure and has been recognized as a uremic
toxin [1] because of its various biological activities, such as
its strong inhibition of platelet aggregation [2], induction
of hemolysis [3], induction of generalized clonic and tonic

convulsions [4] and activation of the N-methyl-D-aspartate
(NMDA) receptor which generates NO in neurologic systems
[5]. The synthesis of GSA in patients with renal failure in-
creases depending on the urea level [6, 7]. Furthermore, we
have demonstrated urea concentration-dependent GSA syn-
thesis using isolated rat hepatocytes [8]. In addition, we have
shown that GSA is formed from the reaction of arginino-
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succinic acid (ASA) and reactive oxygen species, particularly
the hydroxyl radical [9,10]. ASA s an intermediate of the urea
cycle and also a precursor of arginine. In in vitro experiments,
we have reported that GSA is formed from ASA and SIN-1
which generates superoxide and NO simultaneously. Since
urea is a known inhibitor of the enzymatic conversion of ASA
to arginine we looked for an increase in ASA, a precursor of
GSA [11], as a cause of this urea stimulated GSA synthesis.
In addition, we previously reported that arginine, citrulline
or ornithine plus ammonia, all of which increase arginine,
inhibit GSA synthesis in the presence of urea, and ornithine
without ammonia, which does not increase arginine, did not
inhibit GSA synthesis [8, 12]. From the in vitro experiments
using SIN-1, we propose that scavenging the hydroxyl radi-
cal by the excesses of NO arising from large amounts of ar-
ginine is a possible cause of this inhibition of GSA synthesis.
Therefore, we investigated both the level of ASA, a sub-
strate for GSA, and the level of arginine, a substrate of NO
synthetase, as well as other urea cycle members in isolated
rat hepatocytes and in living rats to elucidate the mechanism
of urea stimulated GSA synthesis and its inhibition by ar-
ginine.

Materials and methods

Isolated rat hepatocytes prepared from male Wistar rats were
incubated in Krebs-Henseleit bicarbonate buffer as described
previously [8]. Cells (0.2 g wet cell) were incubated in 6 ml
of Krebs-Henseleit bicarbonate buffer containing 3% bovine
serum albumin, 10 mM sodium lactate, 10 mM ammonium
chloride and with or without 36 mM of urea and 0.5 or 5 mM
ornithine at 37°C for 20 min. Incubation was arrested by the
addition of 0.6 ml of 100% (wt/vol) trichloroacetic acid. After
sonication, the supernatant of cells and medium was obtained
by centrifugation at 1700 g for 15 min at 0°C, and 0.2 ml of
the extract was used for amino acid analysis and GSA deter-
mination. GSA was determined by high-performance liquid
chromatography using 9,10-phenanthrenequinone, which
reacts specifically with mono-substituted guanidino com-
pounds, for postlabeling after separation on a cation exchange
column as described previously [8].

In the in vivo experiments, 4 ml/100 g body weight of 1.7
M urea or 1.7 M NaCl were injected intra-peritoneally into
5 male Wistar rats weighing from 255-274 g. Two hours af-
ter the intra-peritoneal injection of urea or 1.7 M NaCl, blood,
the livers and kidneys were collected after ether anesthesia.
Tissues were obtained by the freezed cramp method using
liquid nitrogen and homogenized by Polytron in 2 volume
of 10% trichroloacetic acid (TCA). The supernatant after
centrifugation was used for amino acid analysis using an
amino acid analyzer (JEOL:JCL-300).

Results

Effect of urea and/or ornithine on the arginine and ASA
levels in isolated rat hepatocytes

Ornithine in the presence of ammonium chloride inhibited
the urea-stimulated GSA synthesis in a dose-dependent man-
ner was shown in Fig. 1. Chromatograms of ASA, a substrate
for GSA, obtained by the amino acid analyzer were shown
in Fig. 2. In the presence of 36 mM urea, a notch was recog-
nized as ASA, but did not increase significantly; 0.5 mM
ornithine increased ASA somewhat and 5 mM ornithine in-
creased ASA to 16 mM. It is apparent that the ASA level is
not the rate limiting factor for GSA synthesis, because 5 mM
ornithine almost completely inhibited GSA synthesis. The
arginine level in isolated rat hepatocytes was decreased by
urea from 36 to 33 nmol/g wet cells, as shown in Fig. 3, but
this was not statistically significant. On the contrary, the
combination of ornithine plus ammonia that inhibited GSA
synthesis, increase arginine. Arginine concentration increased
from 0.03—-0.05 mM in the presence of 0.5 mM ornithine and
0.03-0.22 mM with 5 mM ornithine. Citrulline concentration
of control was 0.6 mM and increased by urea to 0.64 mM,
and ornithine at 0.5 and 6 mM increased citrulline to 0.86 and
2.1 mM, respectively.

Effect of urea on the level of arginine, ASA and urea cycle
members in vivo

The concentration of urea in serum, liver and kidney at 2 h
after the intraperitoneal injection of urea or NaCl are shown
in Fig. 4. The urea concentration of serum and liver increased
by 70 and 45 mM at 2 h after the urea injection. The serum
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Fig. 1. Inhibitory effect of ornithine on guanidinosuccinic acid synthesis
stimulated by urea in isolated rat hepatocytes. Cells (0.08 g of wet cells)
were incubated as described in ‘Materials and methods’. Each point repre-
sents the mean of duplicate incubation. Bars indicate the range of each
determination.
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Fig. 2. Chromatograms of ASA from various conditions were obtained by
the amino acid analyzer as described in ‘Materials and methods’. Pointer
indicates ASA peak.

concentration of arginine significantly decreased by 43%
after urea injection, and citrulline and ornithine increased as
shown in Fig. 5. The arginine level in liver did not change as
shown in Fig. 6. Among the urea cycle members, ornithine
and citrulline increased significantly in the liver. In the kid-
ney, the arginine level did not vary in response to the urea
injection, but ornithine increased. The ASA level was in-
creased from 35 + 3.7 to 51 + 8.8 nmol/g liver by urea injec-
tion but this was not statistically significant. The increased
ornithine and citrulline and slight increase of ASAin the liver
and similar amino acid change in the serum suggests that urea
inhibits both ASA synthesis from citrulline and arginine syn-
thesis from ASA.

Discussion

It has been reported that the arginine levels decrease and cit-
rulline levels increase in serum from patients with renal fail-
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Fig. 3. Effect of urea and/or ornithine on arginine level in isolated rat hepa-
tocytes. Hepatocytes were incubated for 20 min as described in ‘Materials
and methods’.
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Fig. 4. Effect of urea on urea level in serum, liver and kidney. Urea con-
centration without urea was represented by open column and with urea was
represented by dotted column. Values were obtained from 5 rats.

ure. This change in arginine and citrulline has been explained
by the loss of renal tubular cells which form arginine from
citrulline [14]. We show that urea decreases serum arginine
and increases citrulline and ornithine even in normal rats.
Therefore, urea may play an important role in this abnormal
metabolism of arginine and citrulline in patients with renal
failure. We have already reported that arginine, citrulline and
ornithine plus ammonia, all of which increase arginine, an
NO precursor, inhibit GSA synthesis in the presence of urea
[13]. Urea decreases arginine which may lead to limited NO
synthesis in hepatocytes because the arginine level is already

0 005 01 015 02 025 03 035 04
Serum Amino acids (mM)

Fig. 5. Effect of urea on serum amino acids level. Serum amino acids with-
out urea was represented by open column and with urea was represented
by dotted column. Values were obtained from 5 rats. *Represented p less
than 0.05.
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Fig. 6. Effect of urea on liver amino acids level. Liver amino acids with-
out urea was represented by open column and with urea was represented
by dotted column. Values were obtained from S rats. *Represented p less
than 0.05.

low as a result of the activity of arginase. We showed that
GSA is formed from ASA and the hydroxyl radical or SIN-
1, which generates NO and superoxide simultaneously. How-
ever, SIN-1 at higher concentrations inhibited GSA synthesis
from ASA [11]. Excess of NO, compared with superoxide
anion, has been reported at the higher concentrations of SIN-
1 [15]. The reason for the reduced GSA synthesis at higher
concentrations of SIN-1 may be explained as a result of the
scavenging of the hydroxyl radical by NO resulting in nitrous
acid. Therefore, it is suggested that hydroxyl radical genera-
tion from the superoxide anion and NO may be regulated by
the amount of NO generated from arginine in hepatocytes.
Both the complete lack of NO, which does not generate the
hydroxyl radical from the superoxide anion, and the excess
of NO, which scavenges the hydroxyl radical, may lead to
decreased GSA synthesis. The highest hydroxyl radical gen-
eration is observed at a specific ratio of NO to superoxide.

Ornithine
o ) l[\ Arginase
Argininosuccinate —— Arginine
urea

GSA arginipe §
Stimulation \
-OH < HOONO <— O2- +-N

I
4

Nitrous Acid

- NO

+ arginine

Inhibition

Fig. 7. A possible mechanism of urea stimulated GSA synthesis through
arginine.

Urea may decrease the NO level at conditions suitable to the
generation of the hydroxyl radical. These process is shown
in Fig. 7. Patients with renal failure, who have high levels of
urea, are felt to be exposed to increased oxidative stress [16,
17]. The mechanism for this increased oxidative stress has
not been elucidated. Inhibition of arginine synthesis by urea
may explain at least a part of this oxidative stress in the pa-
tients with renal failure. We reported that removal of urea by
hemodialysis reduced this oxidative stress [18]. Moreover,
it has been reported that a single session of hemodialysis
changes the oxidized form of albumin to the reduced form
[19]. Restriction of protein intake leads to both a decrease in
urea levels and a decrease of arginine supply. Our study sug-
gests that the supply of enough arginine as a source of NO in
addition to protein restriction is a more effective way to pre-
vent the progression of renal failure than dietary restriction
alone. The most important finding of this study is that GSA
may be a useful indicator of the hydroxyl radical generation
in vivo and it can be detected using urine in both healthy and
uremic subjects.
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Abstract

Nuclear magnetic resonance (NMR) is a non-invasive technique which allows us to examine the biochemical, physiological
and metabolic events occurring inside living tissue; such as vascular and other smooth muscles.

It has been found that the smooth muscle metabolism is compartmented such that mitochondrial function fuels contraction
and that much glycolytic ATP production is used for membrane pumps. Using NMR we have been able to observe the ATP and
phosphocreatine (PCr) concentrations and estimate the ADP concentration, as well as flux through the creatine kinase (CK)
system. It has also been found that the smooth muscle metabolism is able to maintain ATP concentration in the absence of
mitochondrial function (cyanide inhibition). Therefore, the vessels are able to adapt to metabolic demands as necessary.

NMR is versatile in the information it can provide because it has also yielded important contributions with regard to the
intracellular pH and ionic status. For example, the intracellular free Mg> ([Mg**]) can be measured with NMR simultaneously
with ATP concentrations and NMR has shown us that the [Mg?*], is highly protected in the muscle (within confined range), but
also responds to the environment around it.

In this review we conclude that NMR measurements of smooth muscle research is a useful technique for assessing chronic
and acute changes that occur in the tissue and during diseases. (Mol Cell Biochem 244: 17-30, 2003)

Key words: smooth muscle, energetics, creatine kinase, Mg?*, pH

Abbreviations: PPA — phenylphosphonic acid; PSS — physiological saline solution; GPC — glycerol phosphocholine; PCr —
phosphocreatine; Cr — creatine; NMR — nuclear magnetic resonance; CK — creatine kinase; Mi-CK — mitochondrial creatine
kinase; PME — phosphomonoesters; NTP — nucleoside triphosphates; NAD*/NADH - nicotinamide adenine dinucleotide;
TMSPS - 3-(Trimethylsilyl) propane-sulfonic acid; B-GPA — B-guanidinopropionic acid; FBP - fructose 1,6 bisphosphate; DOG-
6P — 2-deoxy-glucose-6-phosphate; K M#*™" — apparent dissociation constant of MgATP, K M¢A™"; HPLC - high-performance
liquid chromatography; IAA — iodoacetate

1. Preface

Smooth muscle is generally considered to have a slower
metabolism and lower concentration of metabolites compared
to striated muscles such as the heart and skeletal muscle. This
distinction has sometimes resulted in smooth muscle studies
being conducted after striated muscle studies. However, this
does not mean the smooth muscle metabolism is not novel
or dynamic. For example, the metabolism of vascular smooth
muscle is functionally compartmented with what appears to

be differential control for aerobic and anaerobic glycolysis
as well as oxidative phosphorylation [1-6]. NMR studies of
living tissues sometimes assumes that the cell’s metabolites
will be well mixed during the duration of the experiment.
Although smooth muscle cells are small compared to most
striated muscles, the smooth muscle metabolites and energetic
processes have been shown to be highly organized and struc-
tured [3, 5, 6]. Therefore the smooth muscle system provides
a unique environment with multiple factors contributing to
its metabolism and metabolic control, such as homeostatic
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control and ionic regulation. We hope this review is useful
for better understanding not only in smooth muscle metabo-
lism itself, but also in other related tissues and organs, for
example brain with respect of creatine kinase.

2. Metabolism studies

2.1. 3P NMR spectrum

In almost all smooth muscles measured with *'P-NMR, there
are six major peaks easily resolvable depending on their
chemical shifts: PME (phosphomonoesters), Pi (inorganic
phosphate), PCr (phosphocreatine), and y-, a- and B-atoms
of NTP (nucleoside triphosphates). The right hump in the o
NTP peak arises from NAD*/NADH (nicotinamide adenine
dinucleotide). In most cases the PME peak can be divided into
two subpeaks: PME1 and PME2. From their chemical shifts,
these two peaks are considered to mainly arise from PEt
(phosphorylethanolamine) and PCh (phosphorylcholine),
respectively. The observations of the PDE (phosphodiester)
peaks varies greatly from tissue to tissue [7].

The peak area corresponds to the concentration of each
compound after correcting for each saturation factors. The
y- and o.-NTP peaks also contain contributions of NDPs (nu-
cleotide diphosphates), such contribution would become sig-
nificant especially under metabolic inhibition [8]. In this
review the b-NTP peak is treated as the ATP concentration
([ATP]) in the cytoplasm, although it contains 20-30% of
other NTP, such as GTP etc. [9, 10].

The ratio of [PCr] to [ATP] ([PCr]/[ATP]) is often used to
an index of cellular energy level. As an overview of smooth
muscle metabolism, it is easy to point out that [PCr]/[ATP]
in various smooth muscles ranged widely even under con-
trol conditions. Interestingly, [PCr]/[ATP] seems to be related
with physiological functions of smooth muscles [10]: Fast
phasic smooth muscles such as guinea-pig taenia caeci and
pig urinary bladder have high [PCr]/[ATP] (1.4-1.7), while
it is quite low (0.5-0.7) in tonic smooth muscles, such as
pig carotid artery and sheep aorta; In the slow phasic smooth
muscles of guinea-pig stomach, [PCr]/[ATP] (0.9) is be-
tween fast phasic and tonic smooth muscles (Fig. 1, Table
1). Since this wide variation of [PCr]/[ATP] is seen in rest-
ing conditions (even when [Pi] is low,) mechanisms to regu-
late the cellular creatine (Cr) level (e.g. creatine transporters)
may be linked with physiological functions of smooth mus-
cle.

2.2. Kinetic analysis (saturation transfer)

2.2.1. Technical aspects
Magnetic resonance technology can measure, quantitatively

PCt/ATP

A

Phasic muscle

#1.4-1.7, Taenia caeci
(Hellstrand & Vogel, 1985 ; Nakayama et al. 1988)

¢ 1.7, Urinary bladder (ushmerick, 1986)

40.46-1.25, Uterus
(Degani et al. 1984; Dawson & Wray, 1985)

¢ 0.92, Stomach (Nakayama et al. 1997)

¢ 0.7, Aorta (Hardinetal.)

40.47-0.62, Carotid artery
(Clark & Dillon, 1995; Kopp et al. 1990)

v

Tonic muscle

Fig. 1. Apparent relationship between PCr:ATP and physiological func-
tions of smooth muscle. In This figure we see the relative relationship between
the energy metabolism of the smooth muscle and its functional characteris-
tic of phasic versus tonic. The rapid contracting and relaxing taenia caeci
has a relative high PCr:ATP ratio and is a phasic smooth muscle. Whereas
the tonic carotid artery has a much lower PCr:ATP ratio. Thus, the NMR
measurements of smooth muscle metabolism reflect the function of the tis-
sue.

and qualitatively, exchange of subgroups between molecules.
For example, in muscle energetics the exchange of phosphate
between ATP and PCr via creatine kinase (Eq. 1) can be quan-
tified using saturation transfer. Whereas this same exchange
can qualitatively be demonstrated using 2D nuclear-over-
hauser exchange (NOE) measurements.

[PCr] + [ADP] <—> [ATP] + [Cr] + [H*]. 1)

In Fig. 2 a representative series of spectra obtained during a
saturation transfer experiment is shown. The * represents the
position of specific irradiation to ‘saturate’ the peak of in-
terest. This saturation occurs because a net randomization of
nuclear spins caused by the irradiation. It must be emphasized
that randomization of nuclear spins does not mean that the
molecule is changed or that the enzyme kinetics are altered.
The nuclei have simply been ‘labeled” with a change in spin.
Because the phosphate of PCr or ATP retains the random-
ization of spins when it is exchanged to the other molecule
via CK, the height of the peak is concomitantly decreased.
The decrease in peak height is due to the phosphate resonance
now being represented by both the saturated spin and the non-
saturated species. The duration of the saturation is determined
by the T1 relaxation time of the species. Therefore the T1 is
quantitatively changed according to the change in T1, and this
change in T1 is due to the native T1 relaxation time and the
contribution to the T1 from the other species. Therefore, the
pseudo first order rate constant of exchange can be deter-
mined with these data.
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Table 1. Intracellular concentrations of phosphorus compounds (mM) and pH in smooth muscles measured with *’P-NMR and chemical analyses

[PCr] [ATP (NTP)] [Pi] [PME] [ADP] pH, Condition

Kopp et al., 1990 [68] (37°C)

Pig carotid artery 0.62* 1% 0.58% 2.02% 7.02 3P-NMR measurement of
chemical extract

Clark and Dillon, 1995 [60]

Pig carotid artery (0.65) (1.39) 0.031* (37°C)

Hardin et al., 1992

Sheep aorta [81] (0.14) (0.20) 7.05 Room temperature

Kushmerick et al., 1986 [9]

Rabbit urinary bladder 1.3% 1* 1.20% 1.60* 7.10 (25°C)

(1.64) 0.97) (2.02) (1.09) 0.23) 7.10

Uterus (1.29 (1.19) (2.82) (0.28) 7.01

Nakayama and Smith

(unpublished observation)

Guinea-pig urinary bladder 1.7¢ 1% (32°C)

Degani, 1984 [15]

Rat uterus 2.1 4.6 0.8 5.4 0.04* (4°C)

Dawson and Wray, 1985 [20]

Rat uterus 3.0 24 1.5 6.3 7.09 Non-pregnant (37°C)

42 3.1 1.6 6.6 7.08 Pregnant
2.3 23 2.5 9.8 6.83 Post-partum

Vogel et al., 1983 [19]

Guinea-pig taenia caeci 1.5-2.0 1* 7.0 (23°0C)

Hellstrand and Vogel, 1985 [25]

Rabbit urinary bladder 1.9 1# 7.0 (23°C), Ca”*-free medium

(1.76) (0.79) (1.30) (0.15)
taenia caeci 1.4 1* 7.0 (23°C), Ca?*-free medium
(1.07) 0.61) (0.48) (0.18)

Nakayama et al., 1988 [26]

Guinea-pig taenia caci 1.71*% 1* 0.58* 7.05 (32°C)

Nakayama et al., 1995 [7]

Guinea-pig taenia caeci 1.59 (32°C), *'P-NMR
measurements of
chemical extract

Nakayama et al., 1997 [10]

Guinea-pig stomach 0.92¢ 1# 0.54% 3.09* 7.08 (32°C)

Yoshizaki et al., 1987 [13]

Bull frog stomach 438 3.6 2.4 3.0 7.27 (20-25°C)

3.1) (2.6)

Asterisks indicate [ADP] calculated assuming equilibrium for the creatine kinase reaction. In some NMR measurements, the concentrations of phosphorus
compounds are expressed relative to that of ATP (indicated by #). In the NMR measurements of Dawson and Wray, the concentrations of phosphorus com-
pounds are expressed in mM. In other NMR measurements and chemical analyses, the values are expressed in pmoles/g wet weight.

Quantification of this exchange is achieved by applying
the following formula: Kf =—(1/T1)(1/T1%*). Where T1 is the
relaxation time and T1* is the relaxation time during satura-

tion and Kf is the pseudo first order rate constant in s-1. the
pseudo first order rate constant can be used for determining
flux because Kf times the concentration of the representative
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Fig. 2. In this figure we see a representative series of NMR spectra show-
ing the sequence of a typical saturation transfer experiments. The bottom
trace (A) is the initial >’P NMR spectrum and recalling the information pre-
sented in Fig. 1 the PCr:ATP ratio is consistent with that previously reported.
There is a saturation pulse being applied up filed of the PCr peak to control
for non-specific saturation. In spectrum B there has been a continuous wave
saturation applied to the PCr resonance. Thereby making the NMR relatively
unable to receive the PCr’s signal. Spectrum C has the saturation applied
to the y-ATP peak. Again the peak is essentially not ‘visible’ to the NMR
and we also see a concomitant decrease in the PCr resonance. Finally, in
Spectrum D there is a saturating pulse applied between the y-ATP and f-
ATP to again control for non-specific saturation effects. The data from these
experiments can be used to calculate the molecular exchange between ATP
and PCr via the creatine kinase reaction.

metabolite is equal to the flux in mM/s. For example, if Kf
for PCr to ATP flux was 0.1 and the concentration of PCr
([PCr]) was 5 mM, the flux would be 0.5 mM/s: 0.1 x 5 =
0.5.

Saturation transfer is not the only technique capable of
quantifying molecular exchange between molecules. Inver-
sion recovery is also capable of measuring the kinetics of
exchange. In this technique we selectively invert a peak of
interest with a selective 180° pulse. After the selective inver-
sion, the peak recovers according to its T1 relaxation kinet-
ics. However when there is exchange between molecules, the
peak it exchanges with falls and then recovers [16]. This ‘re-
covery’ occurs due to its relaxation kinetics and the amount
of exchange between the two molecules.

There are two main techniques used for saturating a peak
of interest. The most commonly used technique is continu-
ous wave (CW) saturation. This is when a continuous, nar-
row band of rf irradiation is applied to the peak of interest.
Generally this needs to be applied for a length of time 5x

longer than the T1 to ensure complete saturation. It is also
advisable for the saturation transfer experiment to be per-
formed while using a deuterium lock to avoid filed drift which
could lead to incomplete saturation.

An alternate method for saturating a peak of interest is the
DANTE pulse sequence. The mechanism for achieving this
saturation is beyond the scope of this article but a more com-
plete discussion can be found in Clark et al. [11].

Qualitative assessment of the presence of kinetic exchange
between molecular species can be obtained using 2D NMR.
2D NMR spectroscopy generally obtains spectroscopic in-
formation in 2 frequency domains. For determining exchange
of species such as phosphate between PCr and ATP 2D NOE
is used. NOE exchange is not as quantitative as saturation
transfer techniques, but it has an advantage over saturation
methods because it can detect multiple exchanges simulta-
neously. This is important in a system with multiple peaks
and unknown exchanges, but its utility for smooth muscle
exchanges is less clear.

2.2.2. Creatine kinase activity and compartmentation
Using magnetization transfer techniques Clark and Dillon
[11] found that the vascular smooth muscle CK reaction is
largely at equilibrium with little relative contribution of ATPase
activity at rest; resulting in a 2 site exchange mechanism.
However, during pathological activation using an in vitro
model of cerebral vasospasm [12], we have found that the
ATPase contribution can increase strikingly (unpublished
data of J.F. Clark et al.). This is not surprising because the
dynamic energy demands of the vessels would suggest that
ATPase activity could approach that of CK activity but might
not surpass the CK buffering capacity thereby avoiding an
induction of a rigor like state with excess ADP.

Yoshizaki et al. [13] performed NMR exchange experi-
ments on smooth muscle of the bullfrog stomach. They de-
termined that the flux through CK to be 0.77 mmol/g ww/s
and that this flux was 100 times faster than the ATP turnover
rate. They concluded that the CK reaction was at equilibrium
because the oxygen consumption measured in the bullfrog
stomach was 100 fold slower than the CK flux. They also
reported a discrepancy in the forward (PCr — ATP) and re-
verse (ATP — PCr) fluxes of 1.7. This discrepancy was at-
tributed to compartmentation of ATP pools or other reactions
involving ATP. Compartmentation of nuclear species contrib-
uting to the relaxation calculations would cause a systematic
decrease in the determination of T1 (transverse relaxation
time). This effect would also be dependent upon the relative
and total size of the metabolite pool effected.

Under anaerobic conditions [PCr] and [ATP] fell in the
bullfrog stomach, Yoshizaki et al. [13] concluded that the rate
of CK was too rapid to be shifted from equilibrium to allow
for the simultaneous fall in [ATP]. They again suggested that
their results could be explained by compartmentation of ad-



enine nucleotides in the bullfrog stomach muscle. Thus im-
plying that the CK reaction was buffering one ATP compart-
ment at the expense of a fall in [ATP] at another compartment.

Degani et al. [14] used steady state saturation transfer
(SSST) and DANTE for inversion transfer (IT) to study the
kinetics through the CK reaction in the immature rat uteri.
After injection of estrogen (24 h) there was an increase in PCr
and an increase in the flux between PCr and ATP. Flux from
ATP to PCr could not be observed in these experiments be-
cause no exchange of magnetization was seen in the ATP
resonance when PCr was saturated. Nonetheless, they as-
sumed equilibrium of the CK reaction to estimate the flux.
Interestingly, there was a significant decrease in the PME
resonance after estrogen injection compared to control.

Oxygen consumption was 1.5 ml/mg dry weight/h for con-
trol and injected uteri. This is not surprising because it would
require a substantial synthesis of mitochondrial oxidative
enzymes to see an increase in oxygen consumption. There
was no increase in mitochondrial CK but there was however
synthesis of BB-CK. An increase in total CK activity as well
as BB-CK was observed by Clark et al. [S] and is consistent
with the increased flux from PCr to ATP seen in this relatively
short time course.

The conclusion drawn from these studies is that flux
through the CK reaction increase only 24 h after injection of
estrogen in parallel with an increase in CK activity. There was
no change in mitochondrial CK or oxidative phosphorylation.
Therefore the CK system is not responding in parallel to
estrogen stimulation. But, the increase in BB-CK does par-
allel the increase in flux observed between PCr and ATP.

The results of Degani et al. [14, 15] were interesting in that
they produced an increase in CK activity with an increase in
flux from PCr to ATP. The isoenzyme that increased in this
experiment is predominantly BB-CK. BB-CK has been found
to be the isoenzyme localized at the contractile proteins in
the guinea pig myometrium [5] In this paper the CK reaction
was assumed to be in equilibrium to estimate the ATP to PCr
flux. On the other hand, Yoshizaki et al. [13] reported a dis-
crepancy between the flux of PCr — ATP compared to ATP
— PCr of 1.7. Thus the assumption of equilibrium for esti-
mating the reverse flux must be made with caution. ATP to
PCr exchange might be due to the action of Mi-CK and the
absence of Mi-CK in the immature rat uteri may result in a
loss of visible exchange from ATP — PCr. Indeed the Mi-CK
system greatly increases in the myometrium during gestation
[5]. If the Mi-CK and oxidative systems increase with gesta-
tion, and if Mi-CK is the dominant isoenzyme producing PCr,
than a lack of visible exchange may be due to the low Mi-
CK activity. Therefore, when the Mi-CK increases with ges-
tation the ATP — PCr exchange may increase as well.

Another explanation regarding the fluxes of the CK reac-
tion may be due to inhomogeneous distribution of adenine
nucleotides in the smooth muscle cell [13]. However, Clark
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and Dillon [16] performed conventional saturation transfer
(CST) and multisite saturation transfer (MST) on the porcine
carotid artery. They found that CK was indeed at equilibrium
and that even under stimulated conditions, the ATPase was
not rapid enough to be observed in the exchange experiments.

In early 3'P-NMR studies, in guinea-pig taenia caeci,
Verume and Nicolay [17] observed a large fall in [PCr] dur-
ing contraction with relatively small changes in [ATP]. The
[Pi] varied inversely with the change in [PCr] and there was
significant acidification, down to a pH of 6.5 during stimula-
tion. The [ADP] calculated from the Keq of CK was 0.7 mmol/
g during stimulation. This is the highest reported value of
ADP from NMR data we have found in the literature [18].
During contraction both [PCr] and [ATP] decreased though
the [ATP] was buffered because its fall was less than that of
PCr. They attributed this fall in [ATP] (despite of the pres-
ence of PCr) to the relatively low specific activity of CK in
the guinea pig taenia caeci. However [ATP] fell only when
[PCr] fell to ‘very low levels’. Despite the striking fall in
[PCr] and [ATP], the tissue metabolite concentrations, as well
as function, returned to control levels upon relaxation. On the
other hand, Vogel et al. [19] studied the effect of inhibition
with cyanide on the taenia coli at 23°C. They found that the
tissue was indeed stable for 24 h in the absence of perfusion
Pi. They were not able to determine the pHi because intrac-
ellular Pi was not observable. The tissue remained viable with
a [PCr] to [ATP] ratio of 1.5-2.0 throughout the experiments.
They attempted to quantify [ADP] by subtraction of 3-ATP
peak area from y-ATP peak area, and found that [ADP] was
below the resolution of their system. They did however ob-
serve a striking fall in [PCr] with the *P-NMR during con-
traction.

2.3. Specific smooth muscle studies

2.3.1. Uterine smooth muscle
Several studies from several groups have used NMR to study
uterine energetics [14, 20]. In the rat uterus, Dawson and
Wray [20] have found that PCr is increased by 40% during
gestation while [ATP] is up 30%. During gestation there is
also an increase in total CK activity [5]. The increase in CK,
[PCr] and [ATP] is concomitant with the increased flux
through the CK reaction as measured by magnetization trans-
fer experiments [14]. Magnetization transfer is a technique
by which one can determine the rate of molecular exchange
through a chemical reaction and is discussed in more detail
below. Gestation is characterized by a host of metabolic and
energetic changes [5] and NMR is well suited for studying
these changes.

During gestation, the activity of CK increases and [PCr]
increases as well. Degani et al. [15] examined estrogen in-
duced changes in the immature (25 day old) rat uteri. They
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found that there was an increase in free Mg?* (0.2-0.4 mmol/
Kg ww) in the estrogen (17p-estrodiol) treated uteri and a par-
allel increase in [PCr])/[ATP] (4.6 £ 0.4 and 2.1 + 0.2). The
greatest change in the high energy phosphates occurred be-
tween 6 and 24 h after injection of estrogen. Interestingly at
4°C the [PCr] to [ATP] ratio was the greatest. All of their ex-
periments were thus performed at 4°C.

Dawson and Wray [20] studied the effects of pregnancy
as well as parturition in the rat uteri. They found similar val-
ues for [ATP] as reported by Degani et al. [15], but more
[PCr] compared to the immature rat uteri at 4°C. There was
an increase in [ATP] and [PCr] during gestation with no
change in [PME] and [Pi]. Post partum, however, [Pi] and
[PME] increased, while [ATP] and [PCr] went down. It is
possible that [PME] changes reflect the increased membrane
metabolism (Table 1).

Uterine energetics and pH, have been studied with 'P-
NMR during metabolic inhibition. Cyanide caused intracel-
lular acidification in the pregnant and non-pregnant rat uterus.
Inhibition of oxidative phosphorylation also caused an abo-
lition of [PCr] in the non-pregnant rat with a decrease in
[ATP] while in the pregnant uterus there was a large decrease
in [PCr] and a fall in [ATP] [22].

Smooth muscle contractility may be resistant to pH, changes
because Wray et al. [23] found that with cyanide (CN) inhi-
bition in the pregnant uterus when trimethylamine (TMA),
(added to prevent pH, changes caused by CN) there was a
large fall in [PCr] and increased Pi with no change in pH..
However upon reperfusion there was significant alkaliniza-
tion and a recovery of [PCr]. Treatments with CN nonethe-
less consistently caused a decrease in contractility regardless
of the pH.. Contractility was thus correlated to energetic sta-
tus rather than pH..

Significantly more lactate was produced in the pregnant
compared to non-pregnant uteri (0.43 +0.07 and 0.25 + 0.09
mmol/g/min respectively: [22]). The rate of lactate produc-
tion however was not significantly different between the two
with cyanide treatment (about 2.0 mmol/g/min). Interestingly,
intracellular acidification of the uterus during inhibition of
lactate efflux with a-cyano-4-hydroxycinnamate (CHC), was
significantly increased. CN and CHC treatments caused an
even grater acidification (down to pH 6.8 in the non-preg-
nant uterus), suggesting an important role for lactate efflux
in maintaining pH,.

Stimulating the uterus with 70 mM KCI caused a marked
fall in [PCr] and a small decrease in [ATP]. [Pi] increased
concomitantly as PCr falls, while pH, decreased from 7.18
to 6.78. In experiments where glycolysis was inhibited with
iodoacetate (IAA), NMR observable PCr and ATP was abol-
ished and this effect was not reversible [22]. This is not sur-
prising because an oxidative substrate such as acetate or
pyruvate was not supplied while glucose could not pass
through glycolysis. Therefore one can not conclude that gly-

colysis is essential for uterine function without repeating
these experiments in the presence of an oxidative substrate.

Indeed the opposite may be correct because Boehm et al.
[24] found that in the glucose or pyruvate perfused porcine
carotid artery there was a decrease in ATP with no change in
NMR observable [PCr]. However, without OAA the contri-
bution from glycogen’s glycosyl groups to glycolysis has yet
to be determined. Nonetheless, it appears that uterine smooth
muscle utilizes oxidative phosphorylation for normal contrac-
tile function.

2.3.2. Gastrointestinal smooth muscle
In the guinea-pig taenia caeci NMR was used to investigate
relationship between high-K*-induced contracture and energy
metabolism [25, 26]. The magnitude of high-K*-induced con-
traction is decreased by repeating application of Ca? in
Ca®*-free and substrate-free solutions [27]. This reduction
of tension development is accompanied by a decrease in oxy-
gen consumption. Subsequent application of either glucose
or B-hydroxybutyrate restores both high-K*-contraction and
oxygen consumption. -Hydroxybutyrate is catabolized by
TCA cycle not via glycolytic pathway. Chemical analyses
using aequorin fluorescence (reported by Ashoori et al. [27])
showed that ATP and PCr contents decrease during repeated
high-K*-contractions, and that the subsequent application of
either metabolic substrate restore both of them. The authors
pointed out a positive correlation between tension develop-
ment and ATP content. On the other hand, Nakayama et al.
[26] showed using *'P-NMR that prolonged exposures to a
high-K* solution in the absence of metabolic substrate gradu-
ally decreased both high energy phosphates (ATP and PCr).
The subsequent application of glucose caused only a small
recovery in [PCr], and the recovery of [ATP] was negligible.
This NMR study suggested that the magnitude of tension
development does not directly correlate with total ATP con-
tent itself, but it is possibly controlled by the local concen-
trations of these compounds via changes in ATP turnover rate.
Also, in this NMR study [ATP] was decreased to less than
50% by exposures to high-K*-solutions in hypoxia (glucose
remained). [ATP] was only partially restored by reapplica-
tion of normal solution, and the subsequent addition of ad-
enosine completely restored it [26]. This suggested that the
drastic reduction of [ATP] observed in *'P-NMR involves a
significant contribution of the reduction of adenosine pool.
In guinea-pig stomach *'P-NMR has recently been applied
to investigate the relationship between metabolic inhibition
and slow wave (spontaneous electrical and mechanical) ac-
tivities [10]. Guinea-pig stomach has spontaneous oscilla-
tions (3-6 cycles/min) of the membrane potential, and the
contraction is associated with its depolarization phase. When
the isolated stomach smooth muscle was exposed to CN, slow
waves immediately suppressed and the resting membrane
potential is slightly depolarized. Applications of IAA also



suppressed slow wave activity, but it took longer (for 10-20
min). The duration of the depolarizing phase (action poten-
tial duration: APD) reduced gradually during its applications,
and eventually slow waves ceased. The resting membrane
potential was not significantly changed throughout. Further-
more, the amplitude of the tonic potential evoked by electric
current application was not changed throughout JAA appli-
cation, and that the reduction of APD was still observed even
in the presence of glibenclamide [10], an inhibitor of ATP-
sensitive K* channels. These results suggest that unlike cardiac
muscle, the decrease in the APD is not caused by activation
of ATP-sensitive K* channels [10], although in the same
smooth muscle tissue the presence of these channels and hy-
perpolarization upon their activation have been shown using
cromakalim [28] which is known to activate smooth muscle
type ATP-sensitive K*channels [29, 30].

During applications of IAA, the concentrations of high
energy phosphates measured by *'P-NMR slowly decreased
in stomach smooth muscle [10]. After 25 min, at which time
slow wave activity would cease, [PCr] and [ATP] decreased
to 60 and 80% of the control, respectively, while [Pi] fell
below a detectable level. On the other hand, applications of
CN decreased [PCr] and [ATP] to 30 and 80%, respectively.
The fact that high levels of [ATP] still remained, supports the
above hypothesis that no significant contribution of ATP-
sensitive K* channels upon suppression of slow wave activ-
ity during metabolic inhibition described above. Also, it has
been suggested that nucleoside diphophates (NDP) activate
smooth muscle type ATP-sensitive K* channels [29-31]. As-
suming the chemical equilibrium of the creatine kinase re-
action, the *'P-NMR observation by Nakayama et al. [10] of
significant decrease in [Pi] following IAA application, how-
ever, deduces decrease in ADP. Thus, it seems unlikely that
the NDP-dependent activation of the K* channel occurs in this
case. It is concluded that slow wave activity in guinea-pig
stomach is eliminated by metabolism-dependent mech-
anism(s) other than ATP-sensitive K* channels during meta-
bolic inhibition, especially upon exposure to IAA. During any
metabolic inhibition, this unique mechanism would preserve
cell viability of smooth muscles which possess spontaneous
contraction.

2.3.3. Vascular and other smooth muscles

Adams and Dillon [32] determined the glucose dependence
of energetics and contractility upon the porcine carotid ar-
tery. They found a dependence upon glucose for generat-
ing tension when the carotid arteries were stimulated with
norepenephrine (NE). Application of high K*-solution how-
ever was capable of producing maximal contraction even
under glucose-free conditions when NE had failed to produce
aresponse. Despite the inability to contract without glucose
via NE stimulation, during application of NE for 3 h the
porcine carotid artery still had normal levels of high energy
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phosphate even in the absence of glucose. This study showed
that there is a substrate dependence for normal excitation
contraction coupling which is independent upon total tissue
levels of ATP and PCr. This evidence supports the well docu-
mented compartmentalization of metabolism in vascular
smooth muscle [1].

Clark and Dillon [33] used *P-NMR to determine the tox-
icity of 3-(Trimethylsilyl) propane-sulfonic acid (TMSPS) in
porcine carotid arteries. TMSPS is an analogue of tetramethyl
silane (TMS) and might be used as an 'H or *C NMR marker
for experiments in aqueous solution. They showed that [PCr]
decreased at concentrations of TMSPS above 3 mM. In par-
allel experiments 3 mM TMSPS was the upper limit for its
action on force maintenance of the carotids. They concluded
that up to 3 mM TMSPS could be used as an 'H or *C NMR
marker in the porcine carotid artery and possibly other tis-
sues because of its relatively low toxicity.

Fisher and Dillon [34] demonstrated that phenylphos-
phonic acid (PPA) was an effective pHe indicator and meas-
ure of extracellular volume in the isolated perfused rabbit
urinary bladder. They showed that [PPA] from 1-20 mM had
no detectable effect on the P NMR visible metabolites and
no effect on charbachol induced contractions. PPA was an ef-
fective pHe marker with a linear response to pH changes from
6.40-7.60. According to its ability to quickly load, and be
rinsed out of the vasculature of the rabbit bladder, they con-
cluded that the PPA was remaining extracellular [34]. PPA has
proven useful as a marker of extracellular volume as well as
pHe in tissues other than the bladder.

Fisher and Dillon [34] used *'P-NMR to study the effects
of insulin on the isolated perfused rabbit urinary bladder.
They perfused the rabbit urinary bladder with a physiologi-
cal saline solution containing red blood cells with 7 mM glu-
cose and 0.15 mM pyruvate as substrate. They found that
perfusion with 0.1 mU/ml insulin caused a 16% increase in
PCr and a 12% decrease in [Pi]. There was also an intracel-
lular alkalinization with pH, going from 6.90 £ 0.01 to 7.14
+ 0.06 while pH, (extracellular pH) was not changed. Extra-
cellular volume increased, however, by 54 + 15% as seen by
the change in the PPA peak area. Free Mg?* however remained
constant at about 0.52 mM before and during the insulin treat-
ment. This increased ratio of extracellular volume is prob-
ably related to vascular smooth muscle dilation due to insulin
perfusion causing hyperpolarization of the vascular smooth
muscle. The insulin perfusion, facilitated glucose uptake and
increased glycolysis could then produce the increased energy
status reported. The energy status was increased by an in-
crease in [PCr] and increased [PCr]/[ATP], because there was
no significant change in [ATP]. However no change in free
[ADP] was observed in this study. The authors concluded that
insulin induced significant changes in the intracellular con-
centration of phosphorylated metabolites during 1 h of per-
fusion in the rabbit bladder as well as the extracellular volume
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and cytoplasmic alkalinization. Part of these changes may be
attributed to increased perfusion achieved as evidenced by
increased tissue volume, as well as the increased glucose
uptake, caused by the insulin treatment. It is doubtful that the
increased tissue volume could be explained by insulin caus-
ing PPA somehow to enter the cells of the urinary bladder
because the PPA still had a rapid, monoexponential washout
after insulin treatment.

Boehm et al. [24] studied the relationship between sub-
strate and metabolism in the porcine carotid artery using 3'P-
NMR. They superfused the carotid arteries with a modified
Krebs solution containing glucose or pyruvate as the substrate
under fully oxygenated conditions. They found that the crea-
tine analogue B-guanidinopropionic acid (8-GPA) was phos-
phorylated more rapidly with glucose as the substrate. The
rate of phosphorylation was not dependant upon the [ATP],
because CN (cyanide) caused only a slight decrease in ATP
but a striking decrease in B-GPA-phosphate production. This
observation is taken to indicate that oxidative metabolism
controls phosphocreatine concentration, while glycolytic
metabolism controls ATP. Part of this conclusion is supported
by the report of Clark et al. [35] where it was reported that
B-GPA is not phosphorylated by mitochondrial creatine ki-
nase. They concluded that ATP was compartmentalized in the
smooth muscle such that all of it was not readily available
for phosphorylating 3-GPA.

2.4. 3C and 'H studies

Carlier et al. [36] studied vascular smooth muscle metabo-
lism during renovascular hypertension using multinuclear
NMR. Renovascular hypertension was produced using the
one kidney one clip method. Septic shock was also used as
an experimental model in dogs. *P-NMR measurements
showed that the [ADP]/[ATP] ratio increased in the hyper-
tensive animals. The ADP concentration in these experiments
was estimated by subtracting $-ATP from o-ATP. The ATP/
PCr ratio remained constant at about 3.

Aortas isolated from dogs with septic shock were used to
acquire *C-NMR spectra and they found resonances from
CH3-CH2, CH2-CH2-CO, CH2-CH=CH, CH2n, CH3-CH2-
CO, and CH=. '"H-NMR from lyophilized aortas of the sep-
tic dog showed resonances from valine, isoleucine, alanine,
lactate, glutamate, creatine/PCr, choline, carnitine and tau-
rine. They showed that increased energy demand with nore-
pinephrine stimulation can be observed with ’P-NMR as a
loss of observable PCr and decreased [ATP]. There was also
an increase in the PME region, possibly due to the increased
glycolytic metabolism with concomitant increase in ‘sugar
phosphates’. Despite continued stimulation, there is a recov-
ery of the high energy phosphates to prestimulation levels.
They speculated, as do others, that vascular smooth muscle

energetic changes maybe involved in the pathology of car-
diovascular hypertension and that NMR may be useful to
follow and analyze such pathological changes.

Exogenously administered fructose 1,6 bisphosphate (FBP)
has been reported to protect various tissues and aid in recov-
ery following hypoxia and surgery. The mechanism by which
FBP has this action is not known, it may act by being taken
directly into the cell or have secondary effects through bio-
physical actions. Hardin and colleagues [37-41] investigated
the effects of exogenous administration of FBP to the por-
cine carotid artery and concluded that it was metabolised in
the cell. They used [1,3-"*C]FBP and monitored the *lactate
produced by the artery in the superfusate during hypoxia. The
labelled FBP was converted to lactate by the carotid artery
during hypoxia and that at high doses of FBP (20 mM) there
was a significant protection of vascular tone. They also ob-
served two peaks at 68.7 ppm and 70.1 ppm which have yet
to be identified. Therefore they conclude that FBP is metabo-
lised by the cytosolic glycolytic enzymes and has striking
benefits to the vessels metabolism and function.

3. Ion analyses
3.1. pH, studies

Since Moon and Richards [42] had reported, the Pi peak po-
sition (Sop) has been frequently used for estimation of pH..
The pH, is estimated from the known pH-dependence of the
chemical shift of Pi. using a Henderson-Hasselbalch type
equation:

pH, = pK + log, (8, 8)/(8,-3,)), )

where pK is —log of the second dissociation constant of H*
and Pi, and 3, and J, are the chemical shifts of H PO,” and
HPO,*, respectively. Because of large changes in the chemi-
cal shift of Pi over the physiological pH range, this method
provides a high resolution for pH, estimation, although the
estimated pH, is averaged over the entire tissue. Another
advantage to the use of NMR in estimating pH, is that this
technique is non-invasive. Under normal conditions the pH,
is in various smooth muscles ranges around 7.0-7.3.

The pH, can be also estimated from the chemical shifts of
PME peaks [7] and from the chemical shifts of y- and B-ATP
peaks [43]. The latter method simultaneously provides
[Mg?].. Although the resolutions of these methods are lower
compared to the case of Pi, these methods are useful when
the Pi peak is below detectable levels, e.g. when contraction
is eliminated in Ca?*-free solutions [7, 44, 45], Na*-free so-
lutions [43], and high-Mg?* solutions [45].

In vascular smooth muscle (rat aorta), the pH, estimated
from the Pi peak (NMR study) showed that intracellular aci-



dosis caused by removal of ammonium chloride was associ-
ated with transient constriction [46]. On the other hand, in
uterine smooth muscle intracellular acidosis caused by the
same treatment suppressed spontaneous contraction [47, 48].
This study was done by the same group, but using fluores-
cent pH, indicators. These results suggest that the effect of
PH, on contractility varies among smooth muscles.

In uterine smooth muscle, using *'P-NMR intensive work
has been done to investigate the relationship between con-
tractility and changes in pH, associated with different meta-
bolic conditions. First of all, it has been shown that the pH,
changes depending on the functional state of the uterus: The
pH, of the rat uterus significantly decreases during and just
after parturition, and eventually recovers [20]. However, this
transient fall of pH, was not a consequence of the mechani-
cal work itself, because Caesarean-sectioned uteri showed
similar changes in pH.,. The changes in pH, seen depending
on the functional state were presumed to be due to combined
changes in many endocrine levels, i.e. only effects of estrogen
[15] did not mimic the changes in pH, seen during the course
of pregnancy and parturition.

Numerous metabolic inhibitors were applied to the uterus,
as described above (see Section 2.3.1 for more detailed ex-
periments). Applications of CN, a representative inhibitor for
oxidative phosphorylation caused a significant intracellular
acidification accompanied by a marked increase in the lac-
tate production rate. Furthermore, when lactate efflux was
blocked by a-cyano-4-hydroxycinnamate (CHC), a signifi-
cant intracellular acidification was observed. This acidifica-
tion was pronounced by additional applications of CN [22].
These results suggest that the lactate production rate makes a
great contribution in decreasing pH,. The author also showed
that irrespective of the presence of CN, a glycolytic inhibi-
tor, iodoacetic acid caused acidic changes, suggesting some
other mechanisms (and/or factors) to decrease pH..

To further investigate the effects of pH, on uterine contrac-
tility during metabolic inhibition, a weak base (trimethyl-
amine) was applied in the presence of CN. This treatment
nullified intracellular acidosis, but did not restore the con-
tractions, which suggests that changes in the metabolic con-
dition depressed the contraction [23].

Effects of ischemia on uterine contraction was also inves-
tigated using a surface-coil. The 3'P-NMR spectrum and uter-
ine pressure were simultaneously measured from intact rat
uteri. During a 20 min occlusion of the uterine artery the pH,
dropped significantly accompanied by significant decreases
in high energy phosphates (in both [ATP] and [PCr]). These
changes were reversed by the subsequent reperfusion of
blood flow after 30 min [49, 50]. Further, an in vivo NMR
study using a surface-coil showed that pH, decreased by about
0.1 units during a single contraction in rat uterus [51]. This
fall of pH, is thought to cause relaxation via a negative feed
back mechanism.
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In gastro-intestinal smooth muscles the pH, was estimated
using the chemical shifts of Pi. In guinea-pig stomach [10]
application of CN caused intracellular acidosis (approxi-
mately 0.2 pH units). On the other hand, IAA caused a tran-
sient alkalinization followed by gradual decrease in pH,.
However, as the Pi peak was often decreased to undetectable
levels, the decrease in pH, was not confirmed in all prepara-
tions. Also, due to inhibition of glycolytic pathway by IAA,
PME:s other than PEt and PCh were accumulated in the tis-
sue, thus the PME peaks were not appropriate to estimate pHi
in this case. When glycolysis was inhibited with 2-deoxy-
glucose, the 2-deoxy-glucose-6-phosphate (DOG-6-P) peak
appeared in the PME region and gradually became larger
during the exposures. However, the DOG-6-P peak was
clearly isolated from the other two PME peaks. The chemi-
cal shift of DOG-6-P provides pH, estimation as accurately
as Pi over physiological pH, range. The observation that this
PME peak shifted down field, also indicated a gradual de-
crease in pH, during prolonged inhibition of glycolysis. This
paradoxical intracellular acidosis may be ascribed to that
hydrogen ion is released correlating with breakdown of ATP
[52] and/or that some pH,-regulatory mechanisms may be
energy metabolism-dependent, e.g. ATP-dependence of Na*-
H* exchanger [53].

Several groups reported the effects of high-K*-induced
contracture on pH, in longitudinal smooth muscle of the tae-
nia caeci. Apparent discrepancies among the works may have
caused by the experimental condition used by each group.
Vermue and Nicolay [17] reported that the pH, decreased
in high-K* solutions at a room temperature. In contrast,
Hellstrand et al. [19, 25] reported that pH, was relatively sta-
ble at a room temperature, and using a higher perfusion
rate (10-20 ml/min) than that of Vermue and Nicolay [17].
Nakayama et al. [26] also examined the effects of high-K*-
induced contractures using a similar flow rate (12 ml/min at
32°C). They found a significant decrease in pH, (to approxi-
mately 6.6) after 50 min of exposure to a high-K*-contain-
ing with a substrate-free solution. The pH, partially recovered
(to 6.8) after 150 min, may be due to a decrease in lactate
production brought about by depletion of glycogen. The sub-
sequent readmission of glucose resulted in a significant de-
crease in pH,, again. The experiments described for the taenia
caeci were carried out in the presence of Ca*. As for the case
of other tissues (e.g. skeletal muscle [54]), Ca** seemed to
be an important factor for the lactate production, because un-
der Ca*-free conditions the pH, was little changed by expo-
sure to high-K*-solutions even in hypoxia. Using a fluorescent
PH indicator Obara et al. [55] has demonstrated a similar
result that hypoxia did not cause any significant decrease in
pH, under a Ca®-free and high-K* condition.

NMR studies in the guinea-pig taenia caeci provided sev-
eral lines of supporting evidence for the presence of pH -regu-
latory mechanisms. Removal of extracellular Na* caused a
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slow, but significant decrease in pH, [43]. This phenomenon
suggest that Na*-dependent mechanisms (Na*-H* exchange
and Na*-HCOa‘ co-transport, reviewed by Aickin, [56] are
important in regulating pH, in smooth muscle. Also, in the
presence of amiloride (a blocker for Na*-H* exchanger), re-
moval of bicarbonate significantly decreased pH, suggest-
ing an importance of bicarbonate-dependent mechanism(s):
Na*-HCO; co-transport and/or CI-HCO,~ exchange.

Contribution of proton consumption in the creatine kinase
reaction upon breakdown of PCr (as shown in Eq. 1) has been
clearly demonstrated in cardiac [57] and skeletal muscles [58]
under metabolic inhibition. However, this effect on pH, is not
significant in smooth muscles, including the guinea-pig tae-
nia caeci, although the creatine kinase reaction does occur
during metabolic inhibition. This could be explained by the
combination of the following reasons: (1) relatively small
amount of PCr (e.g. Butler and Siegman [18]), (2) low time
resolution of 3'P-NMR measurement and (3) low creatine ki-
nase activity in smooth muscle [59, 60].

3.2. Magnesium and other ions

The chemical shift of ATP peaks, especially B-ATP, depends
on the ratio of free to metal-bound ATP [61]. Since the appar-
ent dissociation constants of CaATP (K “*A™) and MgATP
(K, MeATP”) are nearly the same [61], the effect of Ca** bind-
ing to ATP is considered negligible in this Mg?* measurement
under normal intracellular ionic environments because the
Mg? concentration is much greater than the Ca?* concentra-
tion. This is an advantage of *'P-NMR to measure [Mg**],
compared to fluorescent dye techniques, i.e. The dissociation
constant of mag-fura for Ca? is ~ 80 times smaller than that
for Mg?* so that contribution of intracellular Ca?*-dependent
fluorescence is not negligible in Ca?*-containing solutions
[62, 63]. In red blood cells, Gupta et al. [64] estimated the
intracellular free Mg** concentration ([Mg**], ) from the ob-
served chemical shift of ATP (8 , ) using the following equa-
tion:

OATP

[Mg2+]i = KD‘MEATP' (SOATP - 6fATP) / (SbATP -9 oATP)’ 3)

where 8, and 3, are the chemical shifts of free and Mg*-
binding ATP, respectively. The observed chemical shift of -
ATP [9, 65] and observed separation between the o- and
B-ATP peaks are usually used because the chemical shift of
B-ATP is most Mg**-specific, and that of the o-ATP peak is
least modulatable with Mg?* [44]. On the other hand, the
chemical shift of y-ATP is affected by both Mg?* and pH, thus,
this peak is not preferable to estimate [Mg*], in ordinary
NMR experiments.

The chemical shift of the B-ATP peak is affected by pH to
some extent. For an accurate estimation of [Mg?],, K ™A™,
8.,rp and 8, should be corrected by pH,, because these pa-
rameters are also pH-sensitive [43, 66]. The chemical shifts
of PME peaks as well as Pi peak can be used in the correc-
tion with pH, [43, 45, 65]. As described above, the chemical
shift of Pi has the greatest resolution in pH, estimation, but
the PME peaks are also useful, for example, under Ca**-free
conditions, often used in smooth muscle NMR studies. Us-
ing the pH-dependency of the above three parameters,
Nakayama et al. [43] described simultaneous equations for
[Mg*], and pH,, with respect of - and y-ATP (Eq. 48 and
Eq. 4y, respectively):

[MgB]i = I<D‘Mglﬂ'y (pH‘) (SohATP - 8ﬂ)ATP (pHi))/(SthTP (le) - 8obATP)‘(4B )
Mg?'], = K, ™4 (pH) (8, xrp — 81 rp PHIVB, i (PH) — 8, ) (47)-

By solving the simultaneous equations derived from the ob-
served chemical shifts of y- and B-ATP, [Mg*]. and pH, are
calculated at the same time [43]. They successfully have dem-
onstrated changes in pH, as well as [Mg**], during removal
and readmission of Na*, as expected that these ions are regu-
lated by Na*-dependent transporters.

The estimated ‘normal’ [Mg?**], using the methods described
above ranged between 0.3-0.5 mM in various smooth mus-
cles [9, 15, 43-45, 67, 68]. These values are substantially
smaller than those in skeletal muscles estimated with NMR
[69, 70]. Also, it is noteworthy that in any type of muscles
the estimated normal value of [Mg*], is much lower than the
value expected from the electro-chemical gradient across the
plasma membrane. Furthermore, it has been pointed out that
small changes in [Mgz"]i around its normal concentration
would affect smooth muscle contraction via changes in Mg?*-
dependent intracellular enzyme activity [71].

Pathological and hormonal changes in [Mg*], were meas-
ured in several smooth muscles. In rat uterine smooth mus-
cle [15], it has been reported that applications of estrogen
increased [Mg?*], by approximately 25% after 1.5 h. Also, the
increase in [Mg*'], is accompanied by an decrease in [PCr)/
[ATP]. These results are consistent with the fact that the equi-
librium constant of CK is Mg?*-dependent in the concentra-
tion range of the normal [Mg*]. [72].

[Mg*]. regulation was also investigated in many tissues
including smooth muscle. In the porcine carotid artery, it has
been reported that significant decreases in [Mg*]. was ob-
served when the substrate was switched from glucose to py-
ruvate [71, 73]. Insulin is an important hormonal factor
regulating glucose uptake and energy metabolism. In rab-
bit urinary bladder, insulin had however, little effect on the
[Mg?**],, although it induced small increases in pH, and [PCr]
[74].



As described in Section 2, metabolic inhibition causes sig-
nificant decrease in [ATP] which is one of major intracellu-
lar Mg?* buffering agents. In porcine carotid artery it has been
shown that under ischemic conditions the increase in [Mg?*],
is much less than the estimated release of Mg?* brought about
by a decrease in ATP content [9]. This suggests that some
mechanisms regulating [Mg**], are operated in smooth mus-
cle, even under metabolic inhibition. In porcine carotid ar-
tery, [ADP] was increased by hypoxia and the ADP peaks
became visible and were successfully separated from the ATP
peaks [8]. The chemical shift of f-ADP can also be used to
estimate [Mg*'], as long as [Mg™], was kept below 1 mM,
i.e. when [Mg*], is above 1 mM, the chemical shifts are not
great enough to separate.

In the guinea-pig taenia caeci, the underlying mechanisms
for maintaining the low [Mg*']. level was intensively inves-
tigated. [Mg*]. was reversibly increased by removal of ex-
tracellular Na* which would eliminate Na* gradient across the
plasma membrane [43, 45]. The increase in [Mg*], during
Na* removal was potentiated by increasing the extracellular
Mg?* concentration, while simultaneous removal of the ex-
tracellular Na* and Mg** attenuated the increase. During the
removal and readmission of extracellular Na* changes in
[ATP] did not correlate with those of [Mgz“]i. These results
suggested that a Na*-Mg?* exchange system pumps out Mg?*
to maintain the low [Mg*], level using the energy from the
Na* gradient, and that the role of ATP-driven Mg?* pump, if

Table 2. Original and re-estimated [Mg?*],

27

present, is relatively minor under normal conditions. When
ouabain was applied to eliminate the Na* gradient, [Mgz*]i
increased. Furthermore, amiloride, a non-specific blocker for
Na* transporters reversibly increased [Mgz*]i [65]. In these
experiments with Na* transporter inhibitors, extracellular
Ca™ was removed in order to enhance changes in [Mg*].
Under exposure to ouabain and amiloride, the activity of Na*-
K* pump was monitored with 8’Rb uptake. These results sup-
port the role of Na*-Mg?* exchange in smooth muscle of the
guinea-pig taenia caeci.

In the guinea-pig taenia caeci, simultaneous removal of
extracellular Ca** and Mg* decreased [Mg*], irrespective
of the presence of Na* (K*-substitution) [45]. In addition,
amiloride did not prevent the decrease in [Mg*], during the
simultaneous removal of divalent cations [65]. These results
suggest the presence of another Mg?* pathway. This Mg?*
pathway is blocked by Ca*, and through this pathway Mg
is passively transported. The increase in [Mg*], during Na*
removal was potentiated in the absence of extracellular Ca?".
This can be explained by inhibition of the passive Mg?* path-
way by Ca* and competition of Mg?* and Ca** at the Na*-
Mg?* exchanger [43, 65].

From ion flux measurements, the presence of Na*-Mg**
exchange system and its role have been proposed in various
tissues [75], although there is some controversial results re-
ported in several tissues and cells. >'P-NMR measurements
obtained in smooth muscles reinforced the hypothesis of Na*-

Original [Mgz*]‘ Kd used (uM) Free ATP (%) pH, Temp (°C)  Re-est. [Mgz*]i Kd (uM)
(mM) (mM) from Zhang
Degani et al., 1984 [15]
Rat uterus 0.38 140 27 (74) 4 0.92 229
Kushmerick et al., 1986 [9]
Rabbit urinary bladder 0.46 77.6 14.1 7.10 25 0.79 133
Uterus 0.4 77.6 16.2 7.01 25 0.71 138
Kopp et al., 1990 [68]
Pig carotid artery 0.54 77.6 12.6 7.03 37 0.65 94
Nakayama and Tomita, 1990 [44]
Guinea-pig taenia caeci 0.31 41 11.2 7.07 32 0.84 107
Nakayama et al., 1994 [43]
Guinea-pig taenia caeci 0.33 41 11.6 7.13 32 0.81 105

Original values of [Mg**]; are listed with pH,; temperature and dissociation constant of MgATP (Kd) used in each reference. The free ATP level calculated
from the data in each reference is also listed. The [Mgz*]i values were re-estimated with standardised Kd values. Kd values (at 25 and 27°C) were calculated
from pH, (observed in each experiment) using formulae described by Zhang et al. (1997). Subsequently, a Kd value for the temperature applied in each ex-

periment was obtained using Van’t Hoff isochore.
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Mg* exchange, and proved that the [Mg*], is actually
modulatable through Na*-Mg?* exchange, but it takes a
substantially longer time compared to other ions, such as Ca?*.
Using a fluorescent Mg?* indicator (mag-fura) under Ca**-free
conditions, supporting evidence for Na*-Mg?* exchange has
been published in the same smooth muscle [76].

Comparison between control, Wister-Kyoto and Sprague-
Dawley, and spontaneously hypertensive rats has revealed
that [Ca®*], and [Na*], measured with "’F and Na-NMR tech-
niques respectively are significantly higher in hypertensive
aorta [77]. The higher level of [Ca*']. in hypertensive aorta
may be explained by Na*-Ca®* exchange mechanism (an in-
crease in [Na'], would increase [Ca**])). [Mg®'], estimated
from the chemical shift of ATP was slightly, but not statisti-
cally significantly lower in hypertensive aorta than in con-
trol. Also, in numerous smooth muscles (arteries: [8, 32];
uterus and urinary bladder: [9]), it has been reported that
mechanical stretch does not cause significant change in
[Mg*], (measured with *'P-NMR), being consistent with the
comparison between hypertensive and normotensive rats. On
the other hand, Kopp et al. [68] reported a discrepancy that
mechanical stretch caused a large increase in [Mg*'], in por-
cine carotid artery. Using the same *'P-NMR technique, they
found that Mg?* increased in the pressurized artery from 0.54
up to 0.99 mM while phosphate resonances remained un-
changed. The [PCr)/[Pi] ratio was 1.3 and the pHi was sta-
ble at about 7.03. They suggest that the change in [Mg*],
caused by stretch may play a role in controlling vascular
smooth muscle contractility. The authors did not however
address how this change in Mg?* might cause an increase in
[ADP] via a shift in the Mg?* dependence upon CK reaction.
MgADP has been implicated as a possible regulatory mecha-
nism in vascular smooth muscle contractility [78, 79].

As shown earlier, [Mg**], estimation in *'P-NMR depends
on the apparent dissociation constant of MgATP (K ™MeA™).
Recently, Zhang et al. [80] re-evaluated the dissociation con-
stant of MgATP as a function of pH and temperature. Appli-
cations of this new estimation to the control conditions of
previous studies provide larger K ™4™ values than those
used previously, whereby the recalculated values of [Mg*'].
correspondingly increase about by twice (0.7-0.9 mM, Ta-
ble 2). Removal of extracellular Ca?* causes marginal in-
creases in [Mg*'], in guinea-pig taenia caeci (e.g. Nakayama
and Nomura [65]). Under this condition the recalculated
[Mg*]. was 0.8-0.9 mM. This value is comparable to the
value estimated using Mg? dyes [63].
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Methyl group deficiency and guanidino production
in Uremia
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Abstract

Guanidinosuccinic acid (GSA) is one of the earliest uremic toxins isolated and its toxicity identified. Its metabolic origins have
remained obscure until recently when a series of studies showed that it arose from the oxidation of argininosuccinic acid (ASA)
by free radicals. The stimulus for this oxidation, occurring optimally in the presence of the failed kidney, is the rising level of
urea which, through enzyme inhibition, results in a decline in hepatic levels of the semi-essential amino acid, arginine. It is
further noted that concentrations of GSA in both serum and urine decline sharply in animals and humans exposed to the essen-
tial amino acid, methionine. In this review the argument is advanced that uremics suffer from a defective ability to generate
methyl groups due to anorexia, dietary restrictions and renal protein leakage. This leads to the accumulation of homocysteine,
a substance known to produce vascular damage. Even in healthy subjects intake of choline together with methionine is insuf-
ficient to satisfy total metabolic requirements for methyl groups. In end-stage renal disease, therefore, protein restriction con-
tributes to the build-up of toxins in uremia. Replacement using specific amino acid mixtures should be directed toward identified
deficiencies and adequacy monitored by following serum levels of the related toxins, in this case GSA and homocysteine. (Mol

Cell Biochem 244: 31-36, 2003)

Key words: guanidinosuccinic acid, argininosuccinic acid, methyl groups, betaine, methionine, uremic toxins

The management of uremia has a bizarre history involving
treatments, ingeniously devised, long before we knew what
we were treating. Engineers got the jump on the clinicians
when dialysis was undertaken in the 1940’s for the removal
of substances which were totally unidentified except for the
somewhat naive assumption that they were probably excreted
by normal kidneys. It is as if the discovery of penicillin pre-
dated the germ theory. This success in advance of understand-
ing set off a mad search for the so-called uremic toxins.
The first of these presumed poisons isolated and identified
was guanidinosuccinic acid or GSA [1] (Fig. 1). It was found
to be a substance manufactured in the human liver in the
presence of excess urea [2—4] and in animals following in-
jections of large quantities of urea [3, 5]. It is reduced or elimi-
nated from the circulation by dialysis [5, 6] or by injections
or ingestion of methionine [7] (Fig. 2). Its cellular toxicity is
demonstrable in a number of systems but most notably as an
inhibitor of platelet factor 3 activation and, thus, is a major
contributor to the bleeding diathesis of uremia [8—10]. In ad-
dition, it is implicated in red cell hemolysis [11], white cell

activation [12, 13], myocardial contractility [14-16] and pan-
creatic beta cell responsiveness [17]. It participates, there-
fore, in uremic anemia, immunodeficiency, cardiopathy and
azotemic pseudodiabetes.

The urea molecule itself was promptly shown not to be a
source of GSA [8] and it was felt from the onset, largely due
to structural analogy, to be a consequence of the aberrant
cleavage of argininosuccinic acid or ASA [2] (Fig. 3). ASA
is familiar as a component of the Krebs-Hensleit urea cycle
(Fig. 4). Subsequent studies noted that the reaction with ASA
is a P450 dependent oxidation [18] (see Table 1) which in-
volves oxygen in the form of free radicals such as the super-
oxide and hydroxyl ions [19-21].

Several authors [22, 23] call attention to enzyme retro-
inhibition or feedback control within the urea cycle as a po-
tential stimulus to the aberrant cleavage of ASA. Excess urea
is known to suppress ASA lyase interrupting the flow to ar-
ginine and potentially creating an accumulation of ASA ca-
pable of shunting into GSA under the conditions of mass action.
However, in the rare instances of congenital absence of ASA
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Fig. 1. Guanidinosuccinic acid or GSA.

lyase, known as argininosuccinic aciduria, GSA is not found
in the urine. It is similarly absent in all other reported cases of
inborn errors of the urea cycle [5, 24, 25] (Fig. 5).

Can oxygen, or more specifically reactive oxygen species,
represent the rate limiting factor in the GSA shunt? It has been
proposed that uremia is a particularly oxidative state because
of the loss of renal clearance of superoxide anions [23, 26].

Oxygen is toxic because it reacts with organic matter. Just

Glutamic acid
174494

Carbamyl phosphate
186 + 92

Aspartic Acid
271+120

Ornithine
79+34

Arginine
302+ 144

Methionine
39+35

Guanidinoacetic acid
192 +53

Creatine
111+42

Creatinine
65+43

\\

Fig. 2. Twenty-four hour urinary excretion of GSA in micrograms follow-
ing equimolar intraperitoneal injections of the substances listed. Figures
shown are the mean and standard deviation of 12-36 rats in each group.

HNH COOH
11 [
HOOC-CH-(CH ), tN-C-NH:CH
I [
NH,, clnz
COOH

A B

Fig. 3. Argininosuccinic acid or ASA. Point B is the normal cleavage point
in the presence of ASA lyase. Point A is the proposed point of cleavage.

about all metabolic processes produce an excess of electrons.
When this excess overwhelms the capacity of the electron
transport system, superoxides result. In the presence of ei-
ther oxidized iron or nitric oxide they become hydroxyl radi-
cals which are half of hydrogen peroxide. These free radicals
or reactive oxygen species are fragments of molecules ener-
getically predisposed to reconnect with their missing parts
and they careen about inside cells like loose cannons dam-
aging proteins, lipids and nucleic acids. All rapidly metaboliz-
ing tissues, such as phagocytes engulfing pathogens, produce
superoxides. They are, therefore, ubiquitous and a most im-
portant insurance against superoxidation and the production
of toxins such as GSA is the generation of free radical scav-
engers. One such protector against the accumulation of hy-
droxyl radicals is nitric oxide or NO.

In both the liver and the kidney arginine is a pivotal reac-
tant. In addition to its role in protein synthesis, it is the sub-

ORNITHINE CARBAMYL
PHOSPHATE
& UREA
§°
>
ARGININE CITRULLINE
GLYCINE
ASPARTIC

ACID

ARGININOSUCCINIC
ACID

METHIONINE

HOMOCY STEINE —> CYSTEINE

CREATININE

Fig. 4. The Krebs-Hensleit urea cycle.



Table 1. GSA output in rats in micrograms/mg CR/24 h following intra-
peritoneal injection as noted
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Table 2. The effect of glycine on the urinary output of the derivatives of
arginine

Controls Urea Urea + phenobarbitol NO UGAA
9 21 12 Control 0.051 228
- : - Glycine 0.023 337
Figures are the mean of 12 experiments in each group. Control 0.003 509
Glycine 0.001 757
Control 0.007 501
strate for transamidination of glycine to form creatine, the Glycine 0.006 624

sole source of nitric oxide and the exclusive generator of urea.
All three reactions, the enzymes for which are glycine-ar-
ginine transamidinase, nitric oxide synthase and arginase,
compete and are substrate-dependent [27] with arginase ac-
counting for the major share of activity. Substrate depletion
leads to profound consequences. We have shown previously
that glycine excess increases urinary guanidinoacetic acid and
reduces production of NO presumably through competition
for available arginine [28] (see Table 2). Aoyagi, meanwhile,
has demonstrated that excess urea, while not increasing ASA,
sharply reduces arginine and, thus, decreases NO leading
to the hepatic accumulation of hydroxyl radicals [29, 30].
Through this complex sequence urea increases the genera-
tion of GSA.

The effect, therefore, is to create an alternate urea cycle in
which the end-product is GSA rather than urea (Fig. 6). The
free radical assault on ASA produces, in addition to GSA, the

Ammonla

Carbamyl phosphate

-

Ornithine

Controls
10.3+5.1

6rnithinemia
0.0-2.1

Argininosuccinic acid

/

Argininosuccinic aciduria
0.0-1.6

Arginine
Creatinine Urea

Fig. 5. Range of GSA (mg/g creatinine) in 8 untreated subjects known
to have inborn errors of the urea cycle: 2 with ornithinemia, 3 with
argininosuccinic aciduria and 1 each of the others. Controls represent the
mean and standard deviation of 20 observations.

The results of 3 different experiments are shown: one involving 80 hospi-
talized subjects, 35 of whom received glycine 60 mmol daily in divided
doses for periods ranging from 1-3 weeks, another involved 26 hospital-
ized subjects who served as their own controls receiving the same regimen
for 2 days followed by 2 days off, a third group consisted in 5 normal con-
trols who underwent the same regimen for 2 weeks bracketed by by a pre-
treatment and posttreatment control period of 2 weeks each. NO = nitric
oxide, UGAA = urinary guanidinoacetic acid.

amino acid glutamine semialdehyde which undergoes trans-
amination with a variety of amino acids to produce a ketoacid
plus ornithine (Fig. 7). Together ornithine and the ketoacid
combine to restore ASA and complete the GSA cycle.

GSA, however, unlike urea, is not an inert form of nitro-
gen capable of serving as waste. Relatively small amounts
compared to urea, creatinine and, even, uric acid are found
in urine. Instead GSA is transmethylated by methionine ren-
dering it undetectable in our assays. Methionine, in the form
of s-adenosylmethionine or SAMe, is the major metabolic
source of methyl groups. Many substances are involved in
this activity but a pivotal product is homocysteine (Fig. 8).
There are numerous synthetic uses for the methyl group but
its overwhelming biologic function is the production of crea-
tine. Second only to ATPase, transmethylations are the most
common enzyme reactions in biology and the use of the en-
zyme to create creatine consumes more SAMe than all other
transmethylations combined [31].

Carbamyl phosphate

omithine ornithine
GSA I
cntrullme citrulline
+

Carbamy! phosphate
+

asparlale glutamate aspartate
/ I ; . ASA/
AS glutamic
ini gamma

argulme / semialdehyde
succinate I }lpha oxaloacetate

oxaloacetate Ketoglutarate

S~

fumarate succinate

fumarate

Fig. 6. The alternate urea cycle. The Krebs-Hensleit cycle is shown on the
left and proposed GSA cycle on the right.



34

(ITHO COOH TOOH CH,NH,
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Fig. 7. Transamination pathway for the restoration of ornithine following
the oxidation of ASA. The reaction has been demonstrated in liver and the
specific enzyme partially purified from mitochondria.

The disappearance of GSA following treatment with me-
thionine in a process chemically analogous to the formation
of creatine from guanidinoacetic acid (Fig. 9) represents the
most serious threat posed by GSA. To support this hypoth-
esis we studied homocysteine in uremics [32-34], particu-
larly attracted to the project by the clinical observation that
atheromatous vasculitis, a well known consequence of
homocysteinemia [35], is the most frequent cause of death in
end-stage renal disease [36]. Both homocysteine and cysteine
were, indeed, increased in uremic patients and probably con-
tribute to the high incidence of atherogenesis [33, 34].

Methyl groups are obtained via three different routes, two
of which are exogenous sources and the third is a path of de
novo synthesis (Fig. 10). The major source of dietary methio-
nine is meat protein and diets rich in methionine are an un-
fortunate burden on the failing kidney. Dietary choline
becomes a methyl donor following oxidation to betaine and
betaine can serve to restore methionine by methylation of
homocysteine. In the presence of dietary deficiency, on the
other hand, the de novo synthesis of methyl groups is stimu-
lated [38]. This pathway uses methyltetrahydrofolate or
methylTHF as a source. The methyltransferase, the enzyme
responsible for the final transmethylation is vitamin B12
dependent. The methyl is derived from the beta carbon of ser-

Dietary protein

a-Ketobutyric acid Taurine
Methionine
ATP
CHs o !
S-Adenosy! Homocysteine W Cystathionine —>Cysteine —> S04
methionine
Clly S-Adenosyl
homocysteine Homocystine Cystine

Acceptors

Fig. 8. The principal transmethylation pathway.

Adenosylmethionine + GAA ———>

Homocysteine + Creatine+ Adenosine

Adenosylmethionine + GSA ——>

Homocysteine + MethylGSA + Adenosine

Fig. 9. The normal path for creatine synthesis and the proposed GSA ana-
logue.

ine which transfers its hydroxymethyl group to the hydrofolate
which is then reduced to methyl THF.

Man and animals use more methyl groups than are con-
sumed in their diets in the form of methionine or choline. The
difference, about 50% of the daily need, is made up via the
tetrahydrofolate-dependent pathway, synthesis of which in-
creases if there is a decrease in methionine intake [39].
Uremics, with their poor appetites and recommended low
protein diets, are under constant duress to produce enough
methyl groups to sustain normal transmethylation needs and
prevent the buildup of homocysteine.

Fifty years ago the focus of attention in managing uremia
was slowing progression and postponing death which was
rapid and inevitable. Severe restriction of fluids, minerals and
protein was the backbone of treatment. With the advent of
dialysis death from uremia was effectively delayed but car-
diovascular disease and malnutrition became the focus of
attention. Recent studies reveal an unanticipated irony. In
end-stage renal disease high serum cholesterol, usually a poor
prognostic finding, correlated positively with survival while
low serum albumin reflecting protein malnutrition implied a
poor outcome [40]. One of the most sensitive measures of
undernutrition is an insufficiency of methyl groups as meas-
ured by increased serum GSA and homocysteine. Dietary
supplementation in renal replacement therapy should include
SAMe and betaine, in addition to increased folic acid [41—
43], using serum GSA and homocysteine levels as markers.

Choline Homocysteine Methyl THF
Betain
Sarcosin Methionine THF

Fig. 10. Schematic illustrating three routes for methyl transfer.
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Abstract

This study evaluated the in vitro effect of L-canavanine on cell cycle progression in the two human pancreatic cancer cells
lines PANC-1 and MIA PaCa-2. After 72 h of exposure to L-canavanine, the percentage of cells in the radiosensitive G,/M
phase of the cell cycle increased 6-fold in PANC-1 cells and 4-fold in MIA PaCa-2 cells, when compared to untreated cells.
The capacity of L-canavanine to redistribute cells into the G,/M phase of the cell cycle was both concentration- and time-de-
pendent. Since many drugs that cause cells to accumulate in the G,/M phase of the cell cycle are effective radiosensitization
agents, the potential of L-canavanine to synergistically enhance the effects of ionizing radiation also was evaluated. The inter-
action between these treatment modalities was quantified using the median-effect equation and combination index analysis. L-
Canavanine was found to be synergistic with radiation when either PANC-1 or MIA PaCa-2 cells were exposed to L-canavanine
for 72 h prior to irradiation. These results suggest that L-canavanine in combination with radiation may have clinical potential
in the treatment of pancreatic cancer. (Mol Cell Biochem 244: 3743, 2003)

Key words: L-canavanine, cell cycle analysis, ionizing radiation, pancreatic cancer, radiosensitization, median-effect analysis

Introduction

Pancreatic cancer is the fourth leading cause of cancer death
in the United States and it is estimated that in 2001 almost
29,000 individuals will die of this disease [1]. Cancer of the
exocrine pancreas is rarely curable with the highest cure rate
occurring only if the tumor is localized to the pancreas. Un-
fortunately, due to the non-specificity of the symptoms and
the difficulty in early detection, less than 20% of patients
present with disease confined to the pancreas, rendering sur-
gical interventions ineffective. For patients with advanced
cancer, the five-year survival rate is less than 3%, and most
patients die within one year of initial assessment [2]. Con-
ventional treatments of pancreatic cancer include surgery,
radiation therapy, chemotherapy, and palliation of secondary
symptoms. Despite the recent advances in both surgical tech-
niques and chemotherapy regimens, the median survival for
patients with metastatic disease is still less than six months

and there is a clear need for more effective treatments for
pancreatic cancer.

L-Canavanine (1), the natural occurring non-protein, 3-oxa
analog of L-arginine (2), is found in a variety of higher plants
[3] (Fig. 1). The anticancer properties of L-canavanine have
been well described [4, 5]. L-Canavanine’s usefulness as an
anticancer agent is enhanced by its apparent cytoselective
toxicity towards transformed cells [6, 7]. In particular, L-ca-
navanine has demonstrated the capacity to inhibit the growth
of pancreatic cancers both in vitro and in vivo [8]. L-Cana-
vanine may have particular utility as a therapy for pancre-
atic cancer since it is selectivity taken up by the pancreas [9].

L-Canavanine is incorporated in place of L-arginine into
newly synthesized proteins in a wide variety of organisms,
resulting in the formation of non-functional proteins [3, 10,
11]. These non-functional proteins may be variously mani-
fested as structural and functional defects, including mor-
phological and developmental aberrations, altered protein
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Fig. 1. Chemical structures of L-canavanine (1) and L-arginine (2).

conformation and structure, and impaired enzymatic activ-
ity, as well as decreased cellular tolerance to heat, radiation,
and other stressors [12—14]. These structurally aberrant pro-
teins have altered biological activity that may disrupt criti-
cal processes required for tumor growth. L-Canavanine also
adversely affects DNA replication, histone and heat shock
protein function, RNA synthesis, and RNA translation into
protein [15-17].

Precise regulation of the cell cycle is vital for normal cell
growth and proliferation. Many cytotoxic agents, including
some anti-neoplastic agents, alter the complex molecular
processes involved in the cell cycle, leading to a redistribu-
tion of cells within the cell cycle [18-20]. Despite its known
anti-proliferative properties against pancreatic adenocarci-
noma, the effect of L-canavanine on the cell cycle of pancre-
atic cancer cells has never been examined.

Ionizing radiation is a standard treatment modality for
patients with pancreatic cancer. While this therapy does not
have curative potential, radiation can reduce tumor size, pro-
long life, and provide palliative relief for secondary symp-
toms related to pancreatic cancer [21]. In 1983, Green et al.
qualitatively evaluated the capacity of L-canavanine to en-
hance the effectiveness of the antiproliferative effects of ra-
diation in human colorectal cancer cells [22]. Although the
data indicated that in the colon cancer cell line HT-29/SP 1,
L-canavanine enhanced the effects of radiation, no subse-
quent studies to quantify this effect were performed. Fur-
thermore, no study has ever examined the radiosensitization
potential of L-canavanine in pancreatic cancer cells.

Consequently, these studies were initiated to determine the
effect of L-canavanine on the cell cycle of PANC-1 and MIA
PaCa-2 cells. Additionally, the capacity of L-canavanine, in
combination with ionizing radiation, to synergistically en-
hance the in vitro antiproliferative effects of these treatments
in PANC-1 and MIA PaCa-2 was evaluated using median-
effect and combination index analysis. The results of these
studies indicate that L-canavanine may have potential as a
radiosensitization agent in the treatment of pancreatic can-
cer, and that further in vivo studies are warranted to determine
the clinical potential of this novel chemotherapeutic agent.

Materials and methods
Materials

The established human pancreatic cancer cell lines PANC-1
and MIA PaCa-2 were used in these experiments. All cells were
obtained from American Type Cell Collection (Manassas, VA,
USA). The cells were cultured in Dulbecco’s Modified Ea-
gle Medium (DMEM) (Gibco BRL, Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum (Gibco), 4 mM
glutamine (Atlanta Biologicals, Norcross, GA, USA), and a
penicillin/streptomycin solution (100 units/ml and 100 pg/ml,
respectively) (Gibco). The cells were maintained at 37°C in
a humidified 5% CO, atmosphere for at least 72 h prior to
each experiment. L-Arginine deficient media was prepared
using Gibco’s formulation for DMEM, but contained reduced
amounts of L-arginine. MTS was obtained from Promega
(Madison, WI, USA).

L-Canavanine was isolated from the seeds of the jack bean,
Canavalia ensiformis, by repetitive recrystallization [23]. L-
Canaline and L-indospicine were synthesized as previously
reported [24, 25]; L-arginine, D-arginine, and L-homoarginine
were obtained from Sigma (St. Louis, MO, USA). The flow
cytometry experiments were conducted in the Flow Cyto-
metry laboratory at the University of Kentucky, Lexington,
KY, USA, using a Becton-Dickinson FACScan (Franklin
Lakes, NJ, USA). Irradiation of the cells was performed us-
ing a Mark I "*’Cs irradiator from J.L. Shepard and Associ-
ates (Glendale, CA, USA). The computer program Calcusyn
from Biosoft (Cambridge, UK) was used to calculate median-
effect parameters, and combination index values. Results are
expressed as the mean + S.E.M, and a paired two-tailed Stu-
dent’s r-test was used to determine statistical significance. A
p value of less than 0.05 was considered statistically signifi-
cant.

Cell cycle analysis experiments

PANC-1 and MIA-PaCa-2 cells were each plated in 20 ml of
media in 100 mm dishes. The cells were allowed to grow for
24 h before the addition of L-canavanine. L-Canavanine was
dissolved in 20 ml of DMEM and tested at a final concentra-
tion of 0.5, 1, 2, and 3 mM; L-arginine analogs were dissolved
in 20 ml of DMEM and added to the cells to afford a final
concentration of 3 mM. In the L-arginine-depleted experi-
ments, the commercial media (L-arginine concentration
400 uM) was removed and replaced with L-arginine-depleted
media (containing 0, 80, 160, 240, 320, or 400 pM of L-ar-
ginine). At 24, 48, or 72 h after drug treatment, the cells were
harvested, pelleted, washed with cold phosphate buffered
saline (PBS) and resuspended in 0.5 ml of cold PBS. While
vortexing, 5 ml of cold 70% ethanol was added dropwise to



fix the cells. After allowing the cells to stand for at least 15
min at 4°C, the cells were pelleted, washed with cold PBS,
and resuspended in propidium iodide stain solution (0.01 M
Tris base, 10 mM NaCl, 700 U RNAase, 0.075 mM propidium
iodide stain, and Nonidet P-40) at a final concentration of 1
x 109 cells/ml. After incubating the cells at 37°C for 30 min,
flow cytometry was used to analyze the propidium iodide
staining and to determine the percentage of cells that were
in the G, S, or G,/M phase of the cell cycle.

Radiosensitization cytotoxicity assays

PANC-1 and MIA PaCa-2 cells were harvested and 100 pl
of the cell suspension was plated in 96-well microtiter plates
at a concentration of 8 x 10? cells/well. The experimental de-
sign used in these cytotoxicity assays included using a fixed
ratio of L-canavanine (mM) to radiation (Gy). Consequently,
the amount of L-canavanine added to each well was depend-
ent on the amount of radiation that each well received. Each
well was irradiated at one of the following irradiation energy
levels: 24,20, 16, 12, 8, or 4 Gy. L-Canavanine was dissolved
in 100 pl of DMEM such that the final ratio of L-canavanine
concentration (mM) to radiation energy (Gy) in each well was
1:1, 1:5, 1:10, 1:20, or 1:40. For example, wells exposed to
20 Gy received 20 mM (1:1), 4 mM (1:5), 2 mM (1:10), 1 mM
(1:20) or 0.5 mM (1:40) of L-canavanine. Four replicate wells
were used for the control wells and for each concentration
of L-canavanine and radiation.

After the cells had adhered, 100 pl of the specific con-
centration of L-canavanine for the proper L-canavanine to
radiation ratio was added to the wells. After 72 h, L-cana-
vanine-containing media was replaced with 200 pl of media.
The cells were irradiated (at either 24, 20, 16, 12, 8, or 4 Gy)
and allowed to grow for an additional 72 h before the cell
viability was assessed in the MTS assay [26].

Median effect analysis

The median-effect equation and combination index analysis
were used to calculate the interaction between the treatment
modalities, and to determine if the effect was antagonistic,
additive, or synergistic. Both the median effect-equation and
combination index analysis are considered generally appli-
cable in biological systems, and their use has been extensively
reviewed [27, 28]. The algebraic expression of the median-
effect equation is: f/f = (D/D_)", where f is the fraction
affected by the dose, f_ is the fraction unaffected by the dose,
D is the dose of the drug, D_is the dose of drug required to
produce a median-effect (the dose of drug required to inhibit
the growth of 50% of the cells), and m is a coefficient signi-
fying the sigmoidicity of the dose-effect curve.
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The logarithmic form of the median effect equation lin-
earizes dose-response curves, regardless of whether they are
hyperbolic curves (m = 1) or sigmoidal curves (m = 2), and
can be plotted to generate the median-effect plot. When log
(D) is plotted vs. log (f /f,), the x-intercept yields log (D, )
from which the IC, can be determined, and the slope is the
m value. The m and D_ values obtained from the median-ef-
fect plot can be used to calculate the isoeffective dose for any
effect level (i.e. IC, IC_, or IC. ).

The combination index (CI), used to determine synergism
or antagonism, is based on the multiple-drug effect equation.
A CI value of one indicates that the effects of the two drugs
are additive, while a CI value of greater than one is defined
as antagonism between the drugs. A CI of less than one is
defined as synergism. The equation used to calculate CI is:
(D)/(D), + (D),/(D),+ a (D),(D),/(D,),(D,),, where (D),
and (D, ), are the doses for x% inhibition by drug 1 and drug
2 alone. These values can be obtained from the median-ef-
fect equation. (D), and (D), are the doses in combination that
also inhibit cell growth by x%. In this experiment, it was
ambiguous as to whether these drugs were acting in a mutu-
ally exclusive (o = 0) or mutually non-exclusive (a = 1)
manner.

Results
Cell cycle analysis

Propidium iodide and flow cytometry were used to assess
whether L-canavanine’s growth inhibition disrupted the cell
cycle of PANC-1 and MIA PaCa-2 cells. The effect of both
L-canavanine dose and exposure times were analyzed in these
experiments; four concentrations of L-canavanine (0.5, 1, 2,
and 3 mM) were analyzed at 24, 48, and 72 h after the addi-
tion of drug. At 24 and 48 h after treatment with 0.5, 1, and
2 mM of L-canavanine, the cells exposed to L-canavanine
showed no statistically significant difference in the percent-
age of cells in each phase of the cell cycle, when compared
to untreated cells. In MIA PaCa-2 cells, exposure to 3 mM
of L-canavanine, however, caused an enhanced accumulation
of cells in the G,/M phase at both 24 h (25.5 £ 1.3% ) and 48
h (35.8 + 3.3%). A similar profile was seen in the PANC-1
cells treated with L-canavanine. In cells treated with 3 mM
L-canavanine 37.6 + 0.8% (24 h) and 38.1 + 1.8% (48 h) of
the cells were in the G,/M phase (Fig. 2).

As seen in Fig. 3, at 72 h after drug treatment, 2 mM of L-
canavanine resulted in almost a 2-fold increase in cells in the
G,/M phase when compared to control (12.1 + 1.4% to 22.1
+ 3.0%, respectively) in MIA PaCa-2 cells, while treatment
with 3 mM L-canavanine caused over a 4-fold increase in the
percentage of cells in the G,/M phase when compared to
control cells (12.1 to 53.8 + 7.3%, respectively). There was
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Fig. 2. The percentage of PANC-1 or MIA PaCa-2 cells in the G,/M phase
of the cell cycle after 72 h of exposure to L-canavanine. Cells were stained
with propidium iodide and flow cytometric analysis was performed as de-
scribed in ‘Materials and methods’. A result was considered statistically
significant (*) when p < 0.05.

a concomitant decrease in the percentage of cells in the G/
G, phase from 55.3 £4.6 t022.9 + 8.1%. At 72 h after PANC-
1 cells were exposed to L-canavanine, the percentage of cells
in the G,/M phase was 22.1 +3.0% (2 mM) and 59.7 £ 1.9%
(3 mM), compared to only 11.7 + 1.8% for untreated cells. A
concurrent decrease in the percentage of cells in the G /G,
phase was observed with the control cells having 57.3 +4.4%
of cells in the G/G, and the cells treated with 3 mM L-cana-
vanine having only 16.4 + 1.9% of cells in G /G, phase.
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Fig. 3. The percentage of PANC-1 or MIA PaCa-2 cells in the G,/M phase
of the cell cycle after exposure to 3 mM L-canavanine. Cells were stained
with propidium iodide and flow cytometric analysis was performed as de-
scribed in ‘Materials and methods’. A result was considered statistically sig-
nificant (*) when p < 0.05.

To ensure that the effect of L-canavanine on the cell cycle
of PANC-1 and MIA PaCa-2 cells was due to an intracellu-
lar event and not simply due to inhibition of L-arginine up-
take into the cells, cells were grown in an L-arginine-depleted
environment and the percentage of cells in each phase of
the cell cycle was analyzed with propidium iodide and flow
cytometry. Although limiting the amount of L-arginine in the
media was cytotoxic to PANC-1 and MIA PaCa-2 cells, the
percentage of cells in the G,/M phase of the cell cycle, even
with the cells completely deprived of L-arginine for 72 h, did
not increase.

In order to assess the effect of high concentrations of other
L-arginine analogs on cell cycle regulation, PANC-1 and MIA
PaCa-2 cells were exposed to a series of L-arginine analogs.
After 72 h of treatment in the presence of 3 mM concentra-
tions of L-arginine, D-arginine, and L-homoarginine, there
was no statistically significant increase in the percentage of
cells in the G,/M phase in either PANC-1 or MIA PaCa-2
cells. Similarly, neither the isosteric analog L-indospicine nor
the primary metabolic product, L-canaline, induced a G /M
block in either PANC-1 or MIA PaCa-2 cells (Fig. 4).

Radiosensitization

The dose-effect relationships of L-canavanine and radiation
were examined using the median-effect plot to determine their
potency (D, ), shape (m), and conformity (), in both PANC-
1 and MIA PaCa-2 cells. The m and D_ values for each treat-
ment modality were used in the median-effect equation to
calculate synergistic or antagonistic interactions. The r val-
ues, indicating goodness of fit, all exceeded 0.90, indicating

754

P Wl PANC-1
MIA PaCa-2

% of Cell in GyM

MMl___,_.,-

Fig. 4. The percentage of PANC-1 or MIA PaCa-2 cells in the G /M phase
of the cell cycle after 72 h of exposure to 3 mM of one of a series of L-ar-
ginine analogs. Cells were stained with propidium iodide and flow cytometric
analysis was performed as described in Materials and Methods. A result was
considered statistically significant (*) when p < 0.05.



that median-effect analysis was valid for these data. CI val-
ues were calculated using a = 0.

PANC-1 and MIA PaCa-2 cells were treated with L-cana-
vanine at five different ratios of L-canavanine (mM) to radia-
tion (Gy). The data from the evaluation of the L-canavanine
to radiation ratio 1:1 and 1:5 are not shown because a me-
dian-effect analysis was not valid for the data. At the lowest
dose in these treatment regimens, the cells received 4 Gy of
radiation and 4 mM of L-canavanine (1:1) or 4 Gy of radia-
tion and 0.75 mM (1:5). The number of cells killed at these
ratios was so great that it precluded an accurate median-ef-
fect analysis.

When PANC-1 and MIA PaCa-2 cells were exposed to L-
canavanine for 72 hours prior to irradiation, L-canavanine
was found to be synergistic with radiation. While the com-
bination index value is most accurate at the median-effect
(ED,)) [29], L-canavanine was synergistic with radiation at
all values between the ED_, and the ED,, L-Canavanine was
synergistic with ionizing radiation at all ratios tested, with the
1:10 ratio of L-canavanine to radiation, having the greatest
degree of synergy. At the ED,, and a ratio of 1:10, both
PANC-1 and MIA PaCa-2 cells that had been exposed to L-
canavanine prior to radiation showed synergy with CI val-
ues of 0.530 and 0.455, respectively. Similarly, at a ratio of
1:20 synergy was observed. In PANC-1 cells the CI value at
the ED,  was 0.612; in MIA PaCa-2 cells the CI was 0.526 at
the ED,, Even at the lowest ratio analyzed (1:40 L-cana-
vanine to radiation), there was still moderate synergy between
the treatments. At aratio 1:40, the ED, CI values were 0.692
(PANC-1) and 0.770 (MIA PaCa-2).

Discussion

Exposure to L-canavanine induced significant cell cycle ar-
rest, redistributing the cells in the G,/M phase of the cell cycle
in both PANC-1 and MIA PaCa-2 cells. The results observed
in these experiments are in contrast with recently published
data regarding the effect of L-canavanine on the cell cycle
of A549 non-small cell lung cancer cells [30]. When A549
cells were exposed to 3 mM of L-canavanine for 72 h, a sig-
nificant G, arrest was observed and no G,/M arrest was in-
duced. It is important to note that A549 cells harbor a
wild-type p53 gene [31]. The tumor suppressor gene p53
codes for the p53 protein, that acts as a G, cell cycle check-
point in response to cell stress. When the above authors re-
peated the experiment with the human cervical cancer cell
line HeLa, and the human bladder cancer cell line HTB9 (p53
inactivated cell lines), no G, arrest was observed [30]. Mu-
tations in the p53 gene occur in 50-70% of pancreatic ductal
cancers [32]. Both PANC-1 and MIA PaCa-2 cells have mu-
tated p53, and therefore, a defective G, checkpoint [33,34].
This difference in the functionality of the p53 gene may ex-
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plain why the results of the current work differ from those
previously reported for the A549 cell line.

It is known that G /M cell cycle arrest can also be induced
as a result of nutrient deprivation [35]. Since L-arginine and
L-canavanine are structurally similar, L-canavanine can com-
pete with L-arginine for uptake into cells mediated by the
system y* transporter [36]. Consequently, it was postulated
that at the high concentrations of L-canavanine used in these
experiments, L-arginine uptake into the cell might be re-
duced, and that the capacity of L-canavanine to cause cells
to accumulate in the G/M phase of the cell cycle was solely
a result of depletion of L-arginine reserves in the cell, and
not due to L-canavanine incorporation into protein. To evalu-
ate this potential mechanism of cell cycle dysregulation, cells
were grown for 24, 48, and 72 h in L-arginine-reduced me-
dia at several different concentrations of L-arginine. Although
depriving the cells of L-arginine was cytotoxic to the cells,
it did not cause the cells to accumulate in the G,/M phase of
the cell cycle. This is in sharp contrast to the redistribution
of cells in the cell cycle that occurs after exposure to L-ca-
navanine. This data indicated that L-canavanine’s ability to
redistribute cells in the G,/M phase of the cell cycle was most
likely not a result of L-arginine depletion within the cells, but
rather a result of a drug-related intracellular mechanism.

L-Canavanine had an IC, value of approximately 1 mM
after 72 h of treatment. The greatest effect on the redistribu-
tion of cells in the cell cycle was seen at a concentration 3
mM, or three times the IC, . In order to ensure that such high
concentrations of drug were not affecting the integrity of the
cellular membrane or the ionic strength of the media, and
thereby inducing the cell cycle arrest, the cells were treated
with identical concentrations of several other L-arginine
analogs.

L-Arginine and D-arginine did not have any affect on the
cell cycle progression when compared to control cells. Since
the guanidino group of L-arginine and D-arginine have a pK,
value that is over 5 units higher than that of L-canavanine,
they are both much more basic than L-canavanine. This sug-
gests that it is unlikely that the capacity of L-canavanine to
redistribute cells in the cell cycle is due to a change in the
basicity or ionic strength of the media solution. The non-
cytotoxic L-arginine analog L-homoarginine, which can, like
L-canavanine, act as a substrate for arginyl-tRNA synthetase
and can be incorporated into protein in place of L-arginine
[37], also lacked the capacity to alter cell cycle progression.
The inability of this analog to induce a G,/M block suggests
that L-canavanine’s effect on the cell cycle is not solely due
to the fact that it is incorporated into protein by arginyl-tRNA
synthetase. Rather, these results point to the importance of
the oxyguanidino group of L-canavanine and the production
of structurally aberrant proteins. The guanidino group of L-
homoarginine will be predominantly protonated at physi-
ological pH, and when incorporated into protein in place of
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L-arginine, may, like L-arginine, be able to form the cru-
cial ionic interactions required to maintain the structural and
conformational integrity of proteins.

The inability of L-canaline, a toxic L-canavanine metabo-
lite, to alter cell cycle progression is significant, because it
supports recent data indicating that the cytotoxic properties
of L-canavanine in pancreatic cancer cells are independent
of L-canaline’s cytotoxicity [38]. L-canaline has an IC,, value
of approximately 400 uM when exposed to PANC-1 and MIA
PaCa-2 cells. Even at L-canaline concentrations of 3 mM
(over 12 times the IC, concentration) no accumulation of
cells in the G,/M phase was observed in either PANC-1 or
MIA PaCa-2 cells. As evidenced by their distinctly differ-
ent effects on the cell cycle, it is likely that L-canavanine’s
mechanism of toxicity is quite different from that of L-cana-
line.

The effectiveness of radiation is cell cycle-dependent, with
the G, and M phases being the most radiosensitive phases of
the cell cycle [39,40]. Since exposure to L-canavanine for
72 h redistributed the cells in the G/M phase, the anti-
proliferative effectiveness of the combination of L-cana-
vanine and radiation was evaluated in PANC-1 and MIA
PaCa-2 cells. Using median-effect analysis and combination
index plots to quantify the degree of synergy, the data from
these studies indicate that L-canavanine synergistically en-
hances the effectiveness of radiation when the cells were
exposed to L-canavanine prior to irradiation.

To evaluate whether the capacity of L-canavanine to in-
teract synergistically with ionizing radiation was schedule-
dependent, two additional sets of experiments were conducted
(data not shown). L-Canavanine was exposed to PANC-1 and
MIA PaCa-2 cells both before and after irradiation, and also
after irradiation. Prior to the experiment, it was postulated that
exposure to L-canavanine after the radiation insult might also
enhance the effects of radiation, but via a different mecha-
nism. After a significant insult, such as radiation, there is an
upregulation of DNA repair proteins to repair the damage
caused by the radiation [41]. It was thought that if L-cana-
vanine were present, it might be incorporated into newly
synthesized proteins, rendering them ineffective. However,
when the cells were exposed to L-canavanine for 72 h before
and after irradiation, or for 72 h after being irradiated, the
effect of the two agents was only additive, or just slightly
synergistic, suggesting that L-canavanine does not signifi-
cantly alter the DNA repair processes in cells exposed to
ionizing radiation. Consequently, it is likely that the observed
radiosensitive effect of L-canavanine can be at least partially
attributed to its ability to cause cells to accumulate in the
radiosensitive G,/M phase of the cell cycle, thereby maximiz-
ing the capacity of ionizing radiation to irreparably damage
DNA.

The potential for L-canavanine to be an effective radio-
sensitization agent may be enhanced by its capacity to pref-

erentially localize in the pancreas [9]. This unique property
of L-canavanine could maximize its effectiveness as a radio-
sensitization agent, since it will preferentially concentrate in
the tissue receiving ionizing radiation. Although the present
studies are small-scale studies, they afford preliminary data
that provide the basis for further preclinical studies, and
strongly suggest that L-canavanine might hold promise as a
radiosensitization agent for patients with pancreatic cancer.
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Abstract

To describe the clinical, spectroscopic and neuropsychological features of the first family diagnosed with a defect in the crea-
tine transporter.

Proton Magnetic Resonance Spectroscopy (MRS) indicated an absence of creatine and phosphocreatine in the brain of a
male patient characterized by developmental delay, mild epilepsy and severe expressive language impairment. Subsequent genetic
testing revealed a defect in the X-linked creatine transporter (SLC6A8/CT1), with a hemizygous mutation in the patient and a
heterozygous mutation for the female carriers.

Magnetic resonance imaging and spectroscopy examinations were performed on a 1.5T clinical MR Scanner. Neuropsycho-
logical examinations were performed on the index patient and maternal relatives.

Preliminary spectroscopy results indicate the disorder prevents transport of creatine and phosphocreatine in the brain of the
affected male. However, the skeletal muscle demonstrates the presence of creatine and phosphocreatine which correlates clini-
cally with normal structure and function. Female carriers demonstrated impairments in confrontational naming and verbal
memory assessments.

This new neurological syndrome is associated with developmental delay, mild epilepsy, severe language impairment. MR
Spectroscopy is a non-invasive method for obtaining a preliminary diagnosis of this disorder. Muscle creatine uptake may be
normal in this disorder. (Mol Cell Biochem 244: 45-48, 2003)

Key words: creatine, brain, metabolism, magnetic resonance

Introduction der was also indicated by proton MRS. In early 2000, we
recognized a defect of the X-linked creatine transporter
(SLC6A8/CT1) in a 7 year old boy presenting with develop-
mental delay, expressive dysphasia and partial epilepsy [3].
This report describes additional findings of the index patient

and assessments of the female relatives.

One of the first inborn errors of metabolism recognized with
proton magnetic resonance spectroscopy (MRS) was a de-
fect in creatine metabolism. A MRS examination revealed
absent creatine and phosphocreatine which was eventually
explained as a defect of guanidino acetate methyl transferase
(GAMT, EC 2.1.1.2) [1]. This defect of the last step in crea-

tine synthesis presents with central nervous system (CNS)
symptoms such as developmental delay, seizures and move-
ment disorders. A deficiency of the other enzyme necessary
for creatine synthesis (L-arginine:glycine amidinotransferase,
AGAT; EC 2.1.3.1) was recently reported [2] and this disor-

Case report

Our patient has been previously described [3, 4]. Briefly, he
has mental retardation with severe expressive speech lan-
guage impairment, having no active speech at age 7 years.

Address for offprints: T.J. deGrauw, Division of Neurology, Childrens Hospital Medical Center, 3333 Burnet Avenue, Cincinnati, OH 45229, USA

(E-mail: t.degrauw @chmcc.org)



46

His partial epilepsy is easily controlled with carbamazepine.
Macrocrania at age 6 prompted a Magnetic Resonance Im-
aging (MRI) with proton MRS examination. MR imaging of
the brain was normal including size of the ventricles; proton
MRS showed absence of the creatine/phosphocreatine peak.
His head circumference has remained stable at the 95th per-
centile for over 1 year. On examination he has normal mus-
cle tone, muscle bulk and strength. Cardiac and echo-
cardiogram examinations are normal. Neuropsychological
evaluation showed good gross motor skills. He did not speak
during the evaluation. Given his very low level of function,
the Mental Scale of the Bayley Scales of Infant Development,
2nd edition [5], was administered. On this measure, his raw
score was 92, which indicates a developmental age of 13
months. On the Vineland Scales of Adaptive Behavior [6],
he obtained standard scores (mean = 100, S.D. = 15) of 32
on Communication, less than 20 on Daily Living Skills, and
49 on Socialization. These scores place him in the moderately
to severely impaired range of adaptive functioning.

He was treated with creatine monohydrate to a maximum
dose of 7.5 g three times/day (800 mg/kg/day). This dose was
maintained for 3 months without any clinical improvement
or spectroscopic evidence of creatine restoration (Fig. 1).
No adverse effects were noted. While on creatine treatment,
Cerebro-Spinal Fluid (CSF) was obtained showing normal
creatine concentration (62 umol/l, N: 38.8 + 4.8 umol/l). This
indicates that a different uptake mechanism was likely present
through the choroid plexus. In addition, proton and phospho-
rus MR spectroscopy of the left thigh demonstrated the pres-
ence of creatine and/or phosphocreatine in muscle (Figs 2a
and 2b).

He is the only child of healthy parents. His mother and
maternal grandmother have a history of severe learning dis-
ability. His maternal aunt was a below average student. All
three are confirmed genetic carriers of the disorder [4]. Pro-
ton MRS of the mother and maternal aunt demonstrate slightly
reduced creatine and phosphocreatine levels in the parietal
white matter (Figs 3a and 3b). MRS performed in other pre-
dominantly gray matter structures indicated essentially nor-
mal creatine and phosphocreatine levels. The maternal uncle
has severe mental retardation. He is not available for studies
at the present.

The patient’s mother, age 27 years, had a Full Scale IQ of
76 on the Wechsler Abbreviated Scale of Intelligence (WASI,
[7]). Academic achievement scores on the Wide Range Ach-
ievement Test, 3rd edition (WRAT-3, [8]) were in the border-
line to low average range (Reading: 88, Arithmetic: 77). A
confrontational naming deficit and a severe verbal memory
deficit were noted. Her spoken language, however, was flu-
ent and appropriate. Visual-constructional ability and fine
motor skills were intact.

The maternal aunt, age 30 years, had a Full Scale 1Q of 88
on the WASI. Academic achievement scores on the WRAT-
3 were in the average range (Reading: 103, Arithmetic: 108).
Similar to her sister, her spoken language was fluent and
appropriate but a mild confrontational naming weakness and
a very mild verbal memory deficit were noted.

The maternal grandmother, age 64 years, had a Full Scale
1Q of 79 on the WASI. Academic achievement scores on the
WRAT-3 were in the low average range (Reading: 88, Arith-
metic: 84). Her spoken language was fluent but somewhat
odd and occasionally tangential. Similar to her daughters, a

Fig. 1. MR Imaging and Spectroscopy of index patient following creatine supplementations. (a) T2 weighted image and (b) Short echo (TE 35 msec, TR

2000 msec) single voxel PRESS volume (8 cc).
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Fig. 2. (a) Proton MRS of thigh muscles of index patient at 7 years. Creatine and phosphocreatine resonance appears at 3.0 ppm. Other resonances include
lipids (0.3-2.7 ppm), carnitine (3.2 ppm) and residual water (4.7 and 5.6 ppm). (b) Limited Phosphorus MRS of thigh muscles of patient WP at 7 years.
Phosphocreatine resonance appears at 0.0 ppm. Other resonances include adenosine triphosphate (y at 2.5, o at —8.2 and p at —17 ppm). The patient awoke
during the procedure, and reference compound was not obtained.

mild confrontational naming deficit was noted. Verbal mem- Discussion

ory was not assessed due to time constraints. In contrast to

her daughters’ findings, visual-constructional ability and fine The discovery of a defect in the X-linked creatine transporter
motor skills were severely impaired. (SLC6AB8/CT1) in a 6 year old male using proton MRS with

Fig. 3. Long echo (TE 288 msec, TR 2000 msec) single voxel MRS within parietal white matter of the (a) mother and (b) maternal aunt of the index patient.
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no significant imaging findings provided a new approach
towards diagnosing mental retardation syndromes. In this
patient, brain involvement appears to be the most significant
feature. Unfortunately, the preliminary attempts at creatine
restoration using oral supplementation failed to demonstrate
any improvement. The uptake of creatine into the CSF re-
mains unexplained.

Our patient does not have clinical evidence of myopathy,
which was initially not expected, since muscle contains the
highest concentration of creatine and creatine depletion in
animals causes severe muscle weakness. It is very surpris-
ing that creatine is present in the muscles of our patient. As
far as we know, two creatine transporter genes are present in
humans. SLC6AS8/CT1 is located at Xq28 and is expressed
in most tissues, including the CNS, muscle and heart [9]. A
second transporter was found at 16p11.2 (SLC6A8/CT2),
which is expressed in testis only. Of course, it is possible that
additional transporters (both specific or non-specific) exist
that carry creatine into muscle and other organs. On the other
hands, diffusion processes from the blood stream, independ-
ent of the creatine transporter, may provide the necessary
creatine requirements in muscle. Further studies may eluci-
date this. In GAMT deficient patients, the main feature of the
disease is also the brain involvement, although some children
suffering from GAMT deficiency have developmental mo-
tor delay and muscle weakness. The low creatine levels aris-
ing from the absence of creatine biosynthesis in those patients
may indeed affect muscle. Reduced creatine levels (8.8 mmol/
kg; normals ca 19-21 mmol/kg) have been found by pro-
ton and phosphorus MRS of the muscle in a GAMT defi-
cient patient [10]. It seems clear that the congenital creatine
deficiency syndromes affect the CNS more than any other
organ in the human body without any good explanation [3,
4].

Our patient has a diagnosis of mental retardation with spe-
cific developmental speech language impairment (SLI).
Children with specific SLI sometimes have abnormalities on
MRI [11]. However, it is not clear how these imaging abnor-
malities relate to the SLI. Also, MR spectroscopy abnormali-
ties have been found in patients with dyslexia [12], but these
abnormalities did not involve the creatine concentrations
levels.

With regard to the neuropsychological findings, the patient
is so globally impaired that meaningful patterns of perform-
ance cannot be identified. However, in the female carriers of
the genetic defect, there is the interesting finding of confron-
tational naming deficit in all three who were assessed. The

remainder of their neuropsychological profiles vary, however.
Two of the female relatives demonstrated intact visual-per-
ceptual and visual-constructional ability and fine motor skills
whereas the third was significantly impaired in these areas.
These findings suggest that it will be useful to assess cogni-
tion and language in female carriers in order to fully char-
acterize the effect of the gene responsible for the creatine
transporter deficiency.

We continue to study this family to fully characterize this
disorder. Hopefully, this new disorder will encourage further
research into the dynamics of creatine transport into tissues.
In addition, the significance of creatine metabolism for cog-
nitive function should be explored.
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Abstract

Creatine supplementation is an established ergogenic aid in sports and is now claimed to have therapeutical applications in a
variety of diseases. The available literature mainly covers the short-term (one to several weeks) effects of creatine supplemen-
tation on skeletal muscle function in health and disease, which is of little help to evaluate the long-term (two or more months)
potential of creatine as a drug in chronic disorders, such as neurodegenerative diseases or muscular dystrophies. Recent find-
ings in healthy humans indicate that the beneficial effect on muscle function and muscle total creatine content may disappear
when creatine is continuously ingested for more than two or three months. The mechanism for this habituation to chronic crea-
tine exposure is poorly understood. The primary purpose of the present review article is to critically evaluate the available
evidence for long-term efficacy of creatine administration and to hypothesize about ways to optimize creatine administration

regimens. (Mol Cell Biochem 244: 49-55, 2003)

Key words: creatine supplementation, skeletal muscle, energy metabolism

Introduction

Creatine has become a popular ‘ergogenic’ supplement in
sports. It has been intensively studied which exercise disci-
plines do and which do not benefit from supplementation-
induced creatine accumulation in muscle [1]. The use of
creatine in sports has prompted interest in creatine as a po-
tential agent to be used in clinical therapeutical conditions.
The number of diseases for which creatine is hypothesized
to be possibly effective, is rapidly growing. For some dis-
eases, the expectations are based on positive evidence obtained
in animal models, like Parkinson’s disease [2], Huntington’s
disease [3] and amyotrophic lateral sclerosis [4]. However,
there is also some preliminary positive evidence from small
scale clinical trials, notably in gyrate atrophy [5], McArdle’s
disease [6], various forms of muscular dystrophy [7], ge-
netic deficiencies of L-arginine:glycine amidinotransferase
(AGAT) [8] or guanidinoacetate methyltransferase (GAMT)
[9] and congestive heart failure [10]. In addition, some ‘claims’
have an anecdotal background or are based on pure hypoth-
eses, such as in aging [11] and herpes [12].

In athletic practice, periods of creatine supplementation
in conjunction with high intensity training, often are inter-
spersed with periods of lower training workload without crea-
tine supplementation. Such intervals obviously can not be
defined in chronic and progressive neurological and mus-
cular diseases. Therefore, when advised or examined as a
clinical substance, creatine as a rule is administered on a
continuous and long-term base. As an example, in a number
of ongoing clinical trials exploring the potential benefit of
long-term creatine supplementation in patients with Hunt-
ington’s disease, amyotrophic lateral sclerosis, muscular
dystrophies, or aging, creatine is supplemented daily at a rate
of 3-10 g/day for several months up to 1 year. However,
whether such creatine intake regimens are valid is entirely
unclear. In fact, knowledge of the long-term effects of crea-
tine supplementation, in relation to the creatine supplemen-
tation protocol used, is very poor. There is some evidence in
the literature to suggest that long-term creatine supplemen-
tation can cause some tissue adaptations that eventually might
render the body insensitive to creatine intake (as will be dis-
cussed below in ‘Long-term creatine supplementation’). If
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such mechanism proves to be true, this may conceivably com-
promise the likeliness of success in clinical trials evaluating
the therapeutical benefit of creatine. The primary aim of the
current paper is to compare literature data with regard to long-
term creatine supplementation with knowledge on short-term
effects. We try to critically evaluate the validity of extrapo-
lating data from short-term studies in healthy subjects, to
long-term effects in patient populations. Literature results on
healthy as well as ill subjects are discussed. Furthermore, we
hypothesize about strategies of how to overcome possible ha-
bituation to creatine in the long term, and we try to raise some
pivotal issues for future research.

Short-term creatine supplementation
(< 2 months)

Studies in healthy humans

The effects of short-term creatine supplementation (< 2
months) on human skeletal muscle are well documented. In
their original paper in 1992, Harris er al. [13] showed that
nearly every individual responds to several days of creatine
supplementation by increasing muscle total creatine content,
resulting from both increased phosphocreatine and free creat-
ine. They also demonstrated that the increase of muscle
creatine content resulting form creatine intake was highly
dependent on the initial creatine content. Thus, short-term
creatine supplementation in any person eventually resulted
in a muscle creatine content in the range of 140-150 mmol/
(kg d.w.). However, the greater increases occurred in the
subjects with low creatine contents, whilst only a small, if any
effect was seen in individuals with high initial muscle crea-
tine content.

In a follow-up study by Greenhaff et al. [14], where in it
was shown that creatine supplementation can facilitate post-
exercise muscle phosphocreatine resynthesis in some but not
all individuals, a clear-cut distinction was made between
responders and non-responders to creatine supplementation.
Despite the elegance of this study, the validity of a black-and-
white presentation of sensitivity to creatine supplementation
can be questioned. Given that total creatine content in human
muscle is normally distributed [15], with an average value
of ~ 125 mmol/(kg d.w.), it can be predicted that a large
number of individuals is located in the ‘gray zone’ between
responders and non-responders, as defined by Greenhaff et
al. [14]. Several laboratories have also shown that subjects
with the highest increase in total creatine (TCr) content (de-
fined as the sum of phosphocreatine and free creatine) also
exhibit the highest gain in muscle function [16-18]. Thus,
taking the magnitude of rise in TCr content in muscle as a
measure of the effectiveness of creatine supplementation with

regard to enhancing muscle function seems appropriate. This
is compatible with the tight coupling between metabolic and
contractile characteristics in muscle cells.

Apart from the well-described effect of creatine on the
contractile properties of muscle, creatine loading has recently
also been shown to promote glycogen accumulation in hu-
man muscle [19-22]. It is interesting to consider whether also
with regard to this metabolic effect of creatine supplementa-
tion, the increase in TCr is an appropriate criterion to distin-
guish between responders and non-responders. In a recent
study we could not find a relationship between the increase
in TCr content and the increase in glycogen content upon 5
weeks of creatine supplementation [19]. A likely explanation
for the stimulatory effect of creatine on glycogen accumula-
tion is the increase in the glucose transporter, GLUT4, ex-
pression [19]. Interestingly, in Fig. 1, we show the increase
in GLUT4 expression is positively related to the increase in
TCr content in 8 subjects who received 15 g creatine per day
during 3 weeks of rehabilitation training following 2 weeks
of cast immobilization of a leg. This could suggest that the
change in TCr content is a good estimate of responsiveness
to short-term creatine supplementation with regard to vari-
ous metabolic adaptations in the muscle. Still, creatine supple-
mentation does not only affect muscle, but also other tissues.
Horn et al. have shown that creatine supplementation in rats
leads to an accumulation of creatine in liver and kidney, but
not in heart, brain and skeletal muscle [23]. Thus, evaluation
of the efficacy of creatine supplementation to enhance mus-
cle contractile and metabolic functions based on measurement
of muscle TCr content is probably valid, but should not be
extrapolated to other tissues and organs.
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Fig. 1. The change in total creatine content of the right vastus lateralis
muscle during three weeks of creatine supplementation, compared with the
change muscle GLUT4 content during the same period. The change is cal-
culated between the value obtained following 2 weeks of cast immobiliza-
tion and the value obtained after 3 weeks of heavy rehabilitation training.
Data are from Eijnde et al. [19].



Clinical studies

Similar to what is reported in healthy individuals, there is
some evidence to suggest that short-term creatine supplemen-
tation can improve muscle strength and high-intensity exer-
cise performance in patients with various neuromuscular
disorders. In 1997, Tarnopolsky et al. investigated the poten-
tial of short-term creatine supplementation (3 weeks, 10 g/
day down to 2 g/day) on muscle strength in seven patients
with mitochondrial cytopathies, and found the intervention
to improve handgrip strength by ~ 20%. Soon after, the same
research group confirmed that 11 days of creatine supple-
mentation (10 g/day for 5 days and 5 g/day thereafter) in
81 patients with various neuromuscular disorders, includ-
ing dystrophies and other myopathies, increased maximal
isometric and isokinetic strength of the knee extensors [24].
This finding of improved muscle performance has been ob-
tained in other placebo-controlled studies, involving nine
patients with McArdle’s disease [6] and 36 patients with
muscular dystrophies [25], who were supplemented with crea-
tine for 5 and 8 weeks, respectively. Conversely, Klopstock
et al. did not find a beneficial effect of short-term creatine
supplementation (4 weeks, 20 g/day) on muscle perform-
ance in a placebo-controlled crossover trial in patients with
mitochondrial diseases [26]. Furthermore, preliminary re-
sults from an uncontrolled study in patients with amyotrophic
lateral sclerosis reported mild improvement in muscle force
following one week of creatine supplementation (20 g/day).

The above observations tentatively indicate that short-
term creatine supplementation can be a useful symptomatic
therapy in some neuromuscular disease conditions. However,
do these findings prove that creatine is an adequate long-term
intervention strategy impacting on the pathogenesis of the
aforementioned diseases? The answer is ‘no’. It is not so
much of a surprise that the short-term effect of creatine sup-
plementation on muscle function is acutely present in patients
as itis in healthy humans, but it does not address its therapeu-
tical value in the long term. First, we need to know whether
muscle creatine content can be maintained at an elevated level
for longer periods in healthy subjects and in various groups
of patients. Second, it must be investigated whether creatine
supplementation for several months or years can delay or
optimally-prevent the disease progression in neurological and
muscular disorders. We address these questions in the follow-
ing paragraphs.

Long-term creatine supplementation
(> 2 months)

Studies on healthy humans

Compared to the large number of studies that have examined
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short-term creatine supplementation in humans, there is a
shortage of data on supplementation periods beyond 2 months
(see Fig. 2). One of the first studies on the ability of creatine
supplementation to keep muscle creatine elevated for several
months was performed by Vandenberghe et al. [27]. Although
only phosphocreatine was measured by NMR spectroscopy,
this study was the first to clearly show that phosphocreatine
can remain elevated compared to placebo throughout the
first 10 weeks of supplementation, whereas a continuation
of supplementation for an additional 10 weeks shows a slight
decline in muscle phosphocreatine content [27]. As shown
in Fig. 3, a more recent study from our laboratory has shown
that the initial rise in TCr content in human vastus lateralis
after 2 and 5 weeks of creatine supplementation has disap-
peared after 12 weeks of continued supplementation [28]. A
similar findings has been reported by Volek et al., as the el-
evation of TCr content of the human vastus lateralis was 22%
(p < 0.05) after the one week loading phase (25 g/day) and
was reduced to 10% (n.s.) following 12 weeks of creatine sup-
plementation (5 g/day) [29]. Thus, effect sizes after 12 weeks
are markedly smaller than after 1-5 weeks, despite contin-
ued creatine supplementation (Fig. 2). Thus, it seems that at
a time point between 5 and 12 weeks, continuous creatine
supplementation starts to fail keeping up the TCr in human
muscle. Steenge [30] has shown that following 8 weeks of
creatine supplementation (3 g/day) in women, muscle TCr
is at the elevated level where it was after the initial 5 days of
creatine loading (20 g/day). Thus, in this study habituation
to continuous creatine supplementation did not take place
during an 8 week period. Accordingly, these data are helpful
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Fig. 2. Literature data reporting the increment in total creatine (TCr) con-
tent in human skeletal muscle in response to various durations of oral crea-
tine supplementation. All studies were performed on healthy young humans
and supplementation consisted of a loading phase of 5-14 days (15-20 g/
day) and in some cases a subsequent period on maintenance dose (2-5 g/
day). Filled circles indicate significant increments in TCr and open circles
indicate non-significant effects. Data are from references (14, 16, 17, 21,
28, 29, 44-49] and additional unpublished observations from our labora-
tory.
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Fig. 3. Effect of 12 weeks of oral creatine supplementation on the total
creatine content (sum of phosphocreatine and free creatine) of the right vas-
tus lateralis. During the initial 2 weeks, creatine monohydrate or maltodextrine
(placebo) was ingested at 20 g/day and the subject’s right leg was cast-im-
mobilized. The creatine dose was subsequently reduced to 15 g/day (weeks
2-5) and to 5 g/day (weeks 5-12) and during the ten weeks of rehabilita-
tion. Data are means + S.E. and are extracted from reference [28]. *p <0.05
significant difference compared to the baseline value.

in defining the onset of failure of creatine supplementation,
which, with the limited amount of presently available data,
is presumed to lie between 2 and 3 months.

Recently, we evaluated the effects of creatine supplemen-
tation for 6 months (5 g/day) in males 55-75 years old (un-
published observations). Throughout this period the subjects
participated in a resistance training program. Muscle biop-
sies were taken from the vastus lateralis for determination of
total creatine content at baseline and after 3 and 6 months of
supplementation. There was no increase in muscle TCr after
6 months. We can not define whether this failure of creatine
supplementation to increase muscle creatine content was due
to either the high age of the subjects, or to the long duration
of the supplementation.

At present, it is unknown why during long-term creatine
supplementation muscle TCr, after an initial increase, tends
to return to baseline despite continued creatine intake. Inter-
estingly, Guerrero-Ontiveros and Wallimann have shown that
three months of high-dose creatine supplementation in rats
results in a marked downregulation in the expression of crea-
tine transporter isoforms in skeletal muscle [31]. An alterna-
tive mechanism for creatine-induced inhibition of creatine
transport is proposed by Loike et al. [32]. They have observed
that inhibition of protein synthesis by cycloheximide can
prevent downregulation of creatine transport in L6 cells,
suggesting that prolonged creatine exposure in vitro induces
the synthesis of a protein that inhibits creatine transporter
activity and/or localization [32]. Either mechanism provides
an interesting hypothesis as to how muscle may control in-
tracellular creatine homeostasis. However, it remains to be

explored in humans whether the reduction in muscle TCr
content beyond two months of creatine supplementation is
due to downregulation of the creatine transporter. In fact we
even don’t know whether muscle creatine transport or the
creatine transporter expression is a limiting factor in the crea-
tine content in muscle cells in vivo. Murphy et al. have re-
cently compared the TCr and creatine transporter content of
various hindlimb muscles of the rat [33]. They surprisingly
found the highest TCr content in the muscle type (white gas-
trocnemius) with the lowest creatine transporter expression.
It therefore remains to be established what the exact role of
creatine transporter is in muscle and if its expression is re-
lated to habituation in long-term creatine supplementation.

Clinical studies

The efficacy of long-term creatine therapy in various patho-
logical conditions is hardly studied and poorly understood at
present. In this respect, it is important to distinguish between
(1) diseases in which the pathogenesis is causally linked with
a deficiency of creatine metabolism, (2) diseases in which
creatine deficiency is a secondary symptom which still con-
tributes to part of the pathogenesis, and (3) diseases without
manifestation of creatine deficiency. In the first two catego-
ries, long-term creatine therapy may be able to slow or pre-
vent the progression of the disease (category 1) or an aspect
of the disease (category 2). In the third category, it is pres-
ently unsure whether creatine supplementation can provide
a long-term therapeutic help.

Category 1. Diseases in which deficiency of creatine stores
is the primary pathogenic mechanism are related to a genetic
error causing deficiency of a protein involved in biosynthe-
sis or transport of creatine, such as AGAT, GAMT and crea-
tine transporter. Stockler et al. [9] have reported a case of an
infant with GAMT deficiency and consequently severe crea-
tine deficiency in body and brain. A 25-month treatment with
creatine supplementation resulted in substantial clinical im-
provements and normalization of creatine stores. Similarly,
the recently discovered mentally retarded infants with AGAT
deficiency and absence of creatine in the brain, showed nor-
malization of brain creatine content and functional im-
provement following creatine supplementation [8, 34]. A
third disease is the recently found inborn deficiency in crea-
tine transporter [35]. Although this disease is also character-
ized by absence of creatine in the brain, creatine substitution
is of no help [36], since not the availability but rather the dis-
tribution of the creatine pool within the body is impaired. It
can be concluded that even though no data of long-term clini-
cal trials are available yet, AGAT and GAMT deficiency are
diseases that may be partly or even completely cured by
means of long-term creatine substitution therapy.



Category 2. Some diseases are characterized by severe crea-
tine deficiency and muscle atrophy, although it is not the
primary pathogenic factor. Gyrate atrophy is a syndrome of
severe deterioration of vision, ultimately leading to blindness.
It is caused by deficiency of ornithine-aminotransferase, re-
sulting in elevated plasma ornithine concentrations, which
inhibits creatine biosynthesis. Skeletal muscles of patients
with gyrate atrophy exhibit reduced creatine content [37] and
atrophied type II-fibers [38], symptoms that can be reversed
by long-term (studied up to 15 years) oral creatine supple-
mentation [5, 38]. However, the creatine therapy did not slow
the visual deterioration of the patients [38]. Gyrate atrophy
belongs to a category of diseases that can only be partly cured
by long-term creatine supplementation, supposedly because
creatine depletion is not the sole key pathogenic factor of
the disease. Several other diseases, such as mitochondrial
cytopathies, also belong to this category and future studies
will need to shown if creatine can provide a therapeutical
benefit in the long term.

Category 3. A potential therapeutic benefit of creatine is also
anticipated in some diseases that are not typically character-
ized by depletion of the body creatine pool. In these disor-
ders, creatine is not regarded as a substitution of a deficiency,
but is intended to increase the survival of degenerating neu-
rons or muscle cells. In amyotrophic lateral sclerosis and
Huntington’s disease, an increased cerebral energy reserve
by extra creatine might be able to slow the progression of the
neurodegeneration. Animal studies have shown that a 2%
creatine supplementation works neuroprotective [3, 4]. So far,
only one study on patients with ALS has been published by
Mazzini et al. [39] and they did not detect a slowing of the
deterioration of muscle function after 6 months of creatine
supplementation (3 g/day). A possible explanation for this
discrepancy between human and mouse studies, may be the
duration of continuous supplementation in humans. Since
ALS is not characterized by considerable creatine deficiency,
the expected elevation of neuronal and muscular creatine
content is probably only temporary and may wear off as ha-
bituation to creatine supplements takes place after several
months, similarly to what occurs in healthy subjects (see
above). However, results of large-scale placebo-controlled
clinical trials are pending and will soon provide us the an-
SWer.

Improving the response to long-term
creatine supplementation

In one of the previous sections we discussed the difficulty of
keeping muscle TCr content elevated for periods longer than
2 months in healthy humans. The search for ways to avoid
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this habituation to creatine supplementation is much like a
‘trial and error’, and should therefore be conducted on healthy
humans. Here, we would like to propose two hypothetical
strategies, which still await experimental proof. The first strat-
egy is to try to maximize cellular creatine uptake by combin-
ing chronic creatine supplementation with exercise and/or
with carbohydrate ingestion. The second strategy is to try to
avoid the presumed downregulation of the creatine synthe-
sis and transport system by intermittent creatine supplemen-
tation.

The former strategy, i.e. to promote creatine uptake, has
been shown to be effective in short-term supplementation.
Harris et al. [13] have compared the effects of creatine sup-
plementation with or without a daily 60-min submaximal
cycling exercise bout. The mean muscle TCr concentration
increased by 37% when creatine was combined with exer-
cise, compared to 26% with creatine alone. Thus, submaximal
exercise promotes muscle creatine accumulation, an effect
that is limited to the exercising muscles, as later shown by
Robinson et al. [21]. However, in several of the diseases for
which creatine has a potential therapeutic benefit, patients are
not able to exercise. Therefore, maximization of muscle crea-
tine uptake by co-ingestion of carbohydrate may be more
appropriate. Several consistent findings by the research group
of Greenhaff have clearly shown that the insulin release in
response to ingestion of relatively large amounts of carbo-
hydrate or carbohydrate plus protein potentiate creatine accu-
mulation in human muscle [40—43]. However, it is not known
whether this is a valuable strategy in chronically maximizing
creatine accumulation in humans. If the restoration of base-
line TCr concentrations in long-term creatine supplementa-
tion is due to a downregulation of the creatine transporter,
then co-ingestion of carbohydrates will probably speed up the
downregulation and prove unable to prolong TCr elevation.
Further research is warranted on this issue.

Possibly a more direct way to overcome the reduced ef-
fectiveness of long-term supplementation would be to avoid
downregulation of the creatine synthesis and transport sys-
tem. Although the latter is not definitely proven to take place
in humans, it currently presents the most likely explanation.
Ideally, one should find an intermittent creatine supplemen-
tation protocol which keeps TCr content in muscle elevated
at all time but still allows periods without supplementation
to stimulate the expression of enzymes involved in endog-
enous creatine synthesis and transport. The important factors
in designing such a protocol are (1) the time it takes for Cr
to leave the muscle following cessation of supplementation,
i.e. the ‘wash-out’ period, and (2) the duration of creatine sup-
plementation after which the presumed downregulation takes
place.

As to the former, several studies have indicated that one
month without supplementation is enough to return the mus-
cle TCr concentration to baseline level [27, 44, 45]. Interest-
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ingly, Hultman ez al. have shown that 21 days following ces-
sation of creatine loading, muscle TCr was still elevated
compared to baseline. Thus, during long-term discontinu-
ous creatine supplementation, an interval without supplemen-
tation of less than 3 weeks will probably not cause a decrease
in TCr.

The duration of creatine supplementation, after which the
presumed downregulation takes place, is more difficult to
define. As stated above (see ‘Long-term creatine supplemen-
tation’), TCr probably decreases beyond 8 weeks of creatine
supplementation, no matter if creatine ingestion is continued
or not. Thus, waiting 8 weeks before including a non-sup-
plementation period is probably too late to prevent a decline
in TCr. Therefore, supplementation periods of 2—-6 weeks,
interspersed with periods of 2 weeks without supplementa-
tion is theoretically expected to be an effective protocol for
long-term intermittent creatine supplementation. Neverthe-
less, more than one study will be necessary in the future to
determine the effectiveness and the ideal protocol of discon-
tinuous creatine supplementation.

Conclusions

In today’s literature, most but not all studies report a posi-
tive effect of short-term (less than 2 months) oral creatine
supplementation on muscle function in both healthy and ill
humans. On the other hand, this phenomenon could well be
a temporary effect as several studies have now shown that
continuous creatine intake for three months or more can lead
to a habituation in healthy muscle. Over recent years, the
application possibilities of creatine as a nutritional supple-
ment have been expanded to the clinical field, but many piv-
otal questions on the long-term efficacy of creatine still remain
unanswered.
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A role for guanidino compounds in the brain
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Abstract

Guanidino compounds of guanidinoethanesulfonic acid, guanidinoacetic acid, guanidinosuccinic acid, N-acetylarginine, 3-
guanidinopropionic acid, creatinine, y-guanidinobutyric acid, arginine, guanidine, methylguanidine, homoarginine and a-
guanidinoglutaric acid are present in the mammalian brain. These guanidino compounds except for arginine and guanidine
induce seizures and convulsions in rat, rabbit and cat by intracisternal injection.

Hirudonine, audonine, a-keto-8-guanidinovaleric acid, N,N'-dibenzoylguanidine and phenylethylguanidine are also con-
vulsants. Levels of creatinine, guanidinoethanesulfonic acid, creatinine, guanidinoacetic acid and methylguanidine in animal
brain were changed at pre- and during convulsions induced by pentylentetrazol, amygdala kindling, iron-induced epileptogenesis
and so on. These convulsions are thought to be due to depressed functions of serotonergic neurons and accumulated free radi-
cals.

Arginine is a substrate of nitric oxide production by nitric oxide synthase. a-Guanidinoglutaric acid is a generator of super-
oxide, hydroxyl radicals and nitric oxide, and induced C6 glial cell death. On the other hand, aminoguanidine is a free radical
scavenger. Energy formation by creatine metabolism may inhibit apoptosis induced by pathogenesis. Free radical generation/
reaction and energy generation by guanidino compounds must be important key role in the brain. (Mol Cell Biochem 244: 57—

62, 2003)

Key words: Guanidino compounds, brain, convulsion, free radicals, energy generation

Introduction

Guanidino compounds are present in the mammalian brain.
I would like to review the role of guanidino compounds in
the brain against convulsion, interaction of neurotransmitters
and amino acids, reaction with free radicals and toxicity as a
summary of 27 years of study.

Guanidino compounds induce seizures
and convulsions

Guanidino compounds induce seizures and convulsion. Jinnnai
and Mori et al. [1] first published reports on guanidino
compounds induced convulsions. The paper showed that
the amount of guanidino compounds of arginine, y-guan-
idinobutyric acid, glycocyamine (guanidinoacetic acid),
taurocyamine (guanidinoethane sulfonic acid) and a-N-

acetylarginine in rabbit brain were 0.1-0.2, 0.03-0.05,
0.01-0.03, 0.01-0.03 and -0.02 uM/g, respectively. The
content of arginine is twice those of other guanidino com-
pounds. These guanidino compounds are suggested to be
synthesized from amino acids with transamidination of the
amidino group from arginine. y-Guanidinobutyric acid,
guanidinoacetic acid and taurocyamine are synthesized from
y-aminobutyric acid, glycine and taurine. These guanidino
compounds can induce tonic and clonic convulsions [1]. We
found that the contents of taurocyamine, glycocyamine, y-
guanidinobutyric acid and arginine in the rat brain and the
levels of these guanidino compounds are lower than those of
liver [2].

In addition, there are methylguanidine, B-guanidino-
propionic acid, guanidinosuccinic acid, a-guanidinoglutaric
acid, N-acetylarginine, homoarginine and creatinine in the
mammalian brain, and these guanidine compounds induce
convulsions as well. Guanidinosuccinic acid and a-guan-
idinoglutaric acid are suggested to be synthesized from as-
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partic acid and glutamic acid by transamidination with ar-
ginine. Aminoguanidine is an artificially synthesized com-
pound and is a nitric oxide inhibitor (Table 1).

N,N’-Dibenzoylguanidine and phenylethylguanidine are
also synthesized substances. N,N’-Dibenzoylguanidine in-
duces convulsions in the mouse and rabbit by intraperitoneal
injection . The pattern of convulsions in the rabbit shows that
clonic movements of vibrissae and face appeared, and then
tonic forelimb convulsions were induced while the head was
jerked backward [3]. Phenylethylguanidine also induces sei-
zures in cats by intraperitoneal injection [4]. Hirudonine,
arcaine and audoine, which are transamidination substances
of polyamines, induce seizures in rabbits [5]. a-Keto-6-
guanidinovaleric acid, of which was found in high amounts
in the urine of argininemia, induced epileptic-like discharges
in rabbit [6]. Intraventricular injection of a-guanidinoglutaric
acid induced epileptic-like discharges in cats, rabbits and
rats [7, 8]. We conclude from the above summary almost
all guanidino compounds are convulsants.

Table 1.

Endogenous levels of guanidino
compounds after convulsion

During convulsions induced by pentylenetetrazol and electro-
convulsive shock, creatinine levels in the mouse brain was
elevated [9]. When pentylenetetrazol was intraperitoneally
injected into rabbit, concentrations of guanidino compounds
in cerebrospinal fluid were changed. That is the levels of
creatinine and guanidinoacetic acid were increased after the
convulsion. The levels returned to control level 2 h after in-
jection. The arginine level gradually decreased 48 h after
injection and it increased dramatically 3 days post-injection
[10].

Injection of ferric chloride solution into the sensory mo-
tor cortex of rats induces epileptic-like discharges and the
model is regarded as post-traumatic epilepsy [11]. In the
model the levels of guanidinoacetic acid and methylguanidine
in seven areas of rat brain started to increase 15 min after in-
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jection, and they decreased 60 min after injection. The lev-
els rose again 2 months after injection, in the areas where the
epileptogenetic focus was completely formed [12]. In the case
of left amygdala kindling rat, levels of guanidinoacetic acid
and methylguanidine in left and right amygdala were elevated
28 days after the last seizure [13].

In the three kinds of animal epileptic models, we found an
elevation of guanidinoacetic acid and methylguanidine in the
brain with epileptogenetic focus. The possible metabolic
pathway of methylguanidine from guanidinoacetic acid
through creatinine during seizures or convulsion was shown
in Fig. 1. In the mechanism for induction of convulsions or
seizures, methylguanidine and guanidinoacetic acid may play
arole in the brain.

Guanidino compounds affect neuro-
transmitters and amino acids

When N,N'-dibenzoylguanidine induced myoclonus and tonic
convulsions, 5-hydroxytryptamine (serotonin) levels in the
mouse brain was elevated [3]. Intravenous injection of a-
guanidinoglutaric acid into the rat induces epileptic-like dis-
charges as well. In this model 5-hydroxytryptamine levels in

Urea cycle
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the right and left cortex was examined, and we found that the
level in the cortex was elevated 3 min after injection, and it
was decreased 10 min after injection. It recovered to control
levels 30 min after injection [8]. In addition, we observed that
an elevation of 5-hydroxytryptamine levels in the rabbit brain
during convulsions induced by phenylethylguanidine [4].
These results suggest that 5-hydroxytryptamine may be in-
volved in the mechanism for seizures and convulsion.

Synaptosomal membrane fluidity affects neuronal func-
tion. Guanidinoethane sulfonic acid decreased membrane
fluidity and taurine increased it [14]. The administration of
guanidinoethane sulfonic acid lowered taurine level in brain,
liver and muscle of mouse [15]. As the chemical structure of
guanidinoethane sulfonic acid is close to taurine, they may
act competitively.

Guanidino compounds react with free
radicals

Recently there are some reports on free radicals associated
with apoptosis. It is suggested that guanidino compounds on
apoptosis function during a-guanidinoglutaric acid in a wa-
ter solution was found to generate a lot of hydroxyl and car-
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Fig. 1. The possible pathway of guanidine compounds in the seizure mechanism.
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bon centered radicals as observed by electron spin resonance
technique with spin tarp, and the generation of both radicals
is dose dependent manner [16]. Methylguanidines are syn-
thesized from creatinine with hydroxyl radical [17]. Superox-
ide and hydroxyl radicals decreased synaptosomal membrane
fluidity in the rat cortex, and a-guanidinoglutaric acid and
methylguanidine also lowered membrane fluidity [14]. The
decrease in membrane fluidity by a-guanidinoglutaric acid
is thought to be due to its free radical generation.

a-Guanidinoglutaric acid levels were found to be elevated
dramatically in the epileptogenetic focus of the cat 24 h af-
ter application of cobalt into the sensory motor cortex [18].
So, the mechanism for induction of cobalt-induced epilepto-
genetic focus is thought to be due to free radical generation
by a-guanidinoglutaric acid. However, we observed an el-
evation of extracellular hydroxyl radical in the hippocampus
after intraventricular injection of a-guanidinoglutaric acid
into rat using microdialysis method with salichilate [19]. In
addition, we found a dramatic elevation of extracellular gluta-
mate level in the hippocampus 60 min after injection, and the
elevation was maintained for an additional hour. These
phenomena suggest that the induction of seizures by -
guanidinoglutaric acid is due to neuronal cell death induced
by glutamate.

The mechanism for generating free radicals is thought to
be as follows, guanidino compounds have guanidium ion of

Fig. 2. Oxidative stress and redox regulation in seizures.

conjugate base, which is easily donates an electron, generat-
ing a superoxide forming a hydroxyl radical. These free radi-
cals may damage neuronal membranes and induce apoptosis
Or NECrosis.

In addition, we observed the generation of nitric oxide from
a-guanidinoglutaric acid in the rat brain homogenate with the
Fenton reagent, which generates hydroxyl radicals [20]. It is
possible to induce formation of the peroxynitrate ion, which
is a toxic via induction of neuronal cell death.

Toxicity of guanidino compounds

The fact that glutamate induces neuronal cell death, is thought
to be due to peroxinitrate ion formed with superoxide and
nitric oxide generated by NO synthetase by stimulation of
calcium influx after stimulation of the N-methyl-D-aspartate
(NMDA) receptor by glutamate. Glutamate induces C6 glial
cell death, and a-guanidinoglutaric acid also induces C6 glial
cell death. C6 cell death by a-guanidinoglutaric acid is 2.5
times higher than glutamate [20].

Guanidino compounds affected development of the chicken
egg [21]. Arginine, creatinine, a-guanidinoglutaric acid and
methylguanidine in 16 kinds of guanidino compounds inhib-
ited the first developmental stage of 0—7 days in the chick.



Except for arginine, we observed a phenomena in that creati-
nine, a-guanidinoglutaric acid and methylguanidine were toxic
for chick development and we found an elevation of these gua-
nidine compounds in the animal brain during seizures and
convulsion. They might therefore be toxic for neurons.

Prospect

Recently we found an elevation of 8-hydroxy-2'-deoxy-
guanosine in the brain which was formed during iron-induced
epileptogenesis [22]. However, no affect of a-guanidino-
glutaric acid on 8-hydroxy-2'-deoxyguanosine was found
in the rat brain. The mechanism for seizures induced by o-
guanidinoglutaric acid is not likely to involve DNA oxida-
tion by free radicals.

Recently modulation of energy metabolism by creatine
suggested an inhibition of apoptosis induced by glutamate
[23, 24]. The generation of free radicals in the mitochondria
by low activities of the electron transfer complexes is shown
that to affect mitochondrial DNA in Parkinson’s disease and
Alzheimer diseases. Guanidino compounds can be a donor
of electrons from the amidino group. From these phenom-
ena, the study of the electron transport system in the mito-
chondria, apoptosis associated with transcription factors and
signal transduction by guanidino compounds should be ex-
amined (Fig. 2).

Conclusions

The role of guanidino compounds in the brain is as follows:
(1) Membrane fluidity and substance competition between
guanidino compounds and amino acids, for example, guan-
idinoethane sulfonic acid (taurocyamin) and taurine can
increase or decrease fluidity. Guanidinosuccinic acid and
aspartate acts on NMDA receptor competitively. (2) Genera-
tion of free radicals, and their reaction and an affection on
signal transduction. (3) Energy production by creatine me-
tabolism may be important for protection of neuronal cell
death and apoptosis.
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Abstract

The recent development of electron paramagnetic resonance (EPR) permits its application for in vivo studies of nitric oxide
(NO). In this study, we tried to obtain 3D EPR images of endogenous NO in the abdominal organs of lipopolysuccaride (LPS)
treated mice. Male ICR mice, each weighing about 30 g, received 10 mg/kg of LPS intraperitoneally. Six hours later, a spin
trapping reagent comprised of iron and an N-dithiocarboxy sarcosine complex (Fe(DTCS),, Fe 200 mM, DTCS/Fe = 3) were
injected subcutaneously. Two hours after this treatment, the mice were fixed in a plastic holder and set in the EPR system,
equipped with a loop-gap resonator and a 1 GHz microwave. NO was detected as an NO-Fe(DTCS), complex, which had a
characteristic 3-line EPR spectrum. NO-Fe(DTCS), complexes in organ homogenates were also measured using a conven-
tional X-band EPR system. NO-Fe(DTCS), spectra were obtained in the upper abdominal area of LPS treated mice at 8 h after
the LPS injection. 3D EPR tiled and stereoscopic images of the NO distribution in the hepatic and renal areas were obtained at
the same time. The NO-Fe(DTCS), distribution in abdominal organs was confirmed in each organ homogenate using conven-
tional X-band EPR. This is the first known EPR image of NO in live mice kidneys. (Mol Cell Biochem 244: 63-67, 2003)

Key words: nitric oxide, electron paramagnetic resonance, EPR imaging, lipopolysuccaride

Introduction

Free radical species including nitric oxide (NO) are charac-
terized by their high reactivity and short life-time in vivo [1].
These chemical features make their direct measurement dif-
ficult. However, these characteristics also generate a need for
their in vivo, real time direct detection. Despite instability and
the low concentration of NO, several methods for direct de-
tection have been developed. Electron paramagnetic reso-
nance (EPR) is a method which meets this requirement. NO
is a paramagnetic substance having an unpaired electron in
one of its orbits. Usually an NO-EPR study is performed
using spin trapping reagents, which turn unstable radicals to

relatively stable radical species. Conventionally, EPR meas-
urements are done with an X-band EPR system, which uses
microwaves of a frequency of around 9 GHz. Such an X-band
EPR system is not applicable to in vivo measurements, be-
cause of the loss of dielectric in water. Recent development
of a low frequency EPR (L-band EPR) have resolved this
problem. In combination with the improvement of both spin
trapping and L-band EPR techniques, the in vivo NO meas-
urement and imaging by EPR is now possible.

Recently several studies were reported which were suc-
cessful in detecting and imaging endogenous NO using EPR
[2-6]. The landmark study in this area was done by Yoshimura
et al. in 1997 [3]. They clearly imaged a 2D projection of
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endogenous NO in the liver of LPS treated mice. After this,
2 reports showed EPR images of exogenously given NO.
Fujii imaged NO from the vasodilating agent ISDN using a
"N isotope [4] and Yokoyama imaged NO-Fe(DTCS), dis-
tribution [5]. Jackson et al. reported a round shaped EPR
image from the liver area of LPS-treated mice [6].

Despite these excellent works, it is still difficult to im-
age detailed NO organ distributions without using special
reagents or isotopes. In this study, we attempt to obtain EPR
images which distinguish minute organ distributions of NO.
Among the EPR spin trapping reagents, Fe(DTCS), has a
relatively long half life [7] compared to other such reagents.
This chemical feature allows us enough scanning time and
leads to obtain high quality EPR signals. Using this, we
attempt to obtain 3D NO EPR images which indicate with
low invasivity the detailed abdominal organ distribution of
NO.

Materials and methods

Animal

Male ICR mice, each weighing about 30 g, were employed.
Mice were fed with standard chow ad libitum and allowed
free access to water.

Experimental procedure

The mice received 10 mg/kg of LPS intraperitoneally. Six
hours later, a complex of FeCl, and N-(dithiocarboxy) sar-
cosine (DTCS, 600 mM, DTCS:Fe = 3:1) was injected sub-
cutaneously. Two more hours after this treatment (8 h after
the LPS injection), the mice were anesthetized with Pento-
barbital 0.05 mg/kg, fixed in a plastic holder and set in the
EPR system, which described below. EPR imaging studies
were performed, continuously following which the mice were
sacrificed and ex vivo studies were done using a process de-
scribed below. Control mice received the same treatment
using the same volume of saline instead of LPS.

The in vivo EPR imaging system and the EPR measuring
condition

An in vivo EPR system made by JEOL (Tokyo, Japan), eq-
uipped with a loop-gap resonator (31 mm diameter) and a 1
GHz microwave unit was used (Fig. 1). EPR images were
constructed using the center peak of the NO-Fe(DTCS), spec-
trum. EPR conditions for this were: magnetic field: 37.0 +

d e

Fig. 1. In vivo ESR system. (A) The system consists of a resonator and
magnet unit (a), microwave controlling units (b), amplifiers (c) and a power
supply unit (not shown). (B) A close up view of the resonator unit. A 31
mm diameter loop-gap resonator (d) and the gradient coils (e) are shown in
this photograph.

4.3 mT, microwave power: 0.25 mW, time constant: 0.03 sec,
field gradient: 1.0 mT/cm, changing direction: 30 degree
steps (provides 6 spectra for each projection) and accumula-
tion of the signal: 5 times. 3D cross-sectional images were
obtained using ESR-CT ver. 1.136 (JEOL), and 3D stere-
oscopic images were reconstructed with IRIS explorer soft-
ware (IRIS Co., UK) using the cross-sectional data.

Ex vivo NO detection

To confirm the signal localization, NO-Fe(DTCS), signals
from the organ homogenates were measured using a conven-
tional X-band EPR. Soon after the imaging studies, the mice
were sacrificed and the livers, kidneys and spleens were re-
moved. The removed organs were mixed with 4 times the



sample weight of 1.15% potassium chloride solution and
homogenized on ice. NO-Fe(DTCS), in the homogenates
from these organs was measured using the TR-25 X-band ESR
equipment (JEOL) and a flat quarz EPR cell (Labotec). The X-
band EPR measurement conditions for these experiments were:
frequency of microwave: 9.420 GHz, magnetic field: 337 +5
mT, modulation width: 0.1 mT, time constant: 0.1 sec, sweep
time: 4 min and accumulation of the signal: 5 times.

Reagents

DTCS-Na was purchased from Dojindo Co. (Kumamoto,
Japan). FeCl, was obtained from Wako Chemical Co. (To-
kyo, Japan). All other chemicals were purchased from Sigma-
Aldrich Japan (Tokyo, Japan).

Results

In vivo detection of NO

Figure 2A shows a typical X-band spectrum of the NO-
Fe(DTCS), complex solution in vitro. This NO-Fe(DTCS),
complex showed a 3-line sharp signal. Figure 2B shows a
typical in vivo L-band spectrum of the NO-Fe(DTCS), com-
plex at 6 h after the LPS injection. This spectrum was obtained
by a 5 times accumulation of each 30 sec scan. NO-Fe(DTCS),
spectra were detected by an in vivo L-band EPR at 6-8 h after
the LPS injection (data not shown). The spectra in vivo have
alow S/N due to high noise levels and show signal broaden-
ing. The mice which received DTCS and saline instead of
LPS showed no EPR signal.

EPR images

The center peak of the 3-line NO-Fe(DTCS), signal was ex-
tracted and used for image construction. A 3D tiled image of
the axial section of the abdominal lesion at 6 h after the LPS
injection is shown in Fig. 3A. The red areas indicate high
signal intensities and blue areas indicate low signal intensi-
ties. There is a red area in the dorsal and frontal view, which
is consistent with the liver. There are also 2 small red areas
under the liver, which are consistent with the kidneys. En-
larged images of the upper abdominal area are shown in Figs
3B and 3C. Figure 3B is expressed by a 16 point colour, and
Fig. 3C is made by 256 points on a gray scale. Strong sig-
nal areas were noticed which were consistent with the liver.
In this image, the renal area is recognized to have a cres-
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Fig. 2. Spectra of NO-Fe(DTCS), in vitro and in vivo. (A) X-band spec-
trum of an in vitro synthetic NO-Fe-DTCS. (B) In vivo L-band spectrum of
NO—Fe(DTCS)2 from the upper abdominal area of an LPS treated mouse.
Six hours after an intraperitoneal LPS injection (10 mg/kg), the mouse re-
ceived Fe-DTCS subcutaneously. The spectrum was obtained 2 h after this
Fe-DTCS injection. (C) Ex vivo X-band spectrum from the kidney homoge-
nate of an LPS treated mouse. The spectrum was obtained with 5 times
accumulation of 1 min scans.

cent shape. The signal intensity of the renal area is less than
that of the hepatic area. A 3D stereoscopic view of the NO
abdominal distribution is shown in Figs 4A and 4B. The or-
gan distribution of NO was confirmed with these 2 images.

Ex vivo detection

The organ images obtained in this study represent high sig-
nal areas but do not exactly show the organ shapes, because
EPR detects only unpaired electrons. This, then, confirms
NO-Fe(DTCS), in the organ homogenates using conventional
X-band EPR. After the imaging study, the abdominal organs
were resected and the existence of an NO-Fe(DTCS), com-
plex was confirmed with conventional X-band EPR. EPR
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Fig. 3. (A) 3D tiled image of the abdominal area from an LPS treated mouse (axial section). High signal intensity is indicated as red and low intensity as
blue. A high signal is recognized in a domain equivalent to the liver. There are also 2 high intensity areas below the liver domain which are consistent with
the kidneys. An image indicated with an arrow is enlarged in Figs 3B and 3C. (B, C) The enlarged images of Fig. 3A expressed as a 16 point colour scale (B)
and 256 point gray scale (C). In this image, the renal areas are recognized as crescent shapes. The signal intensity of the renal area is less than that of the liver
area. A high intensity area on the lower right is artifact.

signals were confirmed in the homogenates of the liver and were detected in the homogenates from the spleen and the
the kidneys. The NO-Fe(DTCS), spectrum detected in the small intestines.
kidney homogenate is shown in Fig. 2C. No NO complexes



Fig. 4. A 3D stereoscopic view of the NO-Fe(DTCS), distribution in the
abdominal area: longitudinal view (A) and axial view (B). The left kidney
was shaded by the liver in this view.

Discussion

LPS induced endogenous NO was captured by an Fe-DTCS
complex and EPR images of the kidneys and liver were suc-
cessfully obtained. As far as we can tell, this is the first EPR
image of NO in the renal area of live mice. LPS induces iNOS
in various organs including the liver, lungs, kidneys and brain.
Fujii and Berliner first detected NO by in vivo EPR in the
upper abdominal area of LPS treated mice using N-methyl-
D-glucamine dithiocarbamate (MGD) as a spin trap [8]. The
major organ to produce NO by LPS treatment is the liver, but
iNOS induction is also observed in the kidneys. In this study,
we imaged an NO-Fe(DTCS), image in the bilateral renal
areas. In the kidney, LPS exposure results in an increase of
iNOS expression mainly in glomeruli and inner medulla [9]
[10]. NO production from iNOS in the kidney becomes maxi-
mal at 6-8 h after LPS injection [8]. On the other hand, NO
trapped in other organs may accumulate in the kidney via
circulation and filtration. LPS induced endotoxemia also
affects renal hemodynamics and reduces renal cortical blood
flow [11]. Therefore, the accumulated NO-DTCS may play
a relatively minor role in our EPR image of the renal area.
Further studies are required to clarify this point. The other
major organ to produce NO in sepsis is the lung. EPR detec-
tion, however, of NO-Fe(DTCS), in the chest area is diffi-
cult because of low signal to noise ratio due to respiratory
movement.

Though NO was successfully imaged in this study, there
are still some problems to be solved for the development and
expansion of EPR imaging. The improvement of L-band EPR
and spin trapping reagents are two major factors to be devel-
oped in vivo EPR. The sensitivity of the L-band EPR system
is enough to detect NO spin adducts but there is still a high
noise level and artifacts appear in the images. The NO-
Fe(DTCS), complex has enough stability to construct 3D
images which show the EPR signal for more than 30 min, but
the required reaction time between Fe-DTCS and NO is still
long. Moreover, the Fe-DTCS complex has a high toxicity
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[12], and to detect the EPR signal we still need a high con-
centration of DTCS. Improvements in these areas will allow
more detailed in vivo imaging of NO and other radical spe-
cies using EPR.
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Abstract

Whereas ATP consumption increases with neural activity and is buffered by phosphocreatine (PCr), it is not known whether
PCr synthesis by ubiquitous mitochondrial creatine kinase (uMtCK) supports energy metabolism in all neurons. To explore
the possibility that uMtCK expression in neurons is modulated by activity and during development, we used immunocyto-
chemistry to detect uMtCK-containing mitochondria. In the adult brain, subsets of neurons including layer Va pyramidal cells,
most thalamic nuclei, cerebellar Purkinje cells, olfactory mitral cells and hippocampal interneurons strongly express uMtCK.
uMtCK is transiently expressed by a larger group of neurons at birth. Neurons in all cortical layers express uMtCK at birth
(P0O), but uMtCK is restricted to layer Va by P12. uMtCK is detected in cerebellar Purkinje cells at birth, but localization to
dendrites is only observed after P5 and is maximal on P14. Hippocampal CA1 and CA3 pyramidal neurons contain uMtCK-
positive mitochondria at birth, but this pattern becomes progressively restricted to interneurons. Seizures induced uMtCK ex-
pression in cortical layers II-1Il and CA1 pyramidal neurons. In the cortex, but not in CA1, blockade of seizures prevented the
induction of uMtCK. These findings support the concept that uMtCK expression in neurons is (1) developmentally regulated
in post-natal life, (2) constitutively restricted in the adult brain, and (3) regulated by activity in the cortex and hippocampus.
This implies that mitochondrial synthesis of PCr is restricted to those neurons that express uMtCK and may contribute to pro-
tect these cells during periods of increased energy demands. (Mol Cell Biochem 244: 69-76, 2003)

Key words: brain, cerebellum, cortex, creatine kinase, hippocampus, interneuron, mitochondria, olfactory, seizures, somato-
sensory

Introduction

Energy transduction from mitochondria to sites of ATP utili-
zation is critical to very active cells. In neurons, cytoplasmic
ATP is consumed by Na*-K* ATPase as the membrane poten-
tial is restored. Phosphocreatine (PCr), in turn, buffers acute
changes in ATP by donating its phosphoryl group to ADP, as
catalyzed by cytosolic brain creatine kinase (B-CK). Thus,
PCr concentration diminishes with increased brain activity,
but ATP remains constant [1]. PCr is required during synaptic
transmission [2], and variations of PCr synthesis are a sensi-
tive marker of neuronal metabolism.

Pathological processes that affect energy metabolism in
neurons are characterized by depletion of PCr. For example,
inhibition of mitochondrial succinate dehydrogenase by 3-
nitro-propionic acid (3-NPA) [3] depletes brain PCr and ATP,
an effect reversed by creatine [4]. Furthermore, PCr delays
neuronal damage and anoxic depolarization in hippocampal
slices [5]; and a transient decrease in brain PCr during early
post-natal development increases susceptibility to seizures
[6], showing that PCr synthesis is required for neuronal de-
velopment and function.

Mitochondrial creatine kinases (MtCK) synthesize PCr
from ATP in the intermembranous space [7, 8]. MtCKs are
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encoded by two nuclear genes [9-12]. Sarcomeric MtCK
(sMtCK) is expressed in skeletal muscle fibers and cardiac
cells [13]. In the brain, kidney, intestinal epithelial cells,
smooth muscle fibers and sperm cells, ubiquitous MtCK
(uMtCK) catalyzes the same reaction [14, 15, 16]. Outside
the mitochondrion, two cytoplasmic CKs that form homo or
heterodimers restore ATP. Muscle CK (MCK) is expressed
in the heart and skeletal muscle, but brain CK (BCK) is
present in neurons, heart, kidney and gastrointestinal and
urogenital systems [17].

The metabolic specialization of neurons in the brain is
proposed as analogous to slow (highly oxidative) and fast
(glycolytic) twich muscle fibers [18]. In the cortex and hip-
pocampus, cytochrome c oxidase and lactate dehydrogenase
activities are reciprocal, with higher oxidative capacity lo-
calized in dendritic tips spines and glomeruli. Cytochrome ¢
oxidase activity in the rodent somatosensory cortex [19]
and the primate visual cortex [20, 21] demarcates more
metabolically active zones. However, uMtCK protein expres-
sion in Golgi type I neurons suggests metabolic heterogene-
ity among neurons [22-24]. In this study, we hypothesized
that because neuronal populations mature at different rates,
post-natal expression of uMtCK would vary regionally dur-
ing development and that increased energy demands could
modify uMtCK distribution and expression. We report that
seizures induce uMtCK expression in cortical and hippocam-
pal neurons and that uMtCK becomes restricted to a subpopu-
lation of neurons during post-natal brain development. These
findings imply that PCr synthesis by uMtCK is limited to a
subset of neurons and that changes in energy demand regu-
late uMtCK expression.

Materials and methods
uMtCK recombinant protein

The coding sequence of human uMtCK cDNA was amplified
by PCR using a A clone provided by Dr. B. Perryman (Uni-
versity of Colorado, Denver, CO, USA) as template. A Nde |
site that creates a new initiator methionine codon was gener-
ated at the 5’ end of the sequence encoding the mature uMtCK
protein to remove the codons of the transit peptide. A Xho 1
site was created immediately after the translation stop codon
by PCR using specific primers. The Nde I-Xho I PCR frag-
ment containing the complete sequence of mature human
uMtCK cDNA was subcloned into a pET21 vector in frame
with a C-terminal His.-tag (Novagen Inc., Madison, WI,
USA). uMtCK protein was expressed by transformed E. coli
BL21(DE3)pLys cells and purified by affinity chromatog-
raphy through a Ni** column [25]. Standard preparations
yielded 15-20 mg of pure protein per L of culture with 140

IU/mg protein of CK activity (reverse reaction). Native aga-
rose gel electrophoresis confirmed that all CK activity cor-
responded to uMtCK (data not shown).

Rabbit antiserum and Western blotting

An adult New Zealand rabbit was immunized by intradermal
injection with 1 mg of recombinant uMtCK protein in phos-
phate-buffered saline (PBS). To avoid cross-reactivity with
cytosolic CK, diluted uMtCK antiserum (1:500) was incu-
bated for 12 h at 4°C with nitrocellulose membranes previ-
ously adsorbed with mouse brain cytosolic fraction and
stored at —20°C. The specificity of the antiserum was tested
by Western blotting. Brain extracts were prepared in 10 mM
Tris-HCI, pH 7.9, buffer with a Polytron homogenizer (set-
ting 10) for 10 sec; stored at 4°C for 1 h; and centrifuged at
16,000 rpm for 30 min. The supernatants were stored at —
70°C until use. Western blots were performed using a stand-
ard apparatus (Pharmacia Biotech Inc., Piscataway, NJ,
USA). Nitrocellulose membranes were incubated with
adsorbed primary antibody (1:10,000) in Phosphate-buff-
ered saline (PBS) and 1% normal goat serum for 1 h at room
temperature. Biotin-conjugated goat anti-rabbit antibodies
(1:1000) were used to detect uMtCK bands as directed by
the manufacturer (Vector Laboratories Inc., Burlingame,
CA, USA).

Immunocytochemistry

Male Swiss mice (12-14 weeks old) were anesthetized with
sodium pentobarbital (40 mg/kg i.p.), perfused through the
heart with saline followed by Bouin’s solution (0.9% picric
acid, 0.9% formaldehyde, 5% acetic acid) (Sigma Diagnos-
tics, St. Louis, MO, USA), and stored in Bouin’s at 4°C for
16 h. Pups were obtained from timed-pregnant female Swiss
mice and sacrificed at different times after birth (postnatal day
0, PO). After dehydration and paraffin embedding, 8 um coro-
nal and sagittal sections were mounted in Superfrost plus®
(Fisher Scientific, Pittsburgh, PA, USA) microscope slides.
Indirect immunocytochemistry was performed as described
by the manufacturer (Vector Laboratories) with 1:1000 dilu-
tion of rabbit anti-uMtCK serum. Peroxidase activity in the
sections was detected by incubation in a 3,3’ diaminobenzidine
solution with nickel chloride and mounted in Cytoseal 60
(Stephens Scientific, Riverdale, NJ, USA). Immunofluores-
cence detection of uMtCK protein was performed using 1:200
dilution of cy3-labeled donkey serum specific for rabbit IgG
(Jackson Immunochemical Laboratories Inc., West Grove,
PA, USA). Controls were performed with pre-immune rab-
bit serum (1:50 dilution). Photographs were taken using Elite



II film (400 ASA; Kodak, Rochester, NY, USA) with epi-
fluorescence light in a Nikon microscope. In addition, images
were digitized with a Zeiss LSM 310 confocal microscope,
and a 3-dimensional representation of the intracellular dis-
tribution of uMtCK protein in single neurons was obtained
with the VoxelView® program (Vital Images, Fairfield, IA,
USA) from stacks of 12-14 images scanned every 0.4-0.45
um.

Induction of tonic-clonic seizures

Adult male Swiss mice (12-14 weeks old) were injected with
kainic acid (KA) (Sigma, St. Louis, MO, USA) (35 mg/kg),
as described previously [26]. With this dose, the mortality was
less than 10%, although seizures started about 30 min post-
injection and continued for 2-3 h. Within minutes of the in-
jection, decreased locomotion was followed by rigid posture
(stiff tails) and automatisms (repetitive head bobbing and cir-
cling). Clonic forelimb movements preceded generalized
tonic-clonic seizures in most of the animals. Forty eight h af-
ter KA injections, brain sections were obtained as described
before and stained for uMtCK protein. An age matched con-
trol group received an injection of saline i.p. at the same time
as the experimental group and were kept in identical hous-
ing conditions. The sections were counterstained with 1%
thionin, and the number of uMtCK positive cells was counted
in 10 fields at 1000x in the somatosensory and motor cortex
layers II-IIT and V-VI, the subiculum, and hippocampal CA1
and CA3 pyramidal layers. In each field, the total number of
cells and the number of uMtCK positive cells were counted.
A second group of mice was treated similarly except for an
injection of clonazepam (0.5 mg/kg) 10 min before, KA in-
jection [27].

The Institutional Animal Care and Use Committees of the
Washington University School of Medicine and Vanderbilt
University Medical Center approved all aspects of animal
care and experiments performed in this study.

Results
Specificity of rabbit anti-uMtCK antibody

Western blots showed that purified uMtCK antiserum spe-
cifically reacts with uMtCK recombinant protein (lane R in
Fig. 1A) and with a 42 kDA band in brain extracts (lane B
in Fig. 1A). Immunostaining for uMtCK in the adult mouse
brain showed that expression is restricted to a subpopula-
tion of neurons. Anti-uMtCK antibodies stained subcellular
organelles with the size, shape and localization appropriate
for mitochondria (Fig. 1B). This perinuclear punctate pat-
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tern extends into dendrites, axons and terminals (Figs 2—6).
uMtCK is not detected in glial or perivascular cells.

Transient post-natal expression of uMtCK in the cortex
and hippocampus

At birth (PO), uMtCK is found in the somata and apical
dendrites of cortical infragranular neurons and cells of the
cortical plate (CP) (Fig. 2). Subplate cells are also very densely
stained (not shown). However, as development progresses,
uMtCK expression initially decreases by P2 in infragranular
neurons and is followed by less staining in supragranular
neurons by P5. At P7, few immunoreactive cells are detected
in layer Va. uMtCK expression becomes restricted to pyrami-
dal layer Va neurons by post-natal days 12—14 and persists
in the adult brain.

In the hippocampus, all pyramidal neurons in CAl and
CA3 express uMtCK at birth, but uMtCK progressively de-
creases from P1 to adulthood (Fig. 3, left-sided panels). This
is similar to the distribution of cytochrome ¢ oxidase-rich mi-
tochondria preferentially localized in dendritic terminals of
CA1 pyramidal neurons [28]. In striking contrast, inter-
neurons in the stratum oriens become darkly stained during
development, consistent with their high mitochondrial con-
tent [29] and onset of spontaneous bursting discharges [30].
Although uMtCK is not detectable in granule cells of the
dentate gyrus, interneurons in the polymorphic layer strongly
express uMtCK at the same time as in CA1 and CA3. Other
brain areas examined (striatum, thalamus, olfactory bulb, and
brain stem nuclei) show no significant changes from their pat-
terns at birth. These results demonstrate that uMtCK is ex-
pressed at birth and early in postnatal life by a larger number
of neurons in those areas that continue developing postna-
tally. In several of these neurons, uMtCK is expressed tran-
siently with a more restricted pattern of expression established
by the second week of life.

uMtCK expression in Purkinje cells parallels dendritic
growth and branching

Purkinje cells in the cerebellum strongly express uMtCK at
birth (Fig. 3, right-sided panels). In these neurons, uMtCK-
containing mitochondria are polarized between the apical
dendrite and the nucleus where they accumulate until P6,
when the enzyme is detected for the first time in primary and
secondary branches of the apical dendrite. Between P7 and
P14, uMtCK is detected more distally in dendrites, includ-
ing branching points, with maximal expression at P14. Immu-
noreactive mossy fibers in the granular cell layer are detected
after PS5, but granular cells do not express uMtCK at any time
during the development of the folium.
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Fig. 1. Anti-uMtCK antibodies specifically recognize uMtCK protein in
neuronal mitochondria. (Panel A) Purified anti-uMtCK rabbit antibodies
react with recombinant uMtCK, lane R, and a 42 kDa protein in mouse brain
mitochondrial extract, lane B, by Western blot. (Panel B) Three-dimensional
representation of uMtCK protein distribution in an adult Purkinje neuron
stained with anti-uMtCK antibodies. Stained mitochondria (red organelles)
surround and obscure the nucleus and fill the dendrite proximally (arrow
head). The image was generated with the VoxelView program using 12
consecutive images scanned at 0.42 pm intervals in the Z axis. Bar =5 um.

Fig. 2. Post-natal expression of uMtCK in the mouse neocortex at differ-
ent ages. (Panel A) Cortical plate and supragranular layers. Strong uMtCK
expression (dark granular precipitate) is detected in the somata and apical
dendrites (arrow heads) of neurons in the cortical plate at PO and P1. From
days P2 to P5, uMtCK expression decreases and becomes undetectable by
P7. uMtCK expression in supragranular layers is not restored in the adult
mouse. (Panel B) Infragranular layers. Similar to supragranular layers,
uMtCK is detected in the somata and apical dendrites (arrow heads) at birth
but, after a transient decrease in expression (P7), uMtCK becomes consti-
tutively expressed in layer Va pyramidal neurons by the end of the second
week (P12). This pattern persists in the adult cortex. Bar = 100 um applies
to all pictures.

Fig. 4. Restricted uMtCK expression in the adult mouse. (Panel A) Distribu-
tion of uMtCK immunoreactivity (low power magnification) in the adult mouse
brain. (Panel B) There is high uMtCK expression in layer Va pyramidal neu-
rons of the somatosensory cortex (red fluorescense staining). The inset shows
perikaryal punctate staining in two neurons. (Panel C) uMtCK expression (green
fluorescence) is observed in Purkinje neurons (p) and mossy fibers (mf) end-
ing in rosettes. The arrow head points to the apical dendrite. Note the absence
of uMtCK in granule (g) cells. ml = molecular layer. (Panel D) Mitral cells of
the olfactory bulb with stained somata and dendrites (dark brown 3,3'-diamino-
benzidine precipitate) projecting to the glomeruli. uMtCK staining is absent in
granular cells. (Panel E) Strong uMtCK expression in large neurons of the
Gigantocellular Nucleus. (Panel F) Retina: uMtCK staining (red fluorescense)
is observed in the mitochondria-rich inner segment of photoreceptors (prl), nerve
endings in the outer plexiform layer (opl) (arrow heads), and occasional large
neurons in the ganglion cell layer (gcl). onl = outer nuclear layer, inl = inner
nuclear layer, ipl = inner plexiform layer. (Panels G-I) Arrow heads point to
uMtCK-expressing interneurons in CA1, CA3 and the dentate gyrus, respec-
tively. p = pyramidal layer, r= stratum radiatum, o = stratum oriens, g = granular
cell layer, pl = polymorphic layer. Insets: stained interneurons in p/ and axon
terminal branching around granular cells in the dentate gyrus. Bar: A, 1 mm;
B, 10 um; C, 50 pm; D, 20 pm; F-H, 500 um.



Fig. 3. uMtCK expression in the developing hippocampus and cerebellum.
(Panel A) Hippocampus. Strong immunoreactive CA1 pyramidal dendrites
(shown as dark granular precipitate) are observed on P1 and P5. However,
uMtCK expression progressively decreases on P12—14 to adult levels. In-
sets show uMtCK distribution in apical dendrites. O = stratum oriens; P =
pyramidal cell layer; R = stratum radiatum. (Panel B). Cerebellum. uMtCK-
positive mitochondria accumulate between the perikaryon and the apical
dendrite of Purkinje cells from PO to P5 (black arrow head). On P6, uMtCK
immunoreactivity is localized in the dendrite including the branching points
(white arrow head). Maximal uMtCK expression is observed by P14 and
then progressively declines to the levels observed in the adult mouse. Im-
munoreactive mossy fibers (mf) (arrows) are observed on P5, P6 and P14.
EG = external granular layer; G = granular cell layer; M = molecular layer;
P = Purkinje cell layer. Bar = 500 pm applies to all pictures.

Restricted uMtCK expression in the adult mouse

uMtCK expression in the adult mouse brain is restricted to a
subpopulation of neurons. In the cortex, uMtCK staining in
large layer Va pyramidal neurons forms a punctuate pattern
localized in the periphery of the soma and at the base of the
apical dendrite (Fig. 4B). Occasional large and heavily stained
neurons are noted in layer IV. As in the neocortex, uMtCK
expression in the pyriform and entorhinal cortices is limited
to layer III neurons. In the thalamus, with the exception of
the reticular nucleus, neurons in all other nuclei express
uMtCK in varying intensities. Adult cerebellar Purkinje neu-
rons and interneurons in the molecular layer (basket and
stellate cells) also intensely express uMtCK (Fig. 4C). Al-
though granule neurons do not contain uMtCK, heavily
stained mossy fibers enter the granule cell layer and termi-
nate in the ‘rosettes’; uMtCK is also highly expressed in neu-
rons of the deep cerebellar nuclei (not shown). In the olfactory
bulb (Fig. 4D), the staining is prominent in the somata and
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Fig. 5. Seizures induce uMtCK expression in the adult cortex and hippoc-
ampus. Panel A shows increased uMtCK staining (dark precipitates) in
cortical supragranular (layers II-III) neurons 48 h after a single injection
of KA in adult mice. The inset shows darkly stained layer III neurons. Con-
trol mice injected with saline do not express uMtCK enzyme in supragranular
neurons. The inset shows control layer III neurons. Bar = 1 mm. (Panel B)
CA1 region of a KA-treated mouse shows increased uMtCK expression in
the pyramidal cell layer (P) when compared to saline control. Bar = 500 um.
(Panel C) Native gel assays show increased uMtCK activity in tissue ex-
tracts of the cortex and hippocampus of KA-treated mice (lanes KA) com-
pared to saline (lanes S) controls. (Panel D) Western blot shows a moderate
increase in uMtCK after seizures in the cortex and hippocampus. R = stra-
tum radiatum, O = stratum oriens.

apical dendrites of mitral cells as well as in the glomeruli and
is similar to that observed in the rat [22]. Both periglomerular
and granular neurons do not express uMtCK. In addition,
several groups of large neurons located in the brainstem, such
as those of the gigantocellular nucleus (Fig. 4E), intensely
express uMtCK.

Selected groups of neurons express uMtCK in the adult
retina (Fig. 4F). In striking contrast to the strong staining of
the inner segment of photoreceptors, uMtCK protein is only
detected in a fraction of synaptic terminals in the inner plexi-
form layer and occasional large ganglion cells. As in the brain,
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Fig. 6. Clonazepam blocks seizures and expression of uMtCK in the cortex
but not in the hippocampus. (Panel A) Somatosensory cortex of clonazepam-
pretreated mouse showing low uMtCK expression (dark precipitates) in
supragranular neurons 48 h after KA injection. Bar = 1 mm. (Panel B) Strong
uMtCK expression in CA1 neurons after administration of clonazepam and
KA. Bkack and white arrowheads point to interneurons. Bar = 500 pm.
(Panel C) Counts of uMtCK-positive cells in cortical layers II-1II and V-
VI, hippocampal CA1 and CA3, and the subiculum of saline (open bars),
kainic acid (black bars), and clonazepam + kainic acid (grey bars)-treated
mice. N = 5 mice per group. Average counts for the total number of cells
and uMtCK-positive cells from 10 fields at a 1000x magnification were
obtained for each area. Means + S.D. were compared by the Student’s in-
dependent t-test and significant differences accepted for p < 0.05.

uMtCK expression in the retina is restricted to a subset of
neurons and their nerve endings.

Cell-type specificity of uMtCK expression is evident in the
hippocampal formation (Figs 4G and 4H). Interneurons in
CA1 and CA3 stratum oriens react intensely with uMtCK an-
tibodies, while immunoreactivity in CA1 pyramidal neurons
is low. In contrast, a small subset of large CA2-3 pyramidal
neurons adjacent to CA1 cells strongly express uMtCK. In
the dentate gyrus, uMtCK expression is very high in large
pyramidal interneurons located in the granule cell layer and
in medium-size cells in the polymorphic layer (Fig. 4I). Thus,
in the adult mouse brain, uMtCK is expressed by a select

population of neurons, some of which integrate local cir-
cuit output (large layer V pyramidal neurons, Purkinje cells,
entorhinal layer III neurons) or are very active in regulating
the activity of other neurons (CA1, CA3 and dentate gyrus
interneurons).

Neural activity induces uMtCK expression in the adult
cortex and hippocampus

The above results raised the question as whether uMtCK
expression might be regulated by neural activity. To explore
that hypothesis, we induced tonic-clonic seizures in adult
mice by injections with kainic acid (KA). Layer II and III
neurons of the somatosensory and motor cortices signifi-
cantly increased uMtCK expression when studied 48 h after
the seizures (Fig. SA). In the hippocampus, uMtCK expres-
sion was also increased in CA1 but not in CA3 or the subicu-
lum (Fig. 5B). Increased uMtCK activity was also detected
by assays in native gels and Western blots (Figs 5C and 5D).
To determine whether the change in uMtCK expression is
secondary to increased neuronal activity or a direct effect of
KA, a second group of animals was pre-treated with clon-
azepam, a benzodiazepine agonist that effectively blocks KA-
mediated seizures in mice [27]. As shown in Fig. 6A and 6B),
pre-treatment with clonazepam prevented KA-induced ex-
pression in cortical layers II and IIT neurons but not in CA1.
These results were confirmed (Fig. 6C) by direct counting
of uMtCK positive cells in several brain regions and show
that uMtCK is induced by neuronal activity in cortical lay-
ers II-1II of the adult mouse. The increase of uMtCK ex-
pression in CA1 pyramidal neurons was not prevented by
clonazepam administration.

Discussion

The main finding of this study is that restricted subsets of
neurons in the mouse brain express uMtCK. The enzyme is
highly expressed in regions that undergo post-natal develop-
ment, but expression becomes more restricted in adult animals.
uMtCK expression is also modified by changes in neuronal
activity, as in CA1 pyramidal cells and cortical layer ITI-IIT
neurons with seizures. Together, these results strongly sug-
gest that changes in energy demands induce uMtCK ex-
pression. uMtCK-containing mitochondria were not only
identified in the neuronal perikaryal cytoplasm but also in the
proximal dendrites, axons and terminals. This distribution fits
with higher PCr levels in the gray matter [31, 32] and a greater
use of PCr during periods of increased neuronal activity [1].

Several types of cells that strongly express uMtCK, includ-
ing layer V pyramidal cells [33-35], Purkinje neurons, and
hippocampal interneurons [30] fire burst action potentials.



This suggests that high uMtCK activity is required for the ef-
ficient synthesis of PCr from mitochondrial ATP in these
neurons, and it is likely that a large PCr reserve in these neu-
rons is necessary for their normal function.

The selective increase of uMtCK expression in cortical
supragranular neurons by seizures contrasts with the absence
of expression in somatosensory layer IV [36], an arearich in
cytochrome c oxidase activity [19]. Because the blockade of
seizures by clonazepam abolished uMtCK induction in layer
II-IIT after KA injections, we explain these changes as sec-
ondary to increased neuronal activity. However, uMtCK was
not induced in layer IV even with the strong stimulus of sei-
zures, suggesting a different metabolic adaptation. Inter-
estingly, lactate dehydrogenase expression in the cortex is
preferentially localized in layer V neurons but is very low in
layer IV [18]. This pattern coincides with uMtCK staining
not only in the neocortex, where several types of neurons in
layer V are heavily labeled with 2-deoxy-glucose [37], but also
in the deeper layers of the entorhynal and pyriform cortices,
and might imply a metabolic specialization of the output neu-
rons in these circuits. These findings argue for a functional and
metabolic diversity of neurons, with uMtCK-expressing cells
in the cortex having a higher glycolytic activity.

Early post-natal expression of uMtCK in the cortex was
detected in a larger subset of neurons that in the adult mouse.
Why might uMtCK expression be required by cortical plate
and infragranular neurons at birth? Because most of uMtCK
protein is localized in the apical dendrite, it is possible that
PCr synthesis is-crucial for dendritic growth and branching.
Local PCr synthesis in dendrites would contribute to main-
tain ATP gradients and release and might promote neurite out-
growth [38, 39]. PCr might also promote mRNA 3’ UTR
cleavage and polyadenylation [40] and, thus, contribute to
regulate local protein synthesis in dendrites [41].

The transient decline of uMtCK expression in the cortex
during the second week of postnatal life coincides irn vivo
with lower CK kinetic constants and PCr levels [42]. This
increases neonatal susceptibility to hypoxia-induced seizures
and is consistent with greater survival observed with creat-
ine supplementation [6, 42]. A similar protective effect of
creatine was observed in animal models of amyotrophic lat-
eral sclerosis [43] and 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP)-induced neurotoxicity [44]. Thus,
the restricted expression of uMtCK in a subset of neurons
might influence the cell-specificity of this therapeutic strat-
egy in the brain. In addition, because uMtCK is expressed
by a larger population of neurons at birth, creatine supple-
mentation may prove useful to ameliorate energy deficits in
the neonatal brain.

In summary, at birth, uMtCK is expressed by a large number
of neurons in the brain; but expression becomes restricted to
a small subset of cells early during post-natal development.
In the cortex, cerebellum, and hippocampus of adult mice,
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uMtCK expression is restricted to neurons that have high
energy requirements during bursts of activity. In CA1 and
cortical supragranular neurons uMtCK expression is induced
by increased activity and may help to protect these cells from
energy deficits.
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Monocarboxylates and glucose utilization as energy
substrates in rat brain slices under selective glial
poisoning — a *'P NMR study
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Abstract

We have investigated effects of various energy substrates including glucose, lactate and pyruvate on the recovery of the high
energy phosphate levels after high-K* stimulation in rat brain slices by using 3P NMR. It was found that lactate, pyruvate and
glucose almost equally supported the recovery of phosphocreatine (PCr) levels after high-K* stimulation (60 mM, 8 min) in
artificial cerebrospinal fluid (ACSF). In iodoacetic acid (IAA) and fluorocitrate (FC)-pretreated slices, whereas glucose was
unable to be utilized, the recovery of the PCr level after high-K* stimulation in ACSF containing lactate was completely abol-
ished, the recovery of the PCr in ACSF containing pyruvate was unaffected. These results indicate that neurons themselves can
utilize pyruvate as an exogenous energy substrate, but not lactate, without glial support. In intact brain, glucose may be me-
tabolized to pyruvate in glial cells and then transported to neurons as an energy substrate. These suggest an astrocyte-neuron
pyruvate shuttle mechanism of the brain energy metabolism in vivo.

We also investigated the effect of ischemic-preconditioning in FC-pretreated slices, which showed that the PCr levels re-
covered substantially in ACSF containing lactate after high-K* stimulation. This indicates that after the preconditioning, such
as ischemia, neurons themselves acquired the ability to utilize lactate as an energy substrate. (Mol Cell Biochem 244: 77-81,
2003)

Key words: NMR, phosphocreatine, creatine, pyruvate, brain

Introduction ity. It is still unclear whether monocarboxylates are utilized

as energy substrates to maintain neural activity in brain.

Glucose is considered to be the main substrate in the produc-
tion of the energy for the central nervous system and func-
tional activities in the brain are coupled to the rate of glucose
utilization [1]. On the other hand, monocarboxylates such as
pyruvate and lactate can also be used as substrates for energy
metabolism in the brain [2—4]. Schurr et al. [5, 6] reported that
lactate can support synaptic transmission of CA1 pyramidal
cells in rat hippocampal slices. However, Cox and Bachelard
[7] and Kanatani et al. [8] reported that replacing glucose in
the perfusion medium with either pyruvate or lactate failed
to maintain the evoked synaptic response and neural activ-

Brain consists of heterogeneous cell populations of neu-
rons and glial cells. Glial cells envelope capillaries with their
end feet and form part of the blood brain barrier. Therefore,
neurons are in contact with capillaries indirectly through glia
[9]. Tsacopolous and Magistretti [10] have proposed an as-
trocyte-neuron lactate shuttle mechanism, in which glia cells
feed neurons with lactate produced from glucose. Yoshioka
et al. [4] have already shown that neurons themselves can uti-
lize pyruvate for an energy substrate.

In order to establish the ability of neurons to metabolize
the monocarboxylate such as lactate and pyruvate as energy
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substrates, recoveries of high-energy phosphates in the intact
and ischemic-preconditioned brain slices after high-K* stimu-
lation were measured by using phosphorus nuclear magnetic
resonance (*'P NMR).

Materials and methods

Male Wistar rats (6—10 weeks) were anesthetized with diethyl
ether, and then decapitated. After the brains were quickly
removed, the cerebral hemispheres were sectioned coronally
into 400 pm-thick sections using a microslicer (DTK-3000,
Dosaka EM). The sections were incubated in a standard ACSF,
bubbled vigorously with a 95% O, plus 5% CO, gas mixture
at 25°C for 1 h. Standard ACSF contained (mM): NaCl, 126;
KCl, 5; MgSO,, 1.3; CaCl,, 2.4; NaHCO,, 26; glucose, 10;
HEPES, 5 at pH 7.4. In order to examine the effects of the
energy substrates, 10 mM glucose was replaced with 10 mM
lactate or pyruvate. The concentration of fluorocitrate (FC,
Sigma), a selective glial toxin used, was 100 uM according
to previous reports [4, 6, 11-13]. Todoacetic acid (IAA), an
irreversible glycolytic inhibitor, was applied for 12 min be-
fore stimulation, when glucose as the energy substrate was
replaced with lactate or pyruvate. Ischemic-preconditioned
slices were obtained from brain hemispheres, of which con-
tra-lateral middle cerebral artery was occluded permanently
with 5-0 nylon suture 48 h before the brain slices were pre-
pared [14].

Brain slices for a single experiment were prepared from
two to four brains. The glass tube and perfusion system used
for the NMR measurements were the same as those in a pre-
vious report [4]. Stimulation of the brain slices was induced
by changing the medium to a high-K* solution (60 mM K*).
3P NMR spectra were obtained using a Bruker AMX300wb
spectrometer operating at 121 MHz (7.5 T) according to pre-
vious paper [4]. Free induction decays (FID) were obtained
by 45° radio frequency pulses repeated at intervals of 3.8
sec. An accumulation of 64 FIDs were taken as a unit of ob-
servation. After Fourier-transformed and phase corrected,
the baseline was corrected to eliminate the broad signal in
the spectra. The ‘saturation’ factors were taken to be 1.0 for
the peaks of interest [15]. There were mainly six peaks in
the 3P NMR spectra of the cerebral slices superfused with
well-oxygenated standard ACSF in the resting condition
(see Fig. 1A). The PCr peak served as the reference at 0
p.p-m. The PCr peaks were analyzed by the one-peak de-
convolution method in the spectra arising from 64 FIDs.
Therefore, time resolution in the changes in the PCr leves
was 4 min.

Because each slice preparation had a different concentra-
tion of substances, changes in these metabolites were ex-
pressed as percent changes relative to control values. Control

PCr

ATP
P; Y o
B

Chemical shift (p.p.m)

Fig. 1. *'P NMR spectrum of rat brain slices under the oxygenated resting
condition in ACSF containing glucose. The spectrum represents an accu-
mulation of 256 FIDs. The peaks correspond to, from left, SP, P,, PCr, and
Y-, a-, and B-phosphates of ATP. Line broadening, 10 Hz.

values are the average of four measurements for each of the
metabolites before high-K* stimulation.

Statistical analysis was performed by one-way ANOVA
and Fisher’s protected least significant difference multiple
comparison analysis using Statview 4.5J (Abacus Concepts,
Inc., USA). A p value of less than 0.05 was considered sig-
nificant. All data were expressed as mean + S.E.M.

Results

Figure 1 shows a typical *'P NMR spectra of normal brain
slices superfused with well-oxygenated standard ACSF in the
resting condition. Peaks of sugar phosphates (SP), inorganic
phosphate (P,), phosphocreatine (PCr), y-, a-, and B-phos-
phates of ATP are resolved. During high-K* stimulation the
peak amplitudes of P, increased and those of PCr decreased.
When the slices were replaced to the standard ACSF after
high-K* stimulation, the peak amplitudes of P, and PCr were
recovered to their control levels within 1 h. The peak ampli-
tudes of ATP and SP, however, remained almost unchanged
during high-K* stimulation. In the brain slices pretreated with
IAA, whereas glucose was unable to be utilized, the PCr
levels decreased and then recovered to the control levels
in ACSF containing 10 mM lactate or pyruvate following
high-K* stimulation almost as well as in standard ACSF (Ta-
ble 1).
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Table 1.

Time (min) from  Glucose Glucose+IAA  Glucose+FC Pyruvate+IAA Pyruvate+IAA+FC  Lactate+IAA  Lactate+IAA+FC Lactate+IAA+FC+IPC

high K*

N 7 5 4 2 4 6 4 5

Control 1.10+£0.08 1.28+0.10 098 £0.14 1.14+0.02 0.89 +0.11 1.10 £ 0.07 0.92 +0.15 1.09 £ 0.16

High-K* 0.50 £0.06 0.37 +0.08 0.21£0.02 0.50+0.16 0.34 £ 0.12 0.32 £ 0.07 0.31 £0.18 0.60 + 0.16
8 0.78 £0.08 0.30 + 0.14" 0.42 +£0.05" 0.78 £0.19 0.40 + 0.04" 0.64 £0.12 0.22 + 0.05" 0.36 + 0.04"

16 096 +0.11 0.19 + 0.03" 0.80+0.13 0.79 +£0.21 0.78 £ 0.11 0.72 £ 0.08 0.27 £ 0.07* 0.50 + 0.05"

24 1.00 £ 0.05 0.19 + 0.03" 1.05+0.19 0.86 £ 0.01 1.00 £0.19 0.66 + 0.07"  0.26 + 0.04* 0.68 + 0.12F

32 094 +£0.05 0.19 +0.03" 1.12+0.18  0.79 +£0.07 0.94 £ 0.14 0.97 £0.15 0.41 £ 0.137 0.66 + 0.10

40 1.01 £0.07 0.28 +0.07° 1.07+0.10 0.81=%0.17 0.72 +0.07* 1.03 + 0.09 0.23 +0.03" 0.66 + 0.09

48 091 +0.10 0.18 +0.03" 1.32+0.27" 091 +0.01 0.72 £ 0.05 0.97 £0.07 0.39 £ 0.03" 0.71 £0.16

56 0.93+£0.07 0.18 £0.04" 0.94+0.17 1.16+0.18 0.77 £ 0.02 0.85 +0.16 0.28 + 0.05" 0.84 +0.20

TAA: Iodoacetic acid 0.2 mM for 12 min, FC: Fluorocitrate 100 pM for 2 h, IPC: Ischemic preconditioning, mean + S.E., p < 0.05 vs. glucose. Stimulation

of the brain slices was induced by changing the ACSF to a high-K* solution (60 mM).

PCr levels of brain slices pretreated with 100 pM FC dur-
ing and after high-K* stimulation in ACSF containing glucose,
lactate or pyruvate were summarized in Fig. 2. In ACSF con-
taining glucose or pyruvate, the PCr levels decreased follow-
ing high-K* stimulation and then recovered to the control level
in about 30 min. In ACSF containing lactate, however, the PCr
levels decreased following high-K* stimulation and were un-
able to recover at least for 1 h (Fig. 2 and Table 1).

Figure 3 compares changes in the PCr levels in ACSF con-
taining lactate following high-K* stimulation among differ-
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Recovery (56 min)

Control High K*
Fig. 2. Changes in the levels of PCr during and after high-K* stimulation
in slices in ACSF containing different substrates and 100 uM FC. In the
slices in standard ACSF, the PCr levels recovered after high-K* stimula-
tion regardless of the presence of FC (white bars). In IA A-pretreated slices
in ACSF containing lactate, however, the recovery of PCr level after high-
K* stimulation was completely abolished (black bars). In IAA-pretreated
slices in ACSF containing pyruvate, the PCr level recovered well after high-
K* stimulation (hatched bars). *p < 0.05 vs. glucose + FC.

ent conditions of brain slices (Table 1). In intact brain slices,
the PCr levels in ACSF containing lactate were able to recover
after high-K* stimulation, but in brain slices pretreated with
FC the PCr levels in ACSF containing lactate were unable
to recover after high-K* stimulation as shown Fig. 2. In
ischemic-preconditioned slices obtained from the brain hemi-
sphere, of which contralateral middle cerebral artery was
occluded 48 h before, the PCr levels in ACSF containing
lactate could be recovered after high-K* stimulation even in
the slices pretreated with FC.
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Fig. 3. Changes in the PCr levels in ACSF containing lactate during and
after high-K* stimulation under various conditions of brain slices. In intact
brain slices (white bars), the PCr levels were able to recover after high-K*
stimulation, but in brain slices pretreated with FC (black bars) they were
unable to recover. In ischemic-preconditioned slices (hatched bars) the PCr
levels could recover after high-K* stimulation in lactate ACSF even in the
slices pretreated with FC. *p < 0.05 vs. lactate + IAA.
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Fig. 4. Energy metabolism of the brain in vivo. This shows an astrocyte-
neuron pyruvate shuttle mechanism. Under ischemic pre-stressed condition,
even in the mature neuron, the ability to uptake and utilize lactate may be
induced.

Discussion

Yoshioka et al. [4] showed that neurons with glial support can
utilize lactate and pyruvate as well as glucose, but those with-
out glial support can not utilize lactate, as exogenous energy
substrates in brain slices.

Brain consists of heterogeneous cell populations of neu-
rons and glial cells. Glial cells, mainly astrocytes, wrap up
intraparenchymal capillaries with their end-feet [9]. Thus,
astrocytes play an important role in the distribution of energy
substrates from the circulation to neurons in vivo [3, 10, 16].
Following neuronal activation and synaptic glutamate release
in the brain, the increase of glutamate reuptake into astrocytes
may occur, which accelerates glucose uptake from capillar-
ies to astrocytes via activation of the Na*/K*-ATPase. Glucose
is then processed glycolytically to pyruvate by astrocytes. The
transport of pyruvate from astrocytes to neurons may be
operated by monocarboxylate transporters. Pyruvate then
enters the TCA cycle and generates ATP in neurons. These
mechanisms may be taken as an astrocyte-neuron pyruvate
shuttle as shown in Fig. 4, instead of an astrocyte-neuron
lactate shuttle by Tsacopolous and Magestretti [10].

In this study, the neurons in the slices pretreated with IJAA
and FC can not utilize lactate to restore the PCr levels after
high-K* stimulation. However, in the ischemic-precondi-
tioned slices, obtained from the hemisphere of which con-
tralateral side of middle cerebral artery was occluded 48 h
before, the PCr levels were restored after high-K* stimula-
tion in ACSF containing lactate, even though slices were
pretreated with IAA and FC. It is well known that pretreat-
ment of the brain with a sublethal stress induces resistance
to subsequent stress. Previous studies have shown that pre-
treatment of the brain with a sublethal ischemia induces
resistance to subsequent periods of ischemia that normally

would give rise to neuronal damage, and the induction of such
tolerance has been reported to be correlated with the selec-
tive synthesis of certain proteins, including heat-shock proteins
[17, 18]. Belayev et al. [19] showed that bilateral ischemic
tolerance of rat hippocampus and bilateral c-fos mRNA ex-
pression were induced only by prior unilateral transient fo-
cal ischemia. Furthermore, lactate is also known as the main
metabolic fuel for the brain during the early neonatal pe-
riod [20]. These might suggest that under stressed condi-
tion the mature neuron induces and expresses the ability to
utilize lactate, which is induced in immature neurons origi-
nally (Fig. 4).

Gore and Mcllwain [21] showed that increased concentra-
tions of potassium brought about changes which could be in-
duced by electrical stimulation in slices of the cerebral cortex.
Takei et al. [15] and Yoshioka et al. [4] have confirmed that
high-K* induces a decrease in high energy phosphates in brain
slices, also indicating the involvement of calcium in energy-
requiring processes under high-K* stimulation. Machiyama
et al. [22] suggested that high-K* stimulation might induce
the release of the excitatory neurotransmitters and then ac-
tivate energy metabolism. From these results, the high-K*
stimulation may induce energy consumption in neurons due
to the release of excitatory neurotransmitters by depolariza-
tion of neurons.

In summary, the normal neurons can utilize pyruvate with-
out glial support as well as glucose, but not lactate, as ex-
ogenous energy substrates. The ability to utilize lactate in
matured neuron can be induced after stress preconditioning
such as ischemia.
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Creatine supplementation during college football
training does not increase the incidence of
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Abstract

The purpose of this study was to examine the effects of creatine supplementation on the incidence of injury observed during
3-years of NCAA Division IA college football training and competition. In an open label manner, athletes participating in the
1998-2000 football seasons elected to take creatine or non-creatine containing supplements following workouts/practices.
Subjects who decided to take creatine were administered 15.75 g of creatine for 5 days followed by ingesting an average of
5 g/day thereafter administered in 5-10 g doses. Creatine intake was monitored and recorded by research assistants throughout
the study and ranged between 34-56% of players during the course of the study. Subjects practiced or played in environmental
conditions ranging from 8—40°C (mean 24.7 + 9°C) and 19-98% relative humidity (49.3 + 17%). Injuries treated by the ath-
letic training staff were recorded and categorized as cramping, heat/dehydration, muscle tightness, muscle strains/pulls, non-
contact joint injuries, contact injuries, and illness. The number of missed practices due to injury/illness was also recorded. Data
are presented as the total number of treated injuries for creatine users/total injuries observed and percentage occurrence rate of
injuries for creatine users for all seasons. The incidence of cramping (37/96, 39%), heat/dehydration (8/28, 36%), muscle tightness
(18/42, 43%), muscle pulls/strains (25/51, 49%), non-contact joint injuries (44/132, 33%), contact injuries (39/104, 44%), ill-
ness (12/27, 44%), number of missed practices due to injury (19/41, 46%), players lost for the season (3/8, 38%), and total
injuries/missed practices (205/529, 39%) were generally lower or proportional to the creatine use rate among players. Creatine
supplementation does not appear to increase the incidence of injury or cramping in Division IA college football players. (Mol
Cell Biochem 244: 83-88, 2003)

Key words: exercise, nutrition, ergogenic aids, safety, sport injuries, athletic training

Introduction creatine has become one of the most popular nutritional sup-

plements among athletes. The only reported side effect from
Creatine supplementation has been reported to increase creatine supplementation in the scientific/medical literature
strength, enhance work performed during repetitive sets of has been weight gain [2,4]. However, concerns have been
muscle contractions, improve repetitive sprint performance, raised over the medical safety of creatine supplementation
and increase body mass/fat free mass [1-3]. Consequently, among athletes even though extensive research has yielded
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no negative effects in the areas of endogenous creatine syn-
thesis [5-7], renal function [8-15], muscle and liver efflux
[10,13,16-18], blood volume and electrolyte status [19-23],
blood pressure [24, 25], or general markers of medical safety
[13, 14, 18, 25-36]. Additionally, there have been only an-
ecdotal reports that creatine supplementation during intense
training in hot/humid environments may predispose athletes
to increase incidence of muscle cramping, dehydration, and/
or musculoskeletal injuries such as muscle pulls/strains [37-
39]. Therefore, the purpose of this study was to examine the
effects of creatine supplementation on the incidence of cramp-
ing/injury observed during 3-years of NCAA Division IA
college football training and competition.

Materials and methods
Subjects

Injury rates of approximately 130 Division IA National Col-
legiate Athletic Association (NCAA) college football play-
ers participating in the 1998-2000 football seasons at an area
University were monitored during this study. Subjects who
volunteered to participate in this safety study chose whether
they wanted to take creatine or non-creatine containing sup-
plements during training. This included approximately 85
athletes on the 1998 squad and 20-30 new athletes that joined
the team in 1999 and 2000 to replace athletes who exhausted
eligibility, were not invited to return, and/or no longer chose
to play on the team. All subjects underwent pre-season medi-
cal examinations and were cleared to participate in football
according to NCAA criteria. In addition, all athletes were
provided medical supervision by the team athletic training
staff and physicians throughout the course of this observa-
tion period. A subset of 116 athletes volunteered to donate
blood and/or urine samples at various times during the ini-
tial 21 months of the study. Subjects were informed as to the
experimental procedures and signed informed consent state-
ments in adherence with the Internal Review Board for use
of human subjects guidelines at The University of Memphis
and the American College of Sports Medicine. Subjects were
19.6 + 1 years (range 18-23 years), 184 + 7 cm (range 161-
200 cm), 102 + 19 kg (range 70-146 kg) upon reporting to
fall football camp during the 1998, 1999 or 2000 seasons.

Methods and procedures

Injuries that were treated by the athletic training staff during
the 1998, 1999 and 2000 college football seasons were moni-
tored during this study. This was accomplished by having re-
search assistants attend all training/practice sessions during
this period and recording all injuries treated by the athletic
training staff during practices and games. Research assistants

confirmed the type/category and degree of injury to the ath-
lete with the athletic training staff when the injury occurred
and after practice/competition to ensure that the injury was
accurately recorded. Additionally, a tabulation of missed prac-
tices was recorded to monitor the length of time an athlete
was out of action due to their specific injury. Injuries were
categorized as cramping, heat disorders (e.g. dehydration,
heat syncope), muscle tightness, muscle pulls/strains, non-
contact joint injuries (e.g. twisted ankles), contact injuries (e.g.
injuries resulting from collisions), illness, and the number of
missed practices due to injury. These injuries were consid-
ered significant injuries because they required medical at-
tention during and/or following practices/games and they
involved some limitation from participating in training ses-
sions and/or games. Since football is a contact sport, minor
injuries that did not limit the athletes’ ability to participate
in practices/games (e.g. bruises, general soreness, etc.) and/
or require significant medical treatment were not recorded.

Supplementation protocols

Subjects who volunteered to participate in the safety study
chose whether they wanted to take creatine or non-creatine
containing supplements during training. These subjects had
reported no current use of creatine supplements. Subjects who
chose to take creatine were administered in an open label
manner 15.75 g/day of creatine monohydrate for 5 days and
an average of 5 g/day thereafter in 5-10 g doses following
supervised training sessions. Creatine was added to sports
drinks or carbohydrate/protein drinks that were offered to all
players following training sessions, practices, and games by
research assistants working with the strength and condition-
ing staff while also witnessing the supplement ingestion.
When subjects were not on campus, they were provided crea-
tine to take on their own and self-reported compliance. If for
some reason a subject a fell behind in taking creatine, sub-
jects were administered up to 10 g/day in order to catch them
up to an average of 5 g/day. All remaining athletes were asked
whether they were taking creatine during training on their
own when they started training with the team and when an
injury was observed. During the course of the study, 45-56%
of the athletes were documented as taking creatine. Here
again, the percentage of creatine users fluctuated between 45—
56% due to new athletes joining the team over the three-year
period in order to replace athletes who exhausted eligibility
and/or athletes who no longer chose to play on the team.

Training

Training consisted of summer resistance training/conditioning
drills (1-2 h/day, 4 days/week), fall football camp (3—6 h/day,



6-days/week), practicing/competing during football season
(24 h/day, 6 days/week) off-season resistance training/con-
ditioning drills (1-2 h/day, 4 days/week), and spring football
practice/resistance training (1-3 h/day, 4-5 day/week). Ath-
letic coaches, athletic trainers, and/or research assistants su-
pervised all training sessions. Training averaged of 121 + 67
min per session with an average intensity of 3.3+ 1 ona 1-
5 scale where 1 was equivalent to a walk-through practice
prior to games and 5 was equivalent to game competition.
Environmental conditions during training and competition
ranged from 8—40°C (mean 24.7 + 9°C) and 19-98% rela-
tive humidity (49.3 £ 17%).

Statistical analysis

The numbers of injuries observed in creatine users and non-
creatine users was determined for each injury category moni-
tored during the study. The percentage of injuries observed
for creatine users vs. non-users was calculated by dividing
the number injuries observed among creatine users by the
total number of injuries observed in a given category. The
total number of injuries for all categories was determined by
adding number of injuries observed for all categories for the
creatine users and all athletes. The overall incidence of inju-
ries was then calculated by dividing the total number of inju-
ries observed for creatine users by the total number of injuries
observed for all athletes. The percentage of injuries for crea-
tine users was descriptively compared to the creatine use rate
among the athletes (45-56%) in order to determine whether
athletes who took creatine during training experienced a dis-
proportionately higher incidence of injuries in comparison
to athletes who did not take creatine. Data are presented as
percentages of injuries for creatine users compared to non-
users. It should be noted that the data in this investigation are
presented in descriptive form because some subject’s reported
multiple injuries in the same injury category thus violating the
statistical assumption of mutual exclusiveness regarding all
other parametric and non-parametric statistical procedures.

Results

Table 1 presents the injuries treated by the athletic training
staff during the three-year safety study for the creatine and
non-creatine groups. Results revealed that the incidence of
cramping, heat/dehydration, muscle tightness, non-contact
joint injuries, contact injuries, illness, number of missed prac-
tices due to injury, players lost for the season, and total inju-
ries/missed practices were generally proportional or lower
than the creatine use rate among players during the course
of the three year safety study (39%).

85

Table 1. Observed injury rates during three years of NCAA Division A
college football training/games in which creatine use rate was 45-56%

Treated Injury Number of injuries Percentage of
(Creatine users/ injuries for
total injuries) creatine users

Cramping 37/96 39%

Heat/dDehydration 8/28 36%

Muscle tightness 18/42 43%

Muscle pulls/strains 25/51 49%

Non-contact joint injuries 44/132 33%

Contact injuries 39/104 44%

Illness 12/27 44%

Missed practices 19/41 46%

Players lost for season 3/8 38%

Total injuries/missed practices 205/529 39%

Discussion

Anecdotal reports have suggested that creatine supplemen-
tation may promote dehydration, cramping, and musculoskel-
etal injury [2, 4, 38, 40]. Since many of these reports have
emanated from athletic trainers and coaches, they are com-
monly reported as side effects from creatine supplementation
[2, 4, 40]. As a result, some trainers and coaches have re-
stricted availability of creatine to their athletes (particularly
during intense training periods performed in the heat) and
some have warned against the use of creatine until more long-
term data demonstrated safety in athletes. In addition, some
athletic organizations (e.g. NCAA) have banned allowing
teams to ‘provide’ creatine to their athletes citing safety and
fairness issues although athletes are still allowed to take creat-
ine. Results of this long-term safety study indicate that creat-
ine supplementation (~ 5 g/day) does not increase the incidence
of dehydration, cramping, and/or muscle injury among Di-
vision IA college football players during intense training in
very hot and humid environments. Moreover, that creatine
supplementation did not cause a consistent pattern of ‘un-
known’ side effects. These findings add to the growing body
of evidence indicating that creatine supplementation does not
increase the incidence of anecdotally reported side effects
and/or cause unknown health problems [10, 13, 14, 18, 33—
35].

One of the most commonly reported anecdotal side effects
associated with creatine supplementation has been that creat-
ine may increase the incidence of dehydration, muscle cramp-
ing, and/or heat tolerance. In this regard, some have suggested
that since creatine supplementation may increase work ca-
pacity, athletes who take creatine during training in hot and
humid environments may experience a greater rate of dehy-
dration, muscle cramping, and/or heat illness [40]. Another
theory suggests that since creatine has been suggested to
promote fluid retention, it may alter electrolyte status and
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thereby promote muscle cramping by interfering with the
muscle’s contraction/relaxation mechanisms [2, 4, 40]. Over
the last few years, a number of studies have examined the
effects of creatine supplementation on hydration status, elec-
trolyte levels, and dehydration during exercise performed in
the heat [20-23, 41-43]. Results of these studies have indi-
cated that creatine does not promote dehydration, alter elec-
trolyte levels, or increase thermal stress. In addition, there has
been no evidence that creatine supplementation promotes
muscle cramping among athletes [21, 23, 37, 44-50]. In fact,
recent studies have indicated that creatine supplementation
may actually promote hydration [21, 23, 41], reduce thermal
stress during exercise in the heat [23, 42], and/or reduce in-
cidence of injury [11, 17, 31, 33, 37, 44-47, 49-52]. The re-
sults of the present study support these findings in that the
incidence of cramping (39%) and dehydration (36%) ob-
served among creatine users was lower than the creatine use
rate among these athletes (i.e. 45-56%).

Anecdotal reports have also suggested that creatine may
promote a higher incidence of muscle injuries such as mus-
cle strains and pulls [2, 4, 40]. Proponents of this theory have
postulated that since creatine supplementation may promote
rapid increases in strength and body mass, the athlete may
be more predisposed to additional stress placed on muscles,
bones, joints, ligaments, and connective tissues. Results of
the present study indicate that creatine supplementation
does not increase the incidence of muscle injuries in ath-
letes. Specifically, the incidence of muscle tightness (43%),
muscle pulls/strains (49%), non-contact (33%) and contact
injuries (44%) among creatine users were similar or lower
than the creatine use rate among these athletes (i.e. 45-56%).
There was also no evidence of a greater proportion of indi-
vidual injuries (e.g. hamstring pulls, groin pulls, etc.). More-
over, the incidence of illness (44%), missed practices (46%),
players lost with season ending injuries (38%), and total in-
juries observed (39%) were similar or lower than the creat-
ine use rate among these athletes. If creatine supplementation
increased the incidence of these problems, the incidence of
injury in creatine users should have been markedly higher
than the creatine use rate among these players. Yet, the inci-
dence of injury among athletes who took creatine during
training was similar or lower than the observed use rate.
Based on these results, one could argue that creatine supple-
mentation may have allowed the athletes to tolerate training
to a greater degree and thereby lessened the incidence of
injury. These findings support recent reports that creatine
supplementation during training may lessen injury rates
among athletes [11, 17, 31, 33, 37,4447, 49-52] and/or has-
ten recovery following immobilization injury [32].

In summary, results of this study indicate that creatine sup-
plementation during training does not increase the incidence
of dehydration, cramping, and/or injury in college football
players. Although athletes who take creatine during intense

training may experience some of these problems, it appears
that the incidence of these problems is similar or lower than
the creatine use rate among athletes. Hopefully, these find-
ings will help dispel anecdotal myths suggesting that creatine
supplementation may increase the prevalence of dehydration,
cramping and/or injury among athletes. Further, we hope that
these findings may help professionals involved in the training
and/or medical supervision of athletes (i.e. athletic coaches,
athletic trainers, researchers, certified strength and condition-
ing coaches, nutritional consultants, administrators, athletic
governing bodies) better examine the methods employed to
train and/or manage athletes (i.e. 3-a-day training in extreme
climates, exhaustive conditioning drills, hydration practices,
etc.). In this regard, it appears that the type and conditions
that athletes are asked to train and/or compete may place them
at a greater risk of dehydration, cramping and/or injury than
anecdotally associating these problems with creatine supple-
mentation.
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Abstract

Creatine has become a popular nutritional supplement among athletes. Recent research has also suggested that there may be a
number of potential therapeutic uses of creatine. This paper reviews the available research that has examined the potential
ergogenic value of creatine supplementation on exercise performance and training adaptations. Review of the literature indi-
cates that over 500 research studies have evaluated the effects of creatine supplementation on muscle physiology and/or exer-
cise capacity in healthy, trained, and various diseased populations. Short-term creatine supplementation (e.g. 20 g/day for 5-7
days) has typically been reported to increase total creatine content by 10-30% and phosphocreatine stores by 10-40%. Of the
approximately 300 studies that have evaluated the potential ergogenic value of creatine supplementation, about 70% of these
studies report statistically significant results while remaining studies generally report non-significant gains in performance.
No study reports a statistically significant ergolytic effect. For example, short-term creatine supplementation has been reported
to improve maximal power/strength (5-15%), work performed during sets of maximal effort muscle contractions (5-15%),
single-effort sprint performance (1-5%), and work performed during repetitive sprint performance (5-15%). Moreover, crea-
tine supplementation during training has been reported to promote significantly greater gains in strength, fat free mass, and
performance primarily of high intensity exercise tasks. Although not all studies report significant results, the preponderance of
scientific evidence indicates that creatine supplementation appears to be a generally effective nutritional ergogenic aid for a
variety of exercise tasks in a number of athletic and clinical populations. (Mol Cell Biochem 244: 89-94, 2003)

Key words: sport nutrition, ergogenic aids, exercise, training, phosphocreatine

Introduction literature, it is then possible to make conclusions regarding

the ergogenic value and safety of a proposed aid [1].

An ergogenic aid is a technique or practice that serves to
increase performance capacity, the efficiency to perform
work, the ability to recover from exercise, and/or the quality
of training thereby promoting greater training adaptations. [1]
When evaluating the potential ergogenic value of a proposed
aid, it is important to evaluate the theoretical rationale, the
scientific evidence that the proposed aid affects exercise
metabolism and/or performance, whether studies have incor-
porated an appropriate research design (e.g. double blind,
placebo controlled, randomized clinical trial), and the reli-
ability of the experimental methods employed. It is also im-
portant to examine whether a proposed ergogenic aid is safe
for a given population. Based on a thorough analysis of the

In the case of creatine, it has been well established that in-
creasing dietary availability of creatine serves to increase total
creatine (TC) and phosphocreatine (PC) concentrations in the
muscle [2-9]. Moreover, that availability of creatine and PC
play a significant role in contributing to energy metabolism
particularly during intense exercise. For example, creatine
supplementation (e.g. 20 g/day x 5 days) has been reported
to increase muscle TC and PC typically by 15-40% [10-12].
Theoretically, increasing the availability of PC would en-
hance cellular bioenergetics of the phosphagen system that
isinvolved in high-intensity exercise performance [7, 11, 13]
as well as the shuttling of high-energy phosphates between
the mitochondria and cytosol via the creatine phosphate shut-

Address for offprints: R.B. Kreider, Exercise and Sport Nutrition Laboratory, Center for Exercise, Nutrition and Preventive Health Research, Department of
Health, Human Performance and Recreation, Baylor University, P.O. Box 97313, Waco, TX 76798-7313, USA (E-mail: Richard_Kreider@baylor.edu)



90

tle that may enhance both anaerobic and aerobic capacity [14,
15].

Over the last several years, a number of reviews were pub-
lished examining the potential ergogenic value of creatine
supplementation [6, 7, 10-13, 16-19]. These reviews gener-
ally concluded that creatine supplementation serves to in-
crease muscle TC and PC content. In addition, that creatine
may improve performance primarily during short-duration,
high intensity exercise. However, there was less evidence that
creatine supplementation enhanced exercise performance
during moderate to high-intensity prolonged exercise. In
addition, there were some questions whether results observed
in laboratory settings would transfer to performance on the
field, whether performance changes observed would enhance
training adaptations, and whether long-term creatine supple-
mentation was safe. Since these reviews, a number of research
studies have been published evaluating the effects of creat-
ine supplementation on performance and training adaptations
in a variety of populations. The purpose of this paper is to
examine the most recent research that has examined the ef-
fects of short-term creatine supplementation on exercise
performance and whether creatine supplementation during
training can serve as a safe and effective ergogenic aid for
athletes.

Effects of short-term creatine
supplementation on performance

Numerous studies have examined the effects of short-term
creatine supplementation (5-7 days) on exercise perform-
ance. As described in a number of reviews, the majority of
initial studies suggested that creatine supplementation can
significantly increases strength, power, sprint performance,
and/or work performed during multiple sets of maximal ef-
fort muscle contractions [6, 7, 10-13, 16, 20]. More recent
studies have supported these initial observations. For exam-
ple, Volek et al. [21] reported that creatine supplementation
(25 g/day for 7 days) resulted in a significant increases in the
amount of work performed during five sets of bench press
and jump squats in comparison to a placebo group. Urbanski
et al. [22] reported that creatine supplementation (20 g/day x
5 days) increased maximal isometric knee extension strength
and time to fatigue. Tarnopolsky et al. [23] reported creatine
supplementation (20 g/day x 4 days) increased peak cycling
power, dorsi-flexion maximal voluntary contractions (MVC)
torque, and lactate in men and women with no apparent gen-
der effects. Moreover, Wiroth et al. [24] reported that creatine
supplementation (15 g/day x 5 days) significantly improved
maximal power and work performed during 5 x 10-sec cy-
cling sprints with 60-sec rest recovery in younger and older
subjects. These findings and many others support prior re-

ports indicating that creatine supplementation can improve
performance when evaluated in controlled laboratory and
testing settings.

Some have criticized this type of early creatine research
suggesting that although performance gains have been ob-
served in controlled laboratory settings, it was less clear
whether these changes would improve athletic performance
on the field [17, 19]. Since then, a number of studies have
attempted to evaluate the effects of creatine supplementation
on field performance. These studies have generally indicated
that short-term creatine supplementation may improve high
intensity, short-duration performance in various athletic tasks.
For example, Skare et al. [25] reported that creatine sup-
plementation (20 g/day) decreased 100-m sprint times and
reduced the total time of 6 x 60-m sprints in a group of well-
trained adolescent competitive runners. Mujika et al. [26] re-
ported that creatine supplementation (20 g/day x 6 days)
improved repeated sprint performance (6 x 15 m sprints with
30-sec recovery) and limited the decay in jumping ability in
17 highly trained soccer players. Similarly, Theodorou et al.
[27] reported that creatine supplementation (25 g/day x 4
days) significantly improved mean interval performance
times in 22 elite swimmers. These recent preliminary find-
ings and many others suggest that creatine supplementation
can improve performance of athletes in a variety of sport-
related field activities [28—41].

Since creatine supplementation may affect shuttling of
high-energy phosphates between the cytosol and mitochon-
dria, some have suggested that creatine supplementation may
affect performance during more prolonged exercise bouts.
Recent studies also provide some support this contention. For
example, Earnest et al. [42] reported that creatine supplemen-
tation (20 g/day x 4 days and 10 g/day x 6 days) improved
cumulative run time to exhaustion in two runs lasting approxi-
mately 90-sec each. Smith et al. [43] reported that creatine
supplementation (20 g/day x 5 days) increased work rate dur-
ing exercise bouts lasting between 90-600 sec primarily at
the shorter, more intense exercise bouts. Nelson et al. [44]
found that creatine supplementation (20 g/day x 7 days) de-
creased submaximal heart rate and oxygen uptake (VO,),
while increasing ventilatory anaerobic threshold (VANT) and
total time to exhaustion during a maximal exercise test in 36
trained adults. Rico-Sanz et al. [45] reported that creatine
supplementation (20 g/day x 5 days) increased time to ex-
haustion (29.9 + 3.8 to 36.5 £ 5.7 min) while reducing am-
monia levels (a marker of adenine nucleotide degradation)
when cycling at 30 and 90% of maximum until exhaustion.
Finally, Preen et al. [46] evaluated the effects of ingesting
creatine (20 g/day x 5 days) on resting and post-exercise TC
and PC as well as performance of an 80-min intermittent
sprint test (10 sets of 5-6 x 6-sec sprints with varying recov-
ery intervals). The authors reported that creatine increased
resting and post-exercise TC and PC, mean work performed,



and total work performed during 6 x 6-sec sets with 54- and
84-sec recovery. In addition, work performed during 5 x 6-
sec sprints with 24-sec recovery tended to be greater (p =
0.056). Collectively, these findings support contentions that
creatine supplementation may provide ergogenic benefit for
more prolonged exercise bouts involving both anaerobic and
aerobic energy systems.

However, as with previous creatine research, not all of the
recent studies have found that creatine supplementation en-
hances exercise performance. For example, McKenna et al.
[47] reported that creatine supplementation (30 g/day x 5
days) did not affect 5 x 10-sec sprints with rest intervals of
180, 50, and 20-sec in 14 untrained subjects. Gilliam et al.
[48] found that creatine supplementation (20 g/day x 5 days)
did not affect isokinetic knee extension performance during
5 x 30 MVC in 23 untrained subjects. Deutekom et al. [49]
reported that creatine (20 g/day x 6 days) increased body
mass but did not affect muscle activation, fatigue, and/or
recovery from electrical stimulation of the quadriceps or
maximal exercise performance during sprint cycling in 23
well-trained rowers. Similarly, Edwards et al. [50] reported
that creatine (20 g/day x 6 days) did not affect running fa-
tigue to exhaustion following performing 4 x 15-sec sprints
in 21 moderately active subjects. However, ammonia levels
were lower following creatine supplementation suggesting
that may have lessened the degree of adenine nucleotide deg-
radation and improved metabolic efficiency. In another study,
Op’t Eijnde et al. [51] reported that creatine (20 g/day x 5
days) did not enhance stroke performance or 70-m agility
sprint performance in well-trained tennis players. Finally,
Finn et al. [2] reported that although creatine supplementa-
tion (20 g/day x 5 days) increased TC content and 1-sec rela-
tive peak power in 16 triathletes, no significant effects were
observed in repetitive cycling sprint performance (4 x 20-sec
sprints with 20-sec rest recovery).

In my view, when one examines all of the available litera-
ture on creatine supplementation, the following conclusions
can be drawn. First, although some intra-subject variability
has been reported, the vast majority of studies available to
date (> 90%) indicate that short-term creatine supplementa-
tion significantly increases TC and PC content as determined
by assessing muscle biopsies, urinary whole body creatine
retention, and/or magnetic resonance spectroscopy (MRS) [4,
6,9, 10, 12, 52, 53]. Consequently, it is clear that creatine
supplementation enhances the potential to perform high in-
tensity exercise much like carbohydrate loading enhances the
potential to perform endurance exercise to exhaustion. Over-
all, approximately 70% of short-term studies on creatine sup-
plementation report some ergogenic benefit particularly
during high- intensity, repetitive exercise [10, 12]. These ben-
efits have been primarily found when performing laboratory
tests that have good test-to-test reliability [23]. However, as
described above, a number of recent studies have indicated
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that creatine supplementation can also improve performance
in field type events like running, soccer, and swimming. It is
also interesting to note that over the last few years, the per-
centage of studies reporting ergogenic benefit from creatine
supplementation has risen to 80-85% presumably due to a
greater understanding of how to properly design studies to
assess the ergogenic value of creatine supplementation. Ben-
efits have been reported in untrained, trained, and diseased
children, adolescents, adults, and elderly populations [10, 12,
54]. Studies reporting no significant effects of creatine sup-
plementation have generally observed small but non-signifi-
cant improvements in performance (i.e. 1-7%). It should be
noted that no study has reported a statistically significant
ergolytic (negative) effect from creatine supplementation.
Studies that have reported no significant benefit of creatine
supplementation often have low statistical power, have evalu-
ated performance tests with large test-to-test reliability, and/
or have not incorporated appropriate experimental controls.
Consequently, it is my view that the preponderance of evi-
dence indicates that short-term creatine supplementation
enhances performance in a variety of laboratory and on-field
exercise tasks.

Effects of creatine supplementation on
training adaptations

Theoretically, increasing the ability to perform high-intensity
exercise may lead to greater training adaptations over time.
Consequently, a number of studies have evaluated the effects
of creatine supplementation on training adaptations. For ex-
ample, Vandenberghe et al. [55] reported that in comparison
to a placebo group, creatine supplementation (20 g/day x 4
days; 5 g/day x 65 days) during 10-weeks of training in
women increased TC and PC, maximal strength (20-25%),
maximal intermittent exercise capacity of the arm flexors
(10-25%), and fat free mass (FFM) by 60%. In addition, the
researchers reported that creatine supplementation during 10-
weeks of detraining helped maintain training adaptations to
a greater degree. Kelly et al. [56] reported that 26-days of
creatine supplementation (20 g/day x 4 days; 5 g/day x 22
days) significantly increased body mass, FFM, three repeti-
tion maximum (RM) on the bench press, and the number of
repetitions performed in the bench press over a series of sets
in 18 power lifters. Noonan et al. [S7] reported that creatine
supplementation (20 g/day x 5 days; 100 or 300 mg/kg/day
of FFM x 51 days) in conjunction with resistance and speed/
agility training significantly improved 40-yard dash time and
bench press strength in 39 college athletes. Kreider et al. [58]
reported that creatine supplementation (15.75 g/day x 28
days) during off-season college football training promoted
greater gains in FFM and repetitive sprint performance in
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comparison to subjects ingesting a placebo. Likewise, Stone
et al. [38] reported that 5-weeks of creatine ingestion (~ 10
or 20 g/day with and without pyruvate) promoted signifi-
cantly greater increases in body mass, FFM, 1 RM bench
press, combined 1 RM squat and bench press, vertical jump
power output, and peak rate of force development during in-
season training in 42 Division IAA college football players.

Volek et al. [8] reported that 12-weeks of creatine supple-
mentation (25 g/day x 7 days; 5 g/day x 77 days) during
periodized resistance training increased muscle TC and PC,
FFM, type I, IIa, and IIb muscle fiber diameter, bench press
and squat 1 RM, and lifting volume (weeks 5-8) in 19 resist-
ance trained athletes. Peters et al. [59] reported that creatine
monohydrate and creatine phosphate supplementation (20 g/
day x 3 days; 10 g/day x 39 days) during training significantly
increased body mass, FFM, and 1-RM bench press in 35
resistance-trained males. Kirksey et al. [60] found that creat-
ine supplementation (0.3 g/kg/day x 42 days) during off-sea-
son training promoted greater gains in vertical jump height
and power, sprint cycling performance, and FFM in 36 Di-
vision JAA male and female track and field athletes. Pearson
et al. [61] reported that creatine supplementation (5 g/day x
10 weeks) during resistance training promoted greater gains
in strength, power, and body mass with no change in percent
body fat in 16 Division IA college football players during
summer conditioning. Moreover, Jones et al. [32] reported
that creatine (20 g/day x 5 days; 5 g/day x 10 weeks) pro-
moted greater gains in sprint performance (5 x 15-sec with
15-sec recovery) and average on-ice sprint performance (6
x 80-m sprints) in 16 elite ice-hockey players. Becque et al.
[62] found that creatine supplementation (20 g/day x 5 days;
2 g/day x 37 days) during strength training led to greater gains
in arm flexor muscular strength, upper arm muscle area, and
FFM than strength training alone in 23 resistance trained
athletes.

Additionally, Burke et al. [63] reported that low dose crea-
tine supplementation (7.7 g/day x 21 days) during training
promoted greater gains in total work until fatigue, peak force,
peak power, and fatigue resistance in 41 college athletes.
Brenner et al. [64] reported that creatine supplementation (20
g/day x 7 days; 2 g/day x 28 days) significantly improved
upper-body strength gain and decreased percent body fat in
16 female college lacrosse players during pre-season train-
ing. Larson-Meyer et al. [34] reported that creatine supple-
mentation (15 g/day x 7 days; 5 g/day x 84 days) promoted
greater gains in bench press and squat maximal strength with
no differences in FFM during off-season training in 14 fe-
male college soccer players. Interestingly, Jowko et al. [65]
recently reported that creatine supplementation (20 g/day x
7 days; 10 g/day x 14 days) significantly increased FFM and
cumulative strength gains during training in 40 subjects ini-
tiating training. Additional gains were observed when 3 g/

day of calcium beta-hydroxy-beta-methylbutyrate (HMB)
was co-ingested with creatine.

In a very interesting experimental design, Stevenson et al.
[66] evaluated the effects of creatine supplementation (20 g/
day x 7 days; 5 g/day x 49 days) on volitional and electrical
stimulated training in 18 resistance trained subjects. Subjects
participated in a traditional resistance training program as
well as an electromyostimulation (EMS) training program
(i.e. 3-5 sets x 10 eccentric and concentric contractions per-
formed twice per week on one leg). The researchers found
that creatine supplementation did not affect mechanical or
hypertrophic responses to the EMS training. However, mag-
netic resonance imaging (MRI) determined cross-sectional
area of the traditionally trained but non-electrically stimulated
leg was significantly greater in the creatine group. Finally,
Willougby et al. [9] recently reported that in comparison to
controls, creatine supplementation (6 g/day x 12 weeks)
during resistance training (6-8 repetitions at 85-90%; 3 x
weeks) significantly increased total body mass, FFM, and
thigh volume, 1 RM strength, myofibrillar protein content,
Type I, IIa, and IIx myosin heavy chain (MHC) mRNA ex-
pression, and MHC protein expression. This study provides
strong evidence that creatine supplementation during in-
tense resistance training leads to greater gains in strength
and muscle mass.

In my view, after evaluating the available data on the ef-
fects of creatine supplementation on training adaptations, the
following conclusions can be drawn. Studies that evaluated
the effects of creatine supplementation on muscle TC and PC
stores described in the present review as well as the majority
of previous studies reviewed elsewhere indicate that creat-
ine loading increases TC and PC. Creatine supplementation
during training is typically associated with a 0.5-2 kg greater
increase in body mass and/or FFM. Although it has been
hypothesized that the initial weight gain associated with crea-
tine supplementation may be due to fluid retention, a number
of studies indicate that long-term creatine supplementation
increases FFM and/or muscle fiber diameter with no dis-
proportional increase in total body water. These findings
suggest that the weight gain observed during training appears
to be muscle mass. About 90% of long-term training studies
report some ergogenic benefit with gains typically 10-100%
greater than controls. Improvements have been reported in
untrained and trained adolescents, adults, and elderly pop-
ulations. No clinically significant side effects have been re-
ported in these studies even though many of them involved
intense training in a variety of exercise conditions. These
findings suggest that creatine supplementation during train-
ing serves to enhance training adaptations. Moreover, these
beneficial changes may offer some therapeutic benefit for a
variety of pathologies involving muscle weakness and/or
muscle wasting.



Conclusions

Creatine appears to be an effective and safe nutritional ergo-
genic aid to improve high intensity exercise performance and/
or training adaptations in a variety of sports. Although more
research on the potential ergogenic value of creatine for spe-
cific athletic populations may be useful, it is my view that
the most promising area of future research will be to examine
potential therapeutic benefit for various clinical populations.
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Abstract

Creatine has been reported to be an effective ergogenic aid for athletes. However, concerns have been raised regarding the
long-term safety of creatine supplementation. This study examined the effects of long-term creatine supplementation on a 69-
item panel of serum, whole blood, and urinary markers of clinical health status in athletes. Over a 21-month period, 98 Divi-
sion IA college football players were administered in an open label manner creatine or non-creatine containing supplements
following training sessions. Subjects who ingested creatine were administered 15.75 g/day of creatine monohydrate for 5 days
and an average of 5 g/day thereafter in 5-10 g/day doses. Fasting blood and 24-h urine samples were collected at 0, 1, 1.5, 4,
6, 10, 12, 17, and 21 months of training. A comprehensive quantitative clinical chemistry panel was determined on serum and
whole blood samples (metabolic markers, muscle and liver enzymes, electrolytes, lipid profiles, hematological markers, and
lymphocytes). In addition, urine samples were quantitatively and qualitative analyzed to assess clinical status and renal func-
tion. At the end of the study, subjects were categorized into groups that did not take creatine (n = 44) and subjects who took
creatine for 0—6 months (mean 4.4 + 1.8 months, n = 12), 7-12 months (mean 9.3 + 2.0 months, n = 25), and 12-21 months
(mean 19.3 £ 2.4 months, n = 17). Baseline and the subjects’ final blood and urine samples were analyzed by MANOVA and
2 x 2 repeated measures ANOVA univariate tests. MANOVA revealed no significant differences (p = 0.51) among groups in
the 54-item panel of quantitative blood and urine markers assessed. Univariate analysis revealed no clinically significant inter-
actions among groups in markers of clinical status. In addition, no apparent differences were observed among groups in the
15-item panel of qualitative urine markers. Results indicate that long-term creatine supplementation (up to 21-months) does
not appear to adversely effect markers of health status in athletes undergoing intense training in comparison to athletes who do
not take creatine. (Mol Cell Biochem 244: 95-104, 2003)

Key words: ergogenic aids, nutrition, safety, exercise, renal function, muscle, metabolism

Introduction amino acids glycine, arginine, and methionine [1, 2]. Ap-

proximately 95% of creatine is stored in skeletal muscle while
Creatine is a naturally occurring amino acid that is obtained the remaining 5% is stored the heart, brain, and testes [3]. Of
from the diet and/or synthesized endogenously from the this, approximately two thirds of creatine is stored as phos-

Address for offprints: R.B. Kreider, Exercise and Sport Nutrition Laboratory, Center for Exercise, Nutrition and Preventive Health Research, Department of
Health, Human Performance and Recreation, Baylor University, P.O. Box 97313, Waco, TX 76798-7313, USA (E-mail: Richard_Kreider @baylor.edu)



96

phocreatine with the remaining creatine comprising the free
creatine pool [4]. Creatine supplementation (e.g. 20 g/day x
5 days) has been consistently reported to increase muscle
creatine and phosphocreatine typically by 15-40% [4-6].
Theoretically, increasing the availability of phosphocreatine
would enhance cellular bioenergetics of the phosphagen sys-
tem [1, 2, 5-7] as well as the shuttling of high-energy phos-
phates between the mitochondria and cytosol via the creatine
phosphate shuttle [8-10].

In support of this contention, approximately 70% of stud-
ies that have evaluated the potential ergogenic value of crea-
tine supplementation have reported significant improvements
in performance particularly those involving high-intensity ex-
ercise and/or training [2, 3, 7]. There is also recent evidence
that creatine supplementation may provide therapeutic ben-
efit for patients with a variety of metabolic disorders [11-15],
neuromuscular diseases [16-21], as well hasten recovery fol-
lowing immobilization [22]. These findings have indicated
that creatine may serve as a promising ergogenic aid for ath-
letes as well as may offer some clinical benefit for certain
populations.

The only side effect that has been consistently reported has
been weight gain which may be a desired effect for many
athletes and patient populations [1-3, 7, 23]. Despite this ap-
parent safety record, concerns have been raised in the popu-
lar media and scientific community regarding the safety of
creatine supplementation [23-28]. In this regard, concerns
have been raised that creatine supplementation may promote
long-term suppression of creatine synthesis, increase renal
stress, promote muscle and liver damage, alter fluid and elec-
trolyte status, and/or cause unknown long-term side effects
[26, 27]. In addition, creatine has been anecdotally suggested
to increase gastrointestinal upset, cause diarrhea, promote
cramping and dehydration, and increase the incidence of mus-
culoskeletal injury [2, 23, 27].

Recent studies have attempted to determine the validity of
these anecdotally reported concerns. For example, a number
of studies have evaluated the effects of short-term creatine
supplementation (e.g. 5 days—12 weeks) on thermal stress/
dehydration [29-33], cramping [31, 34-43], electrolyte sta-
tus [31, 40, 44-47], renal stress [48—55], muscle trauma [34—
37, 39, 41, 43, 56, 57], and/or general markers of clinical
health/safety [55, 58—65]. Several researchers have also at-
tempted to retrospectively compare the medical status of self-
reported creatine users (up to 5 years) to non-users [66, 67].
Other studies have attempted to use questionnaires to assess
the prevalence of these potential side effects [38, 68-73].
However, most of these questionnaire based studies did not
compare side effects of creatine users to non-creatine using
controls and/or attempt to determine whether the side effects
commonly reported in the media influenced responses to
these questionnaires. Although results of these studies have
consistently indicated that creatine supplementation does not

appear to cause any of the anecdotally reported side effects,
additional long-term research is warranted [1, 2, 26, 27]. The
purpose of this study was to examine the short and long-term
medical safety of creatine supplementation among athletes
in comparison to athletes who did not take creatine during
training and competition.

Materials and methods
Subjects

One hundred and sixteen National Collegiate Athletic As-
sociation (NCAA) Division IA college football players vol-
unteered to participate in this study over a 2 year period.
Subjects were informed as to the experimental procedures
and signed informed consent statements in adherence with
the Internal Review Board for use of human subjects in re-
search at The University of Memphis and the American Col-
lege of Sports Medicine. Of these, 98 subjects donated pre-
and at least one subsequent blood and urine sample during
the course of the study. Descriptively (means + S.D.), sub-
jects were 19.2 + 2 years (range 18-23 years), 185 + 8 cm
(range 173-191 cm), 101 + 18 kg (range 70-148 kg) and
included a balanced representation of athletes from each po-
sition on the team (i.e. backs, receivers, tight ends, linebackers,
lineman, and kickers).

Methods and procedures

Subjects were recruited to participate in this study during pre-
season training prior to the 1998 and 1999 seasons. Approxi-
mately 65 subjects volunteered to participate during the first
year and about 40 subjects volunteered to participate in the
second year of the study. All subjects underwent pre-season
medical examinations and were cleared to participate in foot-
ball according to NCAA criteria. Subjects who volunteered
to participate in the study chose whether they wanted to take
creatine or non-creatine containing supplements during train-
ing. Subjects who chose to take creatine were administered in
an open label manner 15.75 g/day of creatine monohydrate for
5 days and an average of 5 g/day thereafter in 5-10 g doses
following supervised training sessions. Creatine was added to
sports drinks or carbohydrate/protein drinks that were offered
to players following training sessions, practices, and games by
research assistants working with the strength and condition-
ing staff. Supplement intake was monitored and recorded in
order to document creatine intake. When subjects were not on
campus, they were provided creatine to take on their own and
self-reported compliance. If for some reason a subject fell
behind in taking creatine, subjects were administered up to 10
g/day in order to catch them up to an average of 5 g/day.



Fasting blood and 24-h urine samples were collected on
as many athletes willing to provide samples at 0, 1, 1.5, 4, 6,
10, 12, 17, and 21 months of training (typically 30-55 per
testing session). Collection of blood and urine samples co-
incided with the athletes reporting for summer school/pre-
season training (0 months), pre-fall football camp (1 month),
post-fall football camp (1.5 months), post-season (4 months),
start of spring semester/winter conditioning (6 months), and
following spring football practice at the end of the spring
semester (10 months) in the first year of supplementation. In
the second year, blood and urine samples were obtained prior
to fall football camp (12 months), at the end of the football
season (17 months), and at of the end of the spring semester
(21 months). Subjects who began the study in the second year
donated blood and urine samples prior to the fall football
season (0 months), after the football season (4 months), and/
or at the end of the second semester (9 months).

Training consisted of summer resistance training/condi-
tioning drills (1-2 h/day, 4 days/week), fall football camp (3—
6 h/day, 6 days/week), practicing/competing during football
season (2—4 h/day, 6 days/week) off-season resistance train-
ing/conditioning drills (1-2 h/day, 4 days/week), and spring
football practice/resistance training (1-3 h/day, 4-5 days/
week). Coaches, athletic trainers, and/or research assistants
supervised all training sessions and games. Training duration,
type, and general intensity as well as environmental condi-
tions were recorded. Training averaged of 118 + 68 min per
session with an average intensity of 3.3 = 1 on a 1-5 scale
where 1 was equivalent to a walk-through practice prior to
games and 5 was equivalent to game competition. Environ-
mental conditions during training and competition ranged
from 8-37°C (mean 24.2 + 8°C) and 20-98% relative humid-
ity (52.2 + 16%). Injuries and medical conditions treated by
athletic training/medical staff were recorded to assess medi-
cal status throughout the study. These data were reported in
a companion paper presented at the 6th International Meet-
ing on Guanidino Compounds in Biology and Medicine and
published in the Journal of Molecular and Cellular Biochem-
istry [39].

Subjects observed an overnight 8-h fast prior to donating
blood samples. Blood samples were obtained via venipunc-
ture from an antecubital vein in the forearm using standard
phlebotomy procedures between 6:00-9:00 am during each
assessment period. Blood samples were collected into three
10 mL serum separation tubes (SST) and one 5 mL antico-
agulant tube containing K3 (EDTA). The SST’s were cen-
trifuged at 5,000 rev/min for 10-min using a Biofuge 17R
centrifuge (Heraeus Inc., Germany). Serum from two SST
was transferred into microcentrifuge tubes and frozen at —
80°C for subsequent analysis. Serum from the remaining SST
was transferred into a 10 ml plain sterile tube. The plain and
EDTA tubes were refrigerated and shipped overnight in cold
containers to SmithKline Beecham Clinical Laboratories
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(Ann Arbor, MI, USA) for standard clinical analysis. A com-
plete metabolic clinical chemistry panel was run on serum
samples using the Olympus AU5200 automated chemistry
analyzer (Melville, NY, USA) following standard clinical
procedures. Cell blood counts with percent differentials and
platelet determination were run on whole blood samples us-
ing a Coulter STKS automated analyzer using standard pro-
cedures (Coulter Inc., Hialeah, FL, USA). These analyzers
were calibrated daily to controls according to manufacturers
recommendations and federal guidelines for clinical diag-
nostic laboratories. Test to test reliability of performing
these assays ranged from 2-8% for individual assays with
an average variation of #3%. Samples were run in dupli-
cate to verify results if the observed values were outside
control values and/or clinical norms according to standard
clinical procedures.

Urine samples were collected in 24-h collection contain-
ers according to standard procedures. Urine volume was re-
corded and approximately 10 ml of urine was placed into a
urine preservative tube, refrigerated, and shipped overnight in
acold container to SmithKline Beecham Clinical Laboratories
to have a 15-item urinalysis performed using the Clinitek At-
las® automated urine chemistry analyzer (Bayer Diagnostics,
Tarrytown, NY, USA). This analyzer was calibrated to controls
according to manufacturers recommendations and federal
guidelines for clinical diagnostic laboratories. In addition,
approximately 10 ml of urine was pipetted into a plain ster-
ile transfer tube and stored at —80°C for subsequent analy-
sis. A microcentrifuge of frozen serum and a frozen urine
transfer tube was shipped on dry ice to Nichols Institute (San
Juan Capistrano, CA, USA) or to the Department of Biomedi-
cal Sciences at Queen’s Medical Centre (Nottingham, UK)
for determination of plasma creatinine, urine creatinine, and
creatinine clearance using high performance liquid chroma-
tography (HPLC) according to previously published proce-
dures [6, 52, 53, 55].

Statistical analysis

At the end of the study, subjects were categorized as non-
creatine users (n = 44); subjects who took creatine for 0—6
months (mean 4.4 + 1.8 months, n = 12); subjects who took
creatine for 7-12 months (mean 9.3 + 2.0 months, n = 25);
and subjects who took creatine for 12-21 months (mean 19.3
+ 2.4 months, n = 17). The subjects’ baseline and final blood
and urine samples were analyzed by MANOVA using SPSS
for Windows Version 10.05 software (SPSS, Inc., Chicago,
IL, USA). In addition, 2 x 2 repeated measures ANOVA
univariate tests were performed on all dependent variables.
Data were considered statistically significant when the prob-
ability of Type I error was 0.05 or less. Data are presented as
means + S.D.
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Results

MANOVA revealed no significant differences (p =0.51) be-
tween creatine users and non-users in the quantitative panel
of blood and urine markers assessed. Since the clinical safety
of creatine supplementation is of interest to the scientific and
medical community, we have presented the means and stand-
ard deviations from the univariate repeated measures ANOVA
tests performed on serum metabolic markers, muscle and
liver enzymes, electrolytes, blood lipids, hematological mark-
ers, and quantitative urinary markers in Tables 1-6, respec-
tively. No significant differences (p > 0.05) were observed

among groups in any of the quantitative markers analyzed
with the exception that significant interactions were observed
in sodium, chloride, and hematocrit. However, as Tables 3 and
5 indicate, the differences observed among groups for sodium
(141-142 meq/L), chloride (104-105 meq/L), and hematocrit
(43-455%) were small, within normal ranges, and therefore
do not appear to be of any physiological or clinical signifi-
cance. No apparent differences were observed among groups
in the qualitative urinary assessment of color, appearance,
glucose, bilirubin, ketones, hemoglobin, total protein, nitrates,
leukocyte esterase, white blood cells, red blood cells, epithe-
lial cells, bacteria, amorphic cyrstals, or calcium oxalate.

Table 1. Metabolic markers for the creatine and non-creatine supplemented subjects. The pre-value is listed at the top and the post value is listed at the bottom

of each cell

Variable Non-creatine control Creatine 0-6 M Creatine 7-12 M Creatine 12-21 M Univariate
(n=44) (n=12) (n=25) (n=17) interaction

Glucose 87+ 11 90 + 14 88+ 15 84+ 15 1=0.16

(mg/dl) 85+6 84+ 12 84+ 10 89+9

Total protein 73+04 72+0.7 7.3+0.03 73+04 1=0.15

(g/dl) 73+03 74+0.3 72+0.3 74+04

Albumin 4.4+02 44+03 44+0.2 44+02 1=0.37

(g/dl) 44+02 45+0.1 44+02 44+02

Globulin 29+04 29+0.3 29+0.3 29+0.2 1=0.55

(g/dl) 29+04 29+0.3 28+0.3 3.0+0.3

Albumin/globulin 1.55+0.3 1.55+0.2 1.56 £0.2 1.52+0.2 1=0.75

ratio 1.53+0.2 1.56 £0.1 1.59+0.2 1.48£0.1

Creatinine 1.23+0.1 1.29+0.2 1.26 + 0.1 1.16 £ 0.2 1=0.56

(mg/dl) 1.35+0.1 1.41+0.2 1.42+0.2 1.35+0.2

Blood urea nitrogen 152+3.8 152+3.0 155+3.8 15.6 3.7 1=0.85

(BUN) (mg/dl) 15.0+29 159+3.4 152+26 156 +3.5

BUN/creatinine 125+33 12.0+2.7 125+35 13.8+4.4 1=0.52

ratio 11.2+22 11.5+3.1 10.7+1.8 11.7+3.2

Uric acid 55+1.1 55+1.0 57+15 53+£09 1=0.78

(mg/dl) 54+1.1 56+15 55+09 49+1.0

Data are means + S.D.

Table 2. Muscle and liver enzymes for the creatine and non-creatine supplemented subjects. The pre-value is listed at the top and the post value is listed at

the bottom of each cell

Variable Non-creatine control Creatine 0-6 M Creatine 7-12 M Creatine 12-21 M Univariate
(n=44) (n=12) (n=25) (n=17) interaction

Creatine kinase 796 + 1124 427 + 235 579 £ 373 862 + 1821 1=0.19

uny 433 + 146 469 + 250 659 + 545 355 +248

Lactate dehydrogenase 180 + 56 159 £ 91 159 +43 177 + 63 1=0.33

un 152 + 21 151 £40 149 + 38 143 £ 25

Aspartate aminotransferase 34+24 26+ 11 28 +8 32+22 1=0.08

un 27 +4 31+ 19 30+8 25+6

Alanine aminotransferase 2711 22+ 10 28 + 11 27+ 14 1=0.45

un 25+8 26+ 13 26+ 12

Alkaline phosphatase 91+29 91 +23 93+ 25 101 + 27 1=0.09

un 93 +20 94 + 31 100 + 19 93+ 17

Data are means + S.D.
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Table 3. Serum electrolyte levels for the creatine and non-creatine supplemented subjects. The pre-value is listed at the top and the post value is listed at the

bottom of each cell

Variable Non-creatine control Creatine 0-6 M Creatine 7-12 M Creatine 12-21 M Univariate
(n=44) (n=12) (n=25) (n=17) interaction

Sodium 141+ 1 142+3 142+2 141 £2 1=0.01

(meq/L) 1411 1411 141 £ 1 140 £ 1

Chloride 104 +2 105+3 105+2 105+2 1=0.01

(megq/L) 103 +2 104 +2 103+2 102+2

Potassium 45+03 4.6 0.5 4.7+0.6 4.6+0.3 1=0.33

(meq/L) 44+03 47+0.7 45+04 44+0.2

Phosphorus 43+0.7 4306 39+0.7 41+05 1=0.17

(meq/L) 45+05 41+04 43+05 45+08

Data are means + S.D.

Table 4. Blood lipid profiles for the creatine and non-creatine supplemented subjects. The pre-value is listed at the top and the post value is listed at the

bottom of each cell

Variable Non-creatine control Creatine 0-6 M Creatine 7-12 M Creatine 12-21 M Univariate
(n=44) (n=12) (n=25) n=17) interaction

Cholesterol 163 + 29 174 £ 28 176 + 27 164 + 22 1=0.29

(mg/dl) 172 £ 19 175 £ 22 179 £ 27 180 + 26

HDL 47 + 10 46 +7 45+ 10 50+ 13 1=0.95

(mg/dl) 48 +13 47+6 46 7 49 + 11

LDL 98 +24 111 £26 111 £22 98 + 18 1=0.35

(mg/dl) 106 + 17 111 £22 111 +21 108 + 25

CHL/HDL 36+1.1 38+0.7 4009 3509 1=0.46

ratio 38+1.0 38+0.6 40+09 3.8+0.8

Triglycerides 92 £ 55 91 £40 97 £ 37 83 +34 1=0.19

(mg/dl) 97 + 44 86 + 31 108 + 56 110 + 48

Data are means + S.D.

Discussion

Results of the present study indicate that short and long-term
creatine supplementation (up to 21 months) does not appear
to adversely effect clinical markers of health status in a large
number of athletes undergoing intense training in compari-
son to athletes who do not take creatine. These findings pro-
vide the strongest evidence to date that long-term creatine
supplementation does not appear to pose a health risk for
athletes. In addition, these findings support previous reports
from short-term studies (5 days—12 weeks) and long-term
retrospective studies (up to 5 years) that creatine supplemen-
tation does not pose a health risk in apparently healthy in-
dividuals, athletes, or patient populations [38, 52, 53, 55, 58,
59, 64-66, 74]. The following discusses the results of the
present study in consideration of concerns raised regarding
the safety of creatine supplementation.

Concerns have been raised that creatine supplementation
may increase renal stress and/or impair renal function. These
concerns have been primarily fueled by reports of four case
studies of possible renal dysfunction in individuals believed
to have been taking creatine [75-78]. In each instance, eleva-

tions in serum creatinine (e.g. 1.5-1.7 mg/dl) were initially
used to diagnose renal stress. Although the conclusions drawn
about these case studies have been criticized [63, 79, 80] be-
cause these individuals had pre-existing kidney disease [77],
may have been misdiagnosed [75], and/or apparently one
subject ingested liquid creatine with only 25 mg of creatine
per serving indicating that creatine could not have been re-
lated to the renal dysfunction observed [78], they have nev-
ertheless raised concerns regarding the long-term safety of
creatine supplementation.

Several studies have reported that creatine supplementa-
tion during training may increase serum creatinine levels (e.g.
from 1.1 to 1.3-1.5 mg/dl). However, since creatine is natu-
rally degraded to creatinine, the increased serum creatinine
has been suggested to be due to a greater turnover of creat-
ine following creatine loading and/or due to an ability to
maintain a greater training volume/intensity following crea-
tine supplementation [2, 44, 63]. Several recent studies have
evaluated the effects of creatine supplementation on renal
function by assessing urinary creatinine clearance [31, 48,
51-54] and/or using iohexol infusion techniques to assess
glomular filtration [51]. These studies found that creatine
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Table 5. Hematological markers for the creatine and non-creatine supplemented subjects. The pre-value is listed at the top and the post value is listed at the
bottom of each cell

Variable Non-creatine control Creatine 0-6 M Creatine 7-12 M Creatine 12-21 M Univariate
(n=44) (n=12) (n=25) (n=17) interaction

White blood cells 55+14 52+1.0 6.0+13 54+13 1=0.38

(thous/cum) 57+1.0 50+£08 6.0+1.2 59+11

Red blood cells 50+0.3 49+0.2 5104 50+03 1=0.28

(mil/cum) 51+0.3 51+03 51+0.3 51+03

Hemoglobin 150+ 1.1 15.0+0.7 15.1+£1.0 146 £0.5 1=0.22

(g/dl) 15.1+£0.9 153+09 153+0.7 152+0.5

Hematocrit 45+3 43 +3 45+3 44 +2 1=0.03

(%) 45+2 45+2 46 + 2 45+ 1

Total bilirubin 0.21 £0.16 0.22 +£0.12 0.19 £ 0.01 0.22+0.13 1=0.22

(mg/dl) 0.16 £ 0.01 0.22 +0.01 0.13 + 0.004 0.14 + 0.007

Mean corpuscle 90 +5 895 88+5 88 +4 1=034

volume (f1) 89+4 90 +3 89 +4 87 +4

Mean corpuscle 3002 3031 29.7+2 294 +1 1=0.87

hemoglobin (pg) 3021 307 +1 299+2 295+1

Mean corpuscle 30.6 + 0.6 34.0+0.6 33.5+0.6 334+0.6 1=0.55

hemoglobin content (%) 33.7+£0.6 34.0+0.4 335+0.7 33.5+0.7

Red cell dimension 12.8 £ 0.7 123 +0.8 128 £0.8 12.8+0.8 1=0.86

width (%) 126 + 0.6 122+0.7 126 £ 0.5 12.6 £0.7

Platelets 223 + 38 205 + 30 212 £ 48 226 + 55 1=0.89

(thous/cum) 227 + 34 209 + 33 219+ 44 237 £ 51

Mean platelet volume 9.8+ 1.0 93=+1.1 99+0.9 103+29 1=0.27

(f) 9.5+0.7 9.1+1.1 10.0+0.9 9.8+1.6

Neutrophils 477+ 12 482+ 10 51.7+12 51.0+11 1=0.72

(%) 47.6 £ 10 496 £5 543+9 494 +7

Lymphocyges 38.7+11 394+11 355=+11 356+9 1=0.36

(%) 39.6 + 10 37.5+6 332+7 3816

Monocytes 048 +0.2 040+0.2 0.46 0.2 044 +0.1 1=0091

(thous/cum) 047 +0.2 041+0.2 0.44 0.1 0.46 + 0.1

Eosonophils 0.24 +0.2 020+0.1 0.26 0.1 0.22+0.2 1=0.98

(thous/cum) 0.24 +0.1 0.20 = 0.08 0.27+0.2 022+0.1

Basophils 0.037 £ 0.04 0.040 + 0.02 0.036 + 0.03 0.036 £ 0.04 1=0.59

(thous/cum) 0.034 +0.02 0.025 £0.02 0.032 +0.02 0.043 £ 0.04

Neutrophil/ 1.46 + 0.9 1.39+0.8 1.71£ 1.0 1.57+0.6 1=0.69

lymphocyte ratio 1.32+0.5 1.38+0.4 1.80+ 0.8 1.36 £ 0.6

Data are means + S.D.

Table 6. Quantitative urine markers for the creatine and non-creatine supplemented subjects. The pre-value is listed at the top and the post value is listed at
the bottom of each cell

Variable Non-creatine control Creatine 0-6 M Creatine 7-12 M Creatine 12-21 M Univariate
(n=44) (n=12) (n=25) (n=17) interaction

Volume 1.50 £ 0.6 1.38+0.8 1.67£0.7 1.38+£0.5 1=0.38

1) 1.22+0.3 1.05+0.4 127+£0.6 1.37+£0.7

Specific gravity 1.023 + 0.006 1.024 + 0.009 1.020 + 0.006 1.019 + 0.005 1=0.24
1.026 + 0.004 1.024 + 0.007 1.025 + 0.005 1.025 + 0.007

pH 6.3+0.6 6.1+0.5 6.3+0.6 6.1+0.4 1=0.36

6.1+0.3 62+0.4 62+0.4 6.1+0.6

Creatinine 2 .82=+16 2.45 +1.36 255+1.2 2.67+1.1 1=0.76

(g/24 h) 2.30+09 2.13+0.8 24712 227+18

Creatinine clearance 269 + 241 171 £ 117 234 + 165 213 £ 150 1=0.69

(ml/min) 162 + 100 120 + 63 168 + 165 177 + 185

Data are means + S.D.



supplementation has no apparent impact on renal function.
Results of the present study support these findings in that no
significant differences were observed among creatine and
non-creatine users in serum creatinine, urinary creatinine
excretion, or creatinine clearance.

Interestingly, baseline creatinine levels in the present study
were at the upper end of normal for untrained individuals in
all groups (i.e. 0.5-1.2 mg/dl) and the post-values were above
normal values (1.35-1.42 mg/dl) in all groups. Although no
significant differences were observed among creatine users
and controls, most athletes had serum creatinine levels be-
tween 1.2-1.7 mg/dl particularly during more intense train-
ing periods. If one only used serum creatinine to diagnose
renal stress, one could infer that many of these athletes were
experiencing renal stress (regardless of whether they were
taking creatine or not). Yet, no significant differences were
observed among groups in creatinine clearance and values
were within or exceeded norms (i.e. > 75-150 ml/min). It
is also interesting to note that baseline creatinine clearance
values (typically obtained prior to fall football season) were
above norms (171-269 ml/min) and that post creatinine clear-
ance values analysis (typically obtained at the end of the
football season or at the end of the second academic semes-
ter) decreased in all groups from pre- to post analysis (sug-
gesting a decreased renal function) but remained within or
slightly above clinical norms (120—177 ml/min). These find-
ings indicate that renal function may vary among college
football players possibly due to their large body mass and/or
the type and volume of training they are engaged. Conse-
quently, itis our view that care must be taken when interpret-
ing individual changes in serum creatinine and/or creatinine
clearance in these types of athletes and inferring that creat-
ine supplementation may have been related to changes in
these renal markers when large variations in these variables
are apparently normal for this population.

Concerns have also been raised that creatine supplemen-
tation may increase muscle and/or liver damage [2, 27, 55].
This concern has been based on an initial report suggested
that athletes taking creatine during training may experience
slightly elevated muscle and/or liver enzymes [44]. Although
the levels reported were within normal values for athletes,
some have suggested that creatine may increase muscle and/
or liver damage. Results of the present study indicated that
athletes engaged in intense training have creatine kinase (CK)
levels above clinical norms for untrained individuals (i.e. >
225 IU/L). However, the mean values observed were within
normal ranges for athletes engaged in intense training (i.e.
typically 250-1,000 IU/L) and no significant differences were
observed among creatine and non-creatine users in CK val-
ues. In addition, no significant differences were observed
among creatine and non-creatine supplemented groups in
lactate dehydrogenase (LDH), aspartate aminotransferase
(AST), or alanine aminotransferase (ALT) values and all of
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these values were within normal ranges (i.e. LDH 100-250;
AST and ALT < 55 IU/L) for non-athletes. These findings in-
dicate that although these athletes may have had elevated CK
levels, there does not appear to be any difference in muscle
and liver enzyme efflux among athletes who do and do not
take creatine during intense training and competition.
Creatine supplementation has also been suggested to alter
fluid balance and/or electrolyte status. The basis of this con-
cern was from initial reports suggesting that urine output may
decrease slightly during creatine loading thereby suggesting
that short-term creatine supplementation may increase fluid
retention [6]. Although subsequent studies have been unable
to demonstrate a disproportionate increase in total body water
following creatine supplementation [31, 40, 44, 46], the po-
tential increase in fluid retention has been theorized to dilute
electrolytes and predispose athletes to cramping. Results of
the present study do not support this hypothesis. Although
significant interactions were observed among groups in so-
dium and chloride levels, differences among groups were
negligible (i.e. < 1 meq/L) and of no physiological or clini-
cal significance. In addition, no significant differences were
observed among groups in potassium, calcium, phosphorus,
urine output, or urine specific gravity. Moreover, as reported
in our companion paper to this study, creatine supplementa-
tion did not increase the incidence of dehydration or muscle
cramping in these athletes monitored over a 3-year period
[39]. These findings support results of previous studies indi-
cating that creatine supplementation does not increase thermal
stress or promote dehydration [29-33, 46, 47, 81], cramping
[31, 34-43], or alter electrolyte status [31, 40, 44, 45].
Earnest and colleagues [82] reported that creatine supple-
mentation lowered blood lipids in a group of subjects with
high triglycerides. Since then, several researchers have ex-
amined whether creatine supplementation affects blood lipid
profiles [44, 83—85]. One theory for this phenomenon is that
creatine supplementation may enhance the quality of train-
ing thereby accentuating the positive effects of exercise on
blood lipid profiles. Potentially, a creatine induced reduction
in cholesterol and/or triglyceride levels may have significant
health benefits. Although we previously reported that blood
lipid profiles were improved during the initial 42-days of this
study as subjects went through pre-season training and foot-
ball camp [86], no significant differences were observed
among creatine and non-creatine users in our one-year analy-
sis [62] or in the present overall analysis. These findings
suggest that the possible influence of creatine on lipid pro-
files in athletes with normal blood lipids is either transient
or non-existent. Present findings support other reports indi-
cating creatine supplementation does not appear to affect
blood lipid levels in athletes [55, 67, 84, 85]. However, ad-
ditional research should examine the potential influence of
creatine supplementation on lipid profiles particularly in in-
dividuals with elevated cholesterol and/or triglycerides.
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The last major concern about creatine supplementation that
we would like to address is that creatine supplementation may
cause unknown long-term side effects. Results of the present
study do not support these contentions. In this regard, we saw
no evidence that short- or long-term creatine supplementation
caused any clinically significant change in serum metabolic
markers, muscle and liver enzyme efflux, serum electrolytes,
blood lipid profiles, red and white whole blood cell hem-
atology, or quantitative and qualitative urinary markers.
These findings support other reports indicating that long-term
creatine supplementation (up to 5 years) did not appear to
cause clinically significant side effects in various patient
populations and/or retrospective analysis of athletes [52, 55,
64—-66]. Although research should continue to evaluate the
health consequences of creatine supplementation (particu-
larly in adolescents and various patient populations), results
of this study indicate that creatine supplementation (~ 5 g/day
for up to 21 months) appears to be a safe nutritional supple-
ment for athletes engaged in intense training and competi-
tion.
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synthesis during a single 10 sec maximal handgrip
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Abstract

Forearm muscles of twelve healthy male subjects (age =22.3 + 1.1 years (mean + S.E.)) were examined during a 10 sec maxi-
mal dynamic handgrip exercise (Ex10) using 31-phosphorus magnetic resonance spectroscopy before and after ingestion with
30 g creatine (Cr) monohydrate or placebo per day for 14 days. Cr supplementation produced a 11.5 + 4.6% increase in the
resting muscle phosphocreatine (PCr) concentration and a 65.0 + 4.2% increase in the PCr degradation during Ex10. ATP
synthesis rate through PCr hydrolysis and total anaerobic ATP synthesis rate during Ex10 increased from 0.64 + 0.08 (pre-
value) to 0.86 + 0.14 mmol/kg ww/sec (post-value, p < 0.05) and from 0.97 + 0.16 (pre-value) to 1.33 + 0.27 mmol/kg ww/sec
(post-value, p < 0.05), respectively. An increase in total anaerobic ATP synthesis during Ex10 after Cr supplementation posi-
tively correlated with the increase in ATP synthesis through PCr hydrolysis. Cr supplementation produced a 15.1 + 3.8% in-
crease in the mean power output during Ex10. There was no significant difference in the mean power output per unit of total
anaerobic ATP synthesis during Ex10 between before and after Cr supplementation. ATP synthesis rate through PCr hydrolysis
positively correlated with mean power output during Ex10 in all twelve subjects after treatment (r = 0.58, p < 0.05). The results
suggest that Cr supplementation enhanced PCr degradation during Ex10. It is strongly indicated that an improvement in per-
formance during Ex10 was associated with the increased PCr availability for the synthesis of ATP. (Mol Cell Biochem 244:
105-112, 2003)

Key words: creatine supplementation, phosphocreatine, anaerobic ATP synthesis, muscle power, magnetic resonance spectroscopy,
dynamic handgrip exercise

Introduction from phosphocreatine (PCr) via the creatine kinase reaction

contributes a substantial fraction of ATP synthesis [2]. Be-
Hultman et al. [1] reported in their study that, the force de- cause PCr is the fastest substrate capable of supplying ATP
clined at approximately the same rate as the ATP turnover to the contracting muscle, and the maximal ATP synthesis rate
during high-intensity muscle contractions. In the early phase through PCr hydrolysis is greater than that from glycolysis
of maximal contractions, the rapid rephosphorylation of ADP or aerobic pathways [3, 4]. In addition, net PCr hydrolysis
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consumes hydrogen ions and therefore may also act as a
buffer in intracellular acidosis [5]. Therefore, muscle PCr
availability during maximal exercise is important for the
continuation of muscle force production [6, 7].

Because muscle PCr availability during maximal intensity
exercise is affected by muscle PCr concentration before ex-
ercise [8], increasing muscle PCr via creatine (Cr) supple-
mentation might benefit the continuation of muscle force
production [9]. Several previous studies, using a variety of
experimental models have examined the effects of Cr sup-
plementation on exercise performance [9—12]. Some of these
studies have demonstrated that Cr supplementation improves
exercise performance [9—11]. However, only a few studies
have simultaneously monitored exercise performance and
muscle energy metabolism during exercise before and after
Cr supplementation [10, 11]. The effects of Cr supplementa-
tion on PCr breakdown rate and exercise performance dur-
ing a ultrashort maximal exercise has yet to be investigated.
Thus, we chose a single 10 sec maximal exercise since PCr
plays an important role in synthesizing ATP in this type of
exercise [13]. It is also possible that, Cr supplementation af-
fects glycolysis during exercise, because the products of PCr
hydrolysis (i.e. Cr and Pi) activate this metabolic pathway
[14]. The effects of Cr supplementation on the rate of ATP
synthesis through PCr hydrolysis and glycolysis during maxi-
mal exercise has not been sufficiently examined.

In this study, we evaluated the rate of ATP synthesis through
PCr hydrolysis and glycolysis and mean power output dur-
ing a 10 sec maximal dynamic handgrip exercise using 31-
phosphorus magnetic resonance spectroscopy (*'P-MRS)
before and after Cr supplementation. We also evaluated the
relationship between the total anaerobic ATP synthesis rate
and mean power output during a 10 sec maximal exercise
before and after Cr supplementation.

Materials and methods
Subjects

Twelve healthy male subjects (age: 22.3 + 1.1 years; height:
172.5 + 1.5 cm; weight: 66.1 + 2.0 kg (mean + S.E.)) par-
ticipated in this study. Prior to the experiment, all subjects
were fully informed of the nature of the protocol and signed
a written consent form. They completed brief medical histo-
ries and to ensure their medical safety we sampled venous
blood and urine both before and after Cr and placebo treat-
ments. We confirmed that the subjects would not experience
any side effects on their liver function, renal function or elec-
trolyte balance following Cr supplementation. The subjects
were categorized as physically active, meaning they engaged
in some type of recreational exercise, but were not highly

trained. During the course of the study the subjects contin-
ued with their normal daily activities and no restraints were
placed on their diet or general activities.

Creatine supplementation

Subjects were randomly assigned to one of two experimen-
tal groups: (A) Cr (n = 6), and (B) placebo (n = 6). Subjects
in Group A consumed 30 g (5 g x 6 times) of Cr monohy-
drate (Phosphagen™, Experimental and Applied Sciences,
Golden, CO, USA) and subjects in Group B consumed 30 g
of placebo (glucose) on a daily basis for 14 consecutive days.
The subjects received 5 g Cr monohydrate or placebo in
300 ml warm water 6 times with a 2 h interval. The subjects
were blinded as to whether they were receiving the placebo
or Cr.

Exercise testing

One day before and 1 day after 14 days of either treatment
(Cr or placebo intake), exercise testing was carried out to
evaluate mean power output and muscle bioenergetics. While
in an upright position, the subjects in both treatment groups
performed dynamic handgrip contractions with a handgrip
ergometer in a >'P-MRS magnet bore. This ergometer was
equipped with a weight-loaded system made of nonmagnetic
materials inside a 2.0-T 3'P-MRS apparatus (BEM250/80,
Otsuka electronics, Japan). The details of these systems were
reported in a previous paper [15].

In our pilot study, we examined maximal power output dur-
ing a 10 sec dynamic handgrip exercise with maximal effort
using a variety of weight-load intensities. The maximal power
output was recorded at 40% of MVC. After the pilot study,
we chose a weight that exhibited 40% of MVC during a 10 sec
dynamic handgrip exercise. Before we began the experimen-
tal trials the subjects participated in 2-3 exercise practice
sessions to familiarize themselves with the experimental pro-
cedures. They were instructed to give their maximal effort
for 10 sec by gripping the apparatus as hard as possible. In
principal experiment, the subjects lifted the mass a distance
of 2 cm, adjusted to a 40% of maximal voluntary contraction
(MVC) during 10 sec (Ex10). The mean power output was
determined from the measured average power output. The
power output was measured from the tension and displace-
ment applied to a pulley. Before treatment, the mean power
output for all of the subjects was 9.2 + 0.9 watts. After the treat-
ments, the MVC, irrespective of treatment, did not change
significantly. Therefore, the difference in the absolute weight
utilized for exercise testing between before and after treat-
ment in both group, was also not significant.



3P magnetic resonance spectroscopy (*'P-MRS)

3P spectra were obtained in the finger flexor muscles using
a2.0-T superconducting magnet with a 26-cm diameter hori-
zontal bore. A 30-mm diameter surface coil was tuned to ei-
ther the proton (85.44 MHz) or the phosphorus (34.58 MHz)
frequency. The field was shimmed using the proton signal
from the intramuscular H,O (proton half width was < 0.3 ppm).
3P spectra were acquired using a 2 sec interpulse delay (pulse
width 60 psec, sweep width 5,000 Hz, 1,024 data points, no
zero filling). The data for 5 scans were averaged to produce
a single spectrum. The deconvoluted time-domain signal
was filtered exponentially (5 Hz line broadening) to fur-
ther improve the signal-to-noise ratio and was Fourier trans-
formed for spectral analysis. The peak areas of PCr, Pi, and
B-ATP were calculated by the Vivospec spectrometer curve-
fitting program (Otsuka Electronics, Japan). Baseline correc-
tion was also performed. Due to incomplete relaxation during
the 2 sec repetition period, these values were corrected for
partial saturation (correction factor of 1.330 for PCr, 1.081
for Pi, and 1.184 for B-ATP). Correction factors were deter-
mined by comparing the partially relaxed spectrum (2 sec
repetition period) with the fully relaxed spectrum (20 sec
repetition period) of a single subject who was separate from
this study. It has been demonstrated that the MRS and bio-
chemical measurements of skeletal muscle ATP concentra-
tion are similar [16]. Individual differences of muscle ATP
concentration measured biochemically were relatively small
[17]. Before and after Cr supplementation there were no sig-
nificant differences in muscle ATP levels [12, 18]. Thus, PCr
and Pi concentrations were calculated by multiplying the ratio
of the saturation corrected peak areas of PCr and Pi to 3-ATP
by the ATP concentration. Metabolite levels are represented
as millimoles per kg wet weight. Because there was no data
available for the direct chemical analysis of forearm muscles,
the ATP concentration reported from muscle biopsies of the
human vastus lateralis (ATP = 5.5 mmol/kg wet wt) was used
[17]. As aresult, in this study the resting forearm muscle PCr
concentration before treatment was slightly higher com-
pared with the previously published data that used leg
muscles measured by 3'P-MRS [11]. The chemical shift of
Pi, with PCr set at zero, was used to calculate muscle pH [19].
The change in muscle PCr and Pi concentrations and pH at
rest and during Ex10 were measured. 3'P spectra were aver-
aged for 15 min at rest and for 10 sec during Ex10.

ATP turnover rate

Kemp et al. [20] quantitatively investigated human muscle
bioenergetics during dynamic exercise at three intensities.
They conducted their study under both ischemic and non-
ischemic conditions using *'P-MRS. In their study, they con-
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firmed that the anaerobic ATP synthesis in the initial phase
of non-ischemic exercise, as calculated from changes in pH
and PCr concentration, was almost identical to the ATP syn-
thesis rate in the initial phase of ischemic exercise. In the
initial phase of non-ischemic exercise, proton efflux was
considered to be negligible and oxidative ATP synthesis was
small. The equations they used in the initial phase of non-
ischemic exercise to evaluate anaerobic ATP synthesis are
found here [20]:

Total anaerobic ATP synthesis rate (F) = PCr depletion rate
(D) + glycolysis rate (L)

F=D +L = (- APCI/At) + (3/2) (4D — BApH/At)

APCr: Difference in PCr from steady state (mmol/liter);
At: Difference in time from steady state (min);

¢: [1/1 + 10°H-679];

f3: Buffer capacity (mmol/liter per pH unit);

ApH: Difference in pH from steady state

Statistics

Data are expressed as means + S.E. All analyses were con-
ducted using the StatView J4.02 statistical software package
(Abacus Concepts, Berkeley, CA, USA). Data were analyzed
in four stages. First, the relationship between resting muscle
PCr concentration and mean power output during Ex10 was
evaluated using Pearson’s correlation analysis. This analy-
sis was conducted for all twelve subjects before they received
treatment. Second, baseline values for muscle PCr concen-
tration, Pi concentration, muscle pH, grip strength and mean
power output were analyzed with Student’s unpaired #-tests
between Cr and placebo groups. Changes in muscle PCr con-
centration, Pi concentration, muscle pH, grip strength and
mean power output before and after treatments were analyzed
with Student’s paired #-tests by treatment group. Third, to ex-
amine the effect of Cr supplementation on the total and frac-
tional anaerobic ATP synthesis rate through PCr hydrolysis
and glycolysis during Ex10 repeated measures ANOVAs with
treatment (Cr vs. placebo) and time (before vs. after treat-
ment) as factors were conducted. After these analyses, Stu-
dent’s paired t-tests were performed by treatment group.
Furthermore, to clarify the relationship between individual
changes in total anaerobic ATP synthesis rate and individual
changes in ATP synthesis rate through PCr hydrolysis after
Cr supplementation, Pearson’s correlation analysis was con-
ducted. Finally, mean power output per unit of total anaero-
bic ATP synthesis before and after treatments was analyzed
with Student’s paired #-tests by treatment group. The relation-
ship between ATP synthesis rate through PCr hydrolysis and
mean power output of all twelve subjects after treatments was
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evaluated using Pearson’s correlation analysis. All statisti-
cal significance was set at a type 1 error level of 0.05 (two-
tailed).

Results

Muscle energy metabolism

Muscle PCr concentration

Figure 1 illustrates the resting PCr concentration of the fore-
arm muscles, as measured by *'P-MRS, before and after 14
days of Cr and placebo treatment. There was no significant
difference in the baseline values for the Cr and placebo sub-
jects (22.1 £ 0.7 and 23.1 + 1.4 mmol/kg ww, respectively;
Fig. 1). After Cr supplementation, resting muscle PCr con-
centration increased by 11.5 + 4.6% (p < 0.01).

Figure 2 illustrates the concentration of forearm muscle
PCr and the degradation of muscle PCr during Ex10 meas-
ured by *'P-MRS before and after Cr and placebo treatments.
PCr breakdown rate during Ex10 increased significantly af-
ter Cr supplementation (from 0.63 + 0.08 to 1.09 + 0.27
mmol/kg ww/sec, p < 0.05).

Muscle Pi concentration

Cr supplementation did not affect resting muscle Pi concen-
tration. The muscle Pi increment during Ex10 did not change
significantly following Cr supplementation (from 0.77 +0.13
to 0.94 + 0.17 mmol/kg ww/sec, p = 0.40).

* %k

—— Creatine
—O— Placebo

Muscle PCr (mmol/kg ww)

Before After

Fig. 1. Resting phosphocreatine (PCr) concentration of the forearm mus-
cles measured by 31-phosphorus magnetic resonance spectroscopy (*'P-
MRS) before and after creatine (Cr) supplementation (30 g/day, filled
symbols, n = 6) and placebo (open symbols, n = 6) for 14 days. Values are
means + S.E. **p < 0.01, significant difference before and after Cr supple-
mentation.
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Fig. 2. Forearm muscle PCr concentration and change in forearm muscle
PCr concentration during dynamic handgrip exercise with 10 sec maximal
effort measured by *'P-MRS before (open symbols and bars) and after (filled
symbols and bars) Cr supplementation (30 g/day, n = 6) and placebo (n =
6) for 14 days. Values are means * S.E. **p < 0.01, significant difference
before and after Cr supplementation; *p < 0.05, significant difference be-
fore and after Cr supplementation.

Muscle pH

Before and after Cr and placebo treatments, the resting mus-
cle pH did not change significantly (Cr: 7.01 £0.01 and 7.01
+0.01, placebo: 7.03 £ 0.02 and 7.05 + 0.01, before and af-
ter treatments, respectively). The muscle pH during Ex10,
before and after both treatments, was also not significantly
altered (Cr: 7.02 £0.03 and 7.00 £ 0.05, placebo: 7.02 £ 0.02
and 7.07 + 0.05, before and after treatments, respectively).

ATP synthesis rate
Figure 3 illustrates the rate of ATP synthesis through PCr
hydrolysis and glycolysis during Ex10 before and after Cr
and placebo treatments. Irrespective of treatment, the ATP
synthesis rate through PCr hydrolysis was always greater
than that generated from glycolysis. The ATP synthesis rate
through PCr hydrolysis was significantly increased follow-
ing Cr supplementation (from 0.64 + 0.08 to 0.86 + 0.14 mmol/
kg ww/sec, p < 0.05). The ATP synthesis rate through glyco-
lysis increased in five subjects and slightly decreased in one
subject after Cr supplementation, but this was not statistically
significant (n = 6, p = 0.13). The analytical results for the
‘ATP-synthesis-increased’ five subjects, however, was sig-
nificant (n = 5, p = 0.02). The total anaerobic ATP synthesis
rate increased significantly after Cr supplementation (from
0.97 £ 0.16 to 1.33 + 0.27 mmol/kg ww/sec, p < 0.05).
Figure 4 illustrates an increase in the total anaerobic ATP
synthesis rate during Ex10, following Cr supplementation,
which correlated with an increase in the ATP synthesis rate
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Fig. 3. ATP synthesis rate through PCr hydrolysis (hatched bars) and gly-
colysis (open bars) during dynamic handgrip exercise with 10 sec maximal
effort before and after Cr supplementation (30 g/day, n = 6) and placebo (n
=6) for 14 days. Values are means + S.E. *p <0.05, significant differences
before and after Cr supplementation on ATP synthesis rate through PCr
hydrolysis and total anaerobic ATP synthesis rate.

through PCr hydrolysis during Ex10 (r = 0.87, p < 0.05). A
linear correlation was found between the increasing total
anaerobic ATP synthesis rate and the increasing ATP synthe-
sis rate through glycolysis following Cr supplementation.
This correlation was statistically significant among the ‘ATP-
synthesis-increased’ five subjects (n =35, r=0.86, p <0.05),
but not among all six subjects (n =6, r = 0.72, p = 0.09).
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Fig. 4. Relationship between individual changes in ATP synthesis rate
through PCr hydrolysis and individual changes in total anaerobic ATP syn-
thesis rate during dynamic handgrip exercise with 10 sec maximal effort in
the Cr supplementation group (n = 6), before and after Cr supplementation
for 14 days (6 x 5 g/day).
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Mean power output

The mean power output during Ex10 is illustrated in Fig. 5.
There were no significant differences in the baseline values
of mean power output during Ex10 between the Cr and pla-
cebo subjects (8.8 + 1.2 and 9.4 + 0.9 watts, respectively).
Although there is a large interindividual variation in mean
power output increase, all subjects showed an improvement
in mean power output after Cr supplementation (+ 15.1 +
3.8%, p < 0.05).

Mean power output and ATP synthesis rate

Mean power output per unit of total anaerobic ATP
synthesis

Irrespective of treatment, the mean power output per unit of
total anaerobic ATP synthesis during Ex10 did not change
significantly after treatments (Cr: 9.9 + 1.6 and 9.3 + 1.9 J/
mmol/kg ww, placebo: 9.1 + 1.3 and 9.9 +£0.9 J/mmol/kg ww,
before and after treatments, respectively). Mean power out-
put was enhanced significantly after Cr supplementation, but
mean power output per unit of total anaerobic ATP synthesis
during Ex10, was not affected by Cr supplementation.

ATP synthesis rate through PCr hydrolysis — mean power
output relationships

Figure 6 illustrates the ATP synthesis rate through PCr hy-
drolysis during Ex10 refers to mean power output in all
twelve subjects after treatment. It is evident that the ATP
synthesis rate through PCr hydrolysis positively correlated
with mean power output during Ex10 (r = 0.58, p < 0.05).
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Fig. 5. Mean power output during dynamic handgrip exercise with 10 sec
maximal effort before (open bars) and after (filled bars) Cr supplementa-
tion (30 g/day, n = 6) and placebo (n = 6) for 14 days. Values are means +
S.E. *p < 0.05, significant difference before and after Cr supplementation.
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Fig. 6. Relationship between ATP synthesis rate through PCr hydrolysis
and mean power output during dynamic handgrip exercise with 10 sec
maximal effort of all 12 subjects after treatments.

Discussion

This is the first study to investigate, using *'P-MRS, the ef-
fects of Cr supplementation on ATP synthesis rate through
PCr hydrolysis and glycolysis and exercise performance
during Ex10. The main finding is that Cr supplementation
enhances the ATP synthesis rate through PCr hydrolysis and
the total anaerobic ATP synthesis rate during Ex10. In this
study, the increase in total anaerobic ATP synthesis during
Ex10 positively correlated with an increase in ATP synthesis
through PCr hydrolysis. Cr supplementation also produced
an increase in mean power output during Ex10. The ATP
synthesis rate through PCr hydrolysis positively correlated
with mean power output during Ex10. There was no signifi-
cant difference in the mean power output per unit of total
anaerobic ATP synthesis during Ex10 between before and
after Cr supplementation.

Muscle PCr — mean power relationship

During short-term maximal intensity exercise, the inability
of human skeletal muscle to maintain a high rate of anaero-
bic ATP synthesis through PCr hydrolysis affects muscle
power output [6, 7]. Muscle PCr concentration before exer-
cise affects muscle PCr breakdown rate during maximal in-
tensity exercise [8]. In agreement with these findings, the
result of the present experiment demonstrates that resting
muscle PCr before treatment of all twelve subjects relates to
muscle power output during Ex10 (r = 0.64, p < 0.05, not
shown in result). This data indicates the importance of in-

creasing muscle PCr concentration with regard to enhanc-
ing muscle power.

Resting muscle PCr

This study’s supplementation protocol successfully increased
the intramuscular PCr concentration by 11.5 +4.6% (Fig. 1).
Because muscle tissue cannot produce Cer, total cellular Cr
concentration is determined by the cell’s ability to take up
Cr [21]. Cr is actively taken up into the cell via a specific
transport process [21], and the activity of the transporter is
affected by blood Cr concentration and other factors as well
[21]. Unlike our study, which examined forearm muscle most
previous studies evaluated the effects of Cr supplementation
on leg muscle PCr concentration with supplementation last-
ing 5-6 days. We conducted the pilot study to examine the
amplitude and time course of the resting forearm muscle PCr
concentration in our protocol. In our pilot study, which uti-
lized the same supplementation protocol, the PCr concentra-
tion of the resting forearm muscle in one subject gradually
increased from the start of Cr supplementation until the 9th
day (data not shown). Therefore, for more effective results
we chose a supplementation period of 14 days and confirmed
that Cr supplementation produced a 11.5 + 4.6% increase in
the resting forearm muscle PCr concentration. These results
indicate that Cr supplementation increases PCr concentration
in forearm muscle by the same level as in leg muscles that
were measured by biopsy technique (10% [9] and 9% [22]
increase) and 3'P-MRS (16% [11] and 15% [10] increase).

Muscle energy metabolism and mean power output during
exercise

After Cr supplementation, PCr degradation during Ex10 in-
creased by 65.0 = 4.2% (Fig. 2), and the ATP synthesis rate
through PCr hydrolysis, as evaluated from changes in mus-
cle PCr concentration and muscle pH (20), increased signifi-
cantly (Fig. 3). The total anaerobic ATP synthesis rate also
increased significantly (Fig. 3), and this positively correlated
with an enhanced ATP synthesis rate through PCr hydroly-
sis (Fig. 4). In previous studies, it was found that muscle PCr
breakdown rate during exercise is affected by exercise inten-
sity [23] and duration [13], PCr concentration [8, 9] and mus-
cle fiber types [24]. Casey et al. [8] performed two bouts of
30 sec maximal isokinetic cycling with a 4 min interval to
evaluate thigh muscle PCr utilization in Type I and II fibers
using the biopsy method. They demonstrated that muscle PCr
utilization during the first exercise bout was greater in Type
II fibers, when compared with Type I fibers. In the second
bout, however, muscle PCr utilization during exercise was
not significantly different between Type I and II fibers. They



reported that this was likely to have been a reduction in sub-
strate availability, resulted from the relatively low restoration
of ATP and PCr in Type II fiber during recovery between bout
1 and 2. In another study, Casey et al. [9] reported that an
increase in muscle PCr concentration after Cr supplementa-
tion in Type II fibers positively correlates with an increase
in muscle PCr degradation during exercise. Therefore, ac-
cording to this study the pre-exercise level of PCr, especially
in Type II fibers is an important determining factor of PCr
utilization during short-term, high intensity exercise. This is
because recruitment of Type II fibers has more advantage than
Type I fibers for ATP utilization and ATP synthesis during this
type of exercise. In this study we tested forearm muscles
which is expected to have a larger proportion of Type II fibers
(average is 60%, ranged from 35-85%) than leg muscles [25—
27]. This is one of the reasons why we clearly detected a sig-
nificant increase in PCr degradation during Ex10 after Cr
supplementation.

It is speculated that PCr plays an important role during
short-term, maximal exercise. In this study, we used Ex10 to
clearly demonstrate the effect of an increased PCr level on
ATP synthesis through PCr degradation. We detected a sig-
nificant increase in muscle PCr degradation during Ex10
after Cr supplementation. Bogdanis ez al. [13] examined
PCr breakdown during the former and latter half of a 20 sec
maximal cycle ergometer sprint with the biopsy method. This
group reported that PCr breakdown during the latter half
(10 sec) of the sprint was one third of the breakdown during
the former 10 sec of the sprint (15 vs. 45 mmol/kg dry mus-
cle). This indicates a large difference in the PCr breakdown
rate between the former and latter 10 sec maximal sprint exer-
cise. In contrast, Casey et al. [9] did not detect a significant
increase in muscle PCr degradation during a 30 sec exer-
cise in both Type I and II fibers after Cr supplementation. This
might be due to the longer duration of exercise a 30 sec max-
imal cycling exercise.

In our study, the percentage of ATP synthesis through PCr
hydrolysis during Ex10 was 61% before treatment. The per-
centage of ATP synthesis through PCr hydrolysis evaluated
in this study is in agreement with the Hultman et al. data [1]
that was obtained by biopsy methods. Their data showed that
ATP synthesis through PCr hydrolysis was 60% of the total
anaerobic amount at the 10 sec after the start of intense elec-
trical stimulation to the leg muscle. In this study, we used 3'P-
MRS for evaluating the ATP synthesis rate from changes in
muscle PCr and pH. In a previous study [28], it is reported
that post-exercise muscle pH was overestimated with the
MRS measurement. Muscle pH was 6.82 with chemical
analysis of the biopsy samples, and 6.66 with the MRS meas-
urement at the end of exercise [28]. In our study, however,
even if the rate of glycolysis was overestimated, the ATP
synthesis rate through glycolysis was always smaller than that
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produced from PCr hydrolysis, confirming that PCr is a ma-
jor provider of anaerobic ATP during Ex10.

After Cr supplementation, all subjects showed an improve-
ment in mean power output (+15.1 + 3.8%). However, cal-
culated mean power output per unit of total anaerobic ATP
synthesis during Ex10, an indicator of ATP cost of contrac-
tion, did not change significantly. This finding agrees with a
previous study in which, following Cr supplementation, no
change in ATP cost was observed in muscle contractions [29].
This mean power positively correlated with the ATP synthe-
sis rate through PCr hydrolysis (r = 0.58, p < 0.05) in this
study. The marked enhancement in muscle power output
during Ex10, which has been associated with Cr supplemen-
tation, is likely a result of enhanced PCr availability due to
an increase in resting muscle PCr. These data suggest that the
ability to synthesize ATP, especially through PCr hydroly-
sis, plays a key role in regulating mean power output dur-
ing short-term, maximal intensity exercise. This conclusion
is in agreement with previous studies [6, 7].

We examined the contribution of glycolysis to the total
anaerobic ATP synthesis before and after Cr supplementation.
In five subjects we found a significant increase in the ATP
synthesis rate through glycolysis and a significant correla-
tion between the increasing total anaerobic ATP synthesis rate
and the increasing ATP synthesis rate through glycolysis af-
ter Cr supplementation. This inconsistency in statistical sig-
nificance might be due to a type II error resulting from a small
sample size. We believe that glycolysis plays an important
role in increasing total anaerobic ATP synthesis after Cr sup-
plementation. In a previous study, muscle lactate accumula-
tion immediately after intense, electrically stimulated
contraction was greater after Cr supplementation in respond-
ers when compared with the pre-value using the biopsy method
[30]. This research group speculated that glycolysis made a
greater contribution to ATP synthesis during exercise after Cr
supplementation [30], although the type and length of exer-
cise differed from ours. The increase in Pi, the products of
PCrhydrolysis, activates glycogenolysis through stimulation
of phosphorylase, and activates glycolysis through stimula-
tion of phosphofructokinase [14]. It can also be deduced that
an increase in muscle PCr after Cr supplementation could
raise the metabolic buffering capacity of muscle [5]. In an-
other study, however, muscle lactate accumulation immediately
after 30 sec maximal exercise did not change significantly after
Cr supplementation [9]. ATP synthesis through glycolysis
during exercise is affected by exercise intensity and duration,
substrate availability, muscle fiber type and other factors.
While it has been shown that an increase in Pi levels may play
a role in regulating glycolytic activity in humans [14], fur-
ther studies are needed to evaluate whether Cr supplementa-
tion activates glycolytic pathways using a variety of exercise
models.
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In conclusion, a daily dose of 30 g Cr for 14 days improved
ATP synthesis through PCr hydrolysis and mean power out-
put during short-term, maximal exercise. An increase in
total anaerobic ATP synthesis during short-term, maximal
exercise positively correlated with an increase in ATP syn-
thesis through PCr hydrolysis. Cr supplementation did not
affect the ATP cost of contraction during short-term, maxi-
mal exercise. These data strongly indicate that an improve-
ment in performance during short-term, maximal exercise
after Cr supplementation was associated with the increased
PCr availability for the synthesis of ATP.
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Abstract

Nitric oxide (NO) is a very potent regulator of intrarenal hemodynamics and is thought to be an important factor in the dete-
rioration of renal function. Several polymorphisms of the endothelial NO synthase (eNOS) gene have been reported. For in-
stance, tandem 27-bp repeats in intron 4 of the eNOS gene are polymorphic, i.e. eNOS4aq allele has 4 and eNOS4b has 5 tandem
repeats, and the association between eNOS4a and myocardial infarction has been reported. In addition, a missense Glu298 Asp
mutation in exon 7 of the eNOS gene is reported to be a risk factor for hypertension or myocardial infarction. In this study, we
investigated the frequencies of these 2 polymorphisms of eNOS gene in patients with end-stage renal diseases (ESRD), and
compared them with those of healthy subjects.

Genomic DNA was obtained from regularly hemodialyzed patients and healthy volunteers. The allele frequencies of eNOS4a
and eNOS4b in intron 4 were analyzed by PCR and the missense Glu298 Asp mutation in exon 7 were determined by PCR
FMLP analysis.

The allele frequency of eNOS4a (eNOS4a/b and eNOS4a/a) in non-diabetic group is significantly higher than that in healthy
controls (27.3% vs. 19.0%, p = 0.01) though there is no significant difference between diabetic group and healthy controls. On
the other hand, the frequencies of missense Glu298 Asp mutation in both non-diabetic and diabetic groups are significantly
higher than that in healthy controls (22.5% in non-diabetic, 20.8% in diabetic and 7.4% in control group, p = 0.002: non-dia-
betic vs. control, p = 0.01: diabetic vs. control).

This study clarified that the polymorphisms in intron 4 and exon 7 of eNOS gene are the genetic risk factors for ESRD. The
polymorphisms in intron may change the transcriptional activity and those in exon may alter the 3 dimensional structure of the
enzyme, and may affect the progression of renal diseases via decreased NO synthesis. Further study is required to clarify the
detailed mechanisms. (Mol Cell Biochem 244: 113-118, 2003)

Key words: endothelial nitric oxide synthase, end stage renal disease, gene polymorphism, 27-bp repeats in intron 4, Glu298 Asp
mutation, polymerase chain reaction

Introduction dothelial NOS (eNOS) is encoded by a gene located on chro-

mosome 7q35-36 comprising 26 exons that span 21 kilobases
(kb) [3, 4] and expressed in endothelium. Recently, several
studies have shown that the polymorphisms of eNOS are re-

Among the various factors involved in the deterioration of
renal function, changes in hemodynamics are thought to be

important. Nitric oxide (NO), an extensively studied endothe-
lium-derived relaxing factor, is reported to be a very potent
regulator of intrarenal hemodynamics [1, 2]. NO is produced
from L-arginine by nitric-oxide synthase (NOS). The en-

lated to the hemodynamics. Though the highly polymor-
phic(CA)n repeats in intron 13 and 2 biallelic markers in
intron 18 have been shown to be not associated with essen-
tial hypertension [5], Wang et al. [6] showed that polymor-
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phism of the variable number of tandem repeats (VNTR)
in intron 4 of eNOS gene is associated with coronary ar-
tery disease among smokers. They identified 2 alleles in
eNOS intron 4, the larger of which has 5 tandem 27-bp re-
peats (GAAGTCTAGACCTGCTGC(A/G)GGGGTGAG).
The first 3 repeats had A and the last 2 had G at the 19th base
of the 27-bp repeats, respectively. However, the smaller one
has only 4 repeats, in which the first 2 repeats had A and the
last 2 had G at the 19th base of the repeat, respectively. They
denoted these 2 alleles as eNOS4a for 4 repeats and eNOS4b
for 5 repeats. Ichihara et al. observed an association between
the eNOS4a allele and myocardial infarction in both a smok-
ing and non-smoking Japanese population [7]. Adding to this,
amissense polymorphism of Glu298 Asp within exon 7 of the
eNOS gene was reported to be associated with essential hy-
pertension, vasospastic angina and myocardial infarction in
a Japanese population [8—10]. As both coronary lesions and
chronic renal failure are basically vascular disorders, we
speculate that the polymorphism in eNOS gene might have
some relevance to progression in chronic renal failure. In this
view point, we studied the frequencies of VNTR in intron 4
and Glu298 Asp mutation in exon 7 of eNOS gene in patients
with end-stage renal diseases (ESRD), and compared them
with those of healthy subjects.

I. Variable number of tandem repeats
(VNTR) in intron 4

Subjects and methods

A total of 302 hemodialysis (HD) patients (183 men and 119
women, mean age 57.1 years) and 248 genetically unrelated
healthy Japanese subjects (179 men and 69 women, mean age
49.3 years) were entered in this study. All of the patients and
normal controls were Japanese. Informed consent was ob-
tained from each person enrolled in this study. Underlying

Table 1. Underlying diseases of haemodialysis patients and age of study groups

diseases and other clinical features are shown in Table 1.
We compared the frequencies of eNOS gene polymorphism
among all the patients, the non-diabetic group (all cases ex-
cept diabetic nephropathy, n = 231), the diabetic group (n =
71), the chronic glomerulonephritis (CGN) group (n = 133)
and the healthy controls.

DNA was extracted from peripheral blood using a DNA
extraction kit (Wako Pure Chemical, Osaka, Japan) and was
stored at 4°C until analysis. eNOS genotypes were deter-
mined by the polymerase chain reaction (PCR) as described
by Wang et al. [6]. Briefly, the oligonucleotide primers (the
forward primer was 5'-AGGCCCTATGGTAGTGCCTTT-3',
and the reverse primer was 5'-TCTCTTAGTGCTGTGGTC-
AC-3’) that flank the region of the 27-bp direct repeat in
eNOS intron 4 were used for DNA amplification. Each reac-
tion mixture was heated to 94°C for 4 min for denaturation
and underwent 35 cycles at 94°C for 1 min, finally anneal-
ing at 56°C for 1 min with an extension at 72°C for 2 min,
and a final extension at 74°C for 7 min. The PCR products
were analyzed by 3% NuSieve 3:1 agarose gel electrophoresis
(FMC BioProducts, Rockland, ME, USA), and fragments
were visualized by ethidium bromide staining and ultravio-
let transillumination.

Statistical analyses

A chi-square test was used to test observed vs. expected type
frequencies, assuming the Hardy-Weinberg equilibrium. To
correct for the contribution of age and sex, we performed
multiple logistic regression analysis to explore the relation-
ship between the eNOS gene polymorphism and ESRD, and
also for the effect of eNOS intron 4 variant as a risk factor
for ESRD. The analysis was performed by means of SPSS
Advanced Statistics 6.1 for Macintosh (SPSS Japan Inc. Ja-
pan). The intron 4 genotypes were coded as dummy variables
in which 0 stood for bb, 1 for ba or aa. The odds ratio and
95% confidence interval (CI) were also calculated. A p value

Numbers Age, years (mean *+ S.D.)

(males/females) At start of dialysis At present
All patients 302 (183/119) 48.7+16.0 57.1+14.0
Non-DM total 231 (135/96) 455+ 16.4 55.6 + 14.8
Chronic glomerulonephritis (CGN) 133 (80/53) 423+ 153 534 +13.5
Polycystic kidney 18 (10/8) 52.8+10.2 58.8 +10.9
Nephrosclerosis 13 (7/6) 66.4 =144 73.8 122
Systemic lupus erythematosus 7 (1/6) 353+11.2 40.7 +11.8
Others 18 (10/8) 414 +19.4 51.4+16.9
Unclear 42 (27/15) 51.8+15.8 60.0 + 15.7

DM 71 (48/23) 57.0+9.9 62.0+9.2

Control 248 (179/69) 493 +8.8

DM - diabetic nephropathy; S.D. — standard deviation.



of < 0.05 was considered statistically significant. These analy-
ses were basically the same in the study of part II.

Results

PCR analysis of genomic DNA generated fragments of 393
or 420 bp corresponding to the eNOS4a and eNOS4b alleles,
respectively [6]. As there were few subjects who were ho-
mozygous for eNOSa, we considered subjects who were
both homo-and heterozygous for eNOSa for comparison
with subjects having only the eNOSb genotype. The frequen-
cies of eNOS4b/b, eNOS4b/a, eNOS4a/a were 81.0% (201/
248), 19.0% (47/248), 0.0% (0/248) in the control group,
74.8% (226/302), 23.5% (71/302), 1.7% (5/302) in all the pa-
tients, 72.7% (168/231), 25.1% (58/231), 2.2% (5/231) in the
non-diabetic group, 70.7% (94/133), 26.3% (35/133), 3.0%
(4/133) in the CGN group and 81.7% (58/71), 18.3% (13/71),
0.0% (0/71) in the diabetic group, respectively (Table 2). The
genotype frequencies in controls were in agreement with
those predicted by the Hardy-Weinberg equilibrium (x2 =
2.71;df = 1; p > 0.05).

The multiple logistic regression analysis for correcting the
contribution of age and sex revealed that the frequency of the
eNOS4a (eNOS4b/a and eNOS4a/a) in all the patients, in the
non-diabetic group and in the CGN group were significantly
higher than that in the control group (p = 0.021; p = 0.0096;
p=0.010, respectively). In contrast, there was no significant
difference in the frequencies of eNOS genotypes between the
diabetic group and the control group (p = 0.81).

The patients of the non-diabetic group and the diabetic
group had been under the treatment with HD on an average
of 10 and 5 years respectively when this study was performed.
In order to examine the survival bias in analyzing the rela-
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tionship between eNOS intron 4 gene polymorphism and the
progression of chronic renal failure, we divided the non-dia-
betic patients into 2 groups one of which had been receiving
dialysis for under 10 years and the other for over 10 years,
since the mean duration under treatment was 10 years. A simi-
lar division into 2 groups was made regarding diabetic ne-
phropathy where one group was on treatment under 5 years
and the other was over 5 years since the mean duration of HD
was 5 years. We compared the 2 groups with regard to the
frequencies of eNOS intron 4 gene polymorphism (shown in
Table 3) by means of the chi-square test. Statistical analysis
revealed that there were no significant differences between
either of the 2 groups (p =0.13 in non-diabetic renal diseases;
p = 0.63 in diabetic nephropathy).

I1. Glu298Asp mutation in exon 7

Subjects and methods

We examined 159 patients with ESRD undergoing mainte-
nance HD and 270 genetically unrelated apparently healthy
control subjects. Informed consent was obtained from each
person enrolled in this study. The underlying causes of ESRD
were CGN (n = 68), diabetic nephropathy (n = 48), hyper-
tension (n = 17), polycystic kidney disease (n = 13), lupus
nephritis and vasculitis (n = 7), reflux and obstructive neph-
ropathy (n = 5), interstitial nephritis (n = 1).

Genomic DNA was extracted from peripheral lymphocytes
with a DNA extraction kit (Wako, Osaka, Japan). Polymer-
ase chain reaction - restriction fragment length polymorphism
analysis (PCR-RFLP) were employed to identify Glu298 Asp
mutation. We originally designed a set of primers: forward
5-GAAACGGTCGCTTCGACGTGCT and reverse 5-CCA-

Table 2. Frequencies of ecNOS genotype among patients and controls and results of multiple logistic regression analysis

Control All patients Non -DM DM
Total CGN
Genotype
bb 201 (81.0%) 226 (74.8%) 168 (72.7%) 94 (70.7%) 58 (81.7%)
ba 47 (19.0%) 71 (23.5%) 58 (25.1%) 35 (26.3%) 13 (18.3%)
aa 0 (0.0%) 5(1.7%) 5(2.2%) 4 (3.0%) 0(0.0%)
aa+ba 47 (19.0%) 76 (25.2%) 64 (27.3%) 39 (29.3%) 13 (18.3%)
Total 248 302 231 133 71
Beta 0.518 0.599 0.662 0.102
S.E. 0.224 0.231 0.258 0.425
Odds ratio (95% CI) 1.67 (1.08-2.60) 1.82 (1.16-2.86) 1.94 (1.17-3.21) 1.11 (0.48-2.54)
p value* 0.021 0.0096 0.0102 0.8107
Allele frequency
a 0.095 0.134 0.147 0.162 0.092
b 0.905 0.866 0.853 0.838 0.908

DM - diabetic nephropathy; S.E. — standard error; Beta — beta coefficient; C.1. — confidence index; *one degree of freedom.
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Table 3. ecNOS genotype frequencies according to dialysis periods in non-DM and DM group

Non-DM (229 cases)

DM (71 cases)

Within 10 years

Over 10 years

Within 5 years Over 5 years

Genotypes
bb 105 (76.1%) 61 (67.0%) 31 (83.8%) 27 (79.4%)
ba 32 (23.2%) 26 (28.6%) 6 (16.2%) 7 (20.6%)
aa 1(0.7%) 4 (4.4%) 0 (0.0%) 0(0.0%)
ba+aa 33 (23.9%) 30 (33.0%) 6 (16.2%) 7 (20.6%)
Total 138 91 37 34

x? 2.254 0.226

p value 0.133 0.634

DM - diabetic nephropathy.

CCCAGTCAATCCCTTTG producing 140-bp amplified
fragments. The PCR amplifications were performed 35 cy-
cles under following conditions; denaturation at 94°C for
30 sec, annealing at 56°C for 30 sec, extension at 72°C for
1 min. PCR products were then digested by Mbol, which pro-
duces two fragments of 50 and 90 bp in length from alleles
with glutamic acid (G) at codon 298 (wild type, G), and BanlII,
which produces two fragments of 55 and 85 bp in length from
alleles with aspartic acid (T) at the same codon (mutant). The
digested products were analyzed on 3% agarose gel electro-
phoresis (Nippon gene, Osaka, Japan).

Results

The frequencies of homozygous or heterozygous Glu298 Asp
mutation (T/T + T/G) were 7.4% (20/270) in the control group,
22.0% (35/159) in all the patients, 22.5% (25/111) in the non-
diabetic group, 23.5% (16/68) in the CGN group and 20.8%
(10/48) in the diabetic group. The distribution of Glu298Asp

genotypes in controls was in the Hardy-Weinberg equilib-
rium.

The multiple logistic regression analysis revealed that the
frequencies of Glu298 Asp mutation in all the patients, in the
non-diabetic group, in the CGN group, and in the diabetic
group were significantly higher than those in the control
subjects (p = 0.0001; p=0.0019; p=0.0021; p=0.0117, re-
spectively). Odds ratios ranged from 2.76-3.22 (Table 4).

The patients enrolled in this study had been under renal
replacement therapy for 9.2 (mean) years in the non-diabetic
group and for 4.2 (mean) years in the diabetic group. To
evaluate the survival bias in analyzing the relationship be-
tween Glu298 Asp mutation and the progression to ESRD, we
divided the patients into 2 groups according to the duration
of hemodialysis; among the diabetics, patients who had ex-
perienced more than 5 years of HD belonged to the long term
survival group while patients with HD less than 5 years be-
longed to the short term group. A similar division into 2
groups was made among the non-diabetic patients; the long-
term survival group (HD 10 years or more) and the short-term

Table 4. Frequencies eNOS genotypes among patients and controls and results of multiple logistic regression analysis

Control All patients Non-DM DM
Total CGN

GG 250 (92.6%) 124 (78.0%) 86 (77.5%) 52 (77.3%) 38 (79.2%)

TG 18 (6.7%) 33 (20.8%) 25 (22.5%) 16 (22.7%) 8 (16.7%)

TT 2 (0.7%) 2 (1.2%) 0(0.0%) 0(0.0%) 2 (4.1%)
TT+TG 20 (7.4%) 35 (21.5%) 25 (22.5%) 16 (22.7%) 10 (20.8%)

Total 270 159 111 68 48

Beta 1.163 1.016 1.107 1.17

S.E. 0.302 0.327 0.36 0.464
Odds ratio 32 2.76 3.02 3.22

(95% C.I.) (1.77-5.79) (1.46-5.24) (1.49-6.12) (1.30-8.00)

p value* 0.0001 0.0019 0.0021 0.0117
Allele frequency

T (Asp) 0.041 0.113 0.109 0.118 0.125

G (Glu) 0.959 0.887 0.891 0.882 0.875

DM - diabetic nephropathy; S.E. — standard error; Beta — beta coefficient; C.I. — confidence index; *one degree of freedom.



group (HD less than 10 years). The 2 groups were compared
with regard to the frequencies of Glu298 Asp mutation by the
chi-square test. Statistical analysis revealed that there were
no significant differences between either of the 2 groups
(Table 5).

Discussion

In this study the frequency of a allele in eNOS intron 4 was
significantly higher in patients from the non-diabetic group
and the CGN group compared with healthy subjects indicat-
ing that the eNOS 4aq allele is a risk factor for ESRD in non-
diabetic renal diseases. Our data are consistent with the results
reported by Yokoyama et al. [11]. Both Yokoyama’s and our
study suggest that eNOS gene polymorphism in intron 4
might have some relevance to the progression of ESRD in
non-diabetic renal diseases. Tsukada et al. [12] recently re-
ported a strong association between the a allele of the eNOS
gene and the plasma NOX (nitrate and nitrite) levels. The mean
plasma NOx level of the subjects who were homozygous for
the a allele was nearly 20% lower than in the subjects with
the b allele. They concluded, therefore, that the eNOS gene
locus might be responsible for variations in the genetic con-
trol of plasma NOx. In our study, the frequencies of eNOS
gene polymorphism showed no significant difference be-
tween the diabetic group and healthy subjects. The mecha-
nisms behind diabetic nephropathy have not yet been fully
elucidated and there have been several hypotheses proposed
including impaired vasodilatory function. In fact, an abnor-
mal renal vasomotor tone is present in the early stage of dia-
betes mellitus [13]. NO, a potent vascular regulator, has been
extensively studied as a factor in the pathogenesis and pro-
gression of diabetic nephropathy. Several in vitro studies have
concluded that diabetic animals have a decreased production
and/or responsiveness to NO, and this decreased NO activ-
ity in diabetes may have relevance to the renal hemodynamic
changes associated with this disease [14, 15]. On the other
hand, measurements made in vivo indicate that there is an
increase in endogenous NO production in diabetic rats [16—
18]. Over production of NO may play a significant role in
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the genesis of diabetic hyperfiltration and hyperperfusion
[16-19] which are related to glomerular hypertrophy with
messangial expansion and increased intracapillary pressure
[20]. As for the role of the endothelium and NO in the con-
trol of renal hemodynamics in diabetic nephropathy, it still
remains disputable. This polymorphism is reported to be re-
lated to coronary heart diseases [6, 7], and it might affect other
vascular diseases which are lethal. The subjects of the study
have been dialysed for relatively long periods. Therefore, we
examined the survival bias. The frequencies of eNOS intron
4 gene polymorphism in the long-term survival groups did
not differ from those in the short-term group for both in non-
diabetes and diabetes. It appears, therefore that neither death
nor survival are factors in estimating the role of gene poly-
morphism in disease progression.

In the second part of this study clarified that the Glu298 Asp
mutation of the eNOS gene is heavily accumulated in patients
with ESRD, whose underlying causes of chronic renal fail-
ure include not only non-diabetic renal diseases but also dia-
betic nephropathy. The results demonstrate that patients
with renal diseases including diabetic nephropathy who
have Glu298 Asp mutation are at higher risk for progression
to ESRD. This is the first report that refers to the significance
of Glu298 Asp mutation in patients with renal diseases. We
also evaluated the effects of the Glu298 Asp mutation on
mortality. We could not find any statistical difference in the
frequencies of the Glu298 Asp mutation between short-term
survival groups and long-term survival groups both in dia-
betic and non-diabetic patients. Our results therefore indicate
that Glu298 Asp mutation is not a lethal factor but a risk fac-
tor for ESRD, though its association with relatively lethal
diseases such as myocardial infarction has been reported.

The molecular mechanism by which eNOS gene polymor-
phism acts to affect the progression of ESRD is not known,
and it is also unclear whether these polymorphisms are causa-
tive variants or markers of other functional variants. The
polymorphisms in intron may change the transcriptional ac-
tivity and those in exon may alter the 3 dimensional struc-
ture of the enzyme, and may affect NO synthesis though we
did not measure the enzyme activity. However, the fact that
the distribution of the a allele in eNOS intron 4 showed a

Table 5. Frequencies of Glu 298 Asp mutation according to dialysis periods in non-DM and DM groups

Non-DM (111 cases)

DM (48 cases)

Within 10 years

Over 10 years

Within 5 years Over 5 years

Genotypes
TT + TG 16 (21.1%) 9 (22.5%)
GG 60 (78.9%) 31 (77.5%)
x2 0.491
p value 0.483

7 (26.9%)
19 (73.1%)

3 (14.3%)
18 (85.7%)

1.108
0.292

DM - diabetic nephropathy.
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significantly higher incidence in the patients with ESRD, and
the report that the plasma NOx levels of the subjects with a
allele of the VNTR in intron 4 of the eNOS gene were sig-
nificantly lower than those without the a allele [12] suggest
that eNOS gene polymorphism in intron 4 is a useful param-
eter for studying the relationship between NO and the pro-
gression of renal diseases. Though a decrease in serum NOx
according to the eNOS gene polymorphisms is suggestive,
it is still controversial because serum NOx level can vary
according to renal function or dietary intake of nitrite or ni-
trate [21].

In conclusion, among the frequencies of eNOS intron 4 gene
polymorphism, the a allele showed a significantly higher inci-
dence in the cases with ESRD except those caused by diabetic
nephropathy. It would appear that eNOS gene polymorphism
in intron 4 affects the progression of renal failure in non-dia-
betic renal diseases but the same conclusion could not be
drawn in diabetic nephropathy. In addition, Glu298 Asp mu-
tations of the eNOS gene significantly accumulate in patients
with ESRD not only caused by non-diabetic diseases but by
diabetic nephropathy. These evidences may indicate that the
a allele of the VNTR in intron 4 and the Glu298Asp muta-
tion in exon 7 of eNOS gene are genetic risk factors. How-
ever, additional studies, such as in vitro measurement of
eNOS activity using cultured endothelium derived from poly-
morphic individuals, are required to assess the importance of
these polymorphisms as predictive factors in patients with
renal diseases.
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Importance of renal mitochondria in the reduction
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Abstract

Spin probing methods using an electron spin resonance (ESR) spectrometer are used extensively and bring us a lot of informa-
tion about in vivo redox mechanisms. However, the in vivo reducing mechanisms of exogenous nitroxide radicals, which serve
as typical spin probing reagents are not clear. To clarify this, we examined the sequential kinetics of a spin probe, 4-hydroxy
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL) in the in vivo organs, tissue homogenates and subcellular fractions of kid-
ney and liver using an in vivo and X-band ESR spectrometers. As a parameter of reducing activity, we calculated the half-life
of TEMPOL from the decay curve of ESR signal intensity. The half-life of TEMPOL in the whole organs and homogenates of
the kidney was significantly shorter than that of the liver, this indicates that the kidney has more reducing activity against
TEMPOL as compared to the liver. Subcellular fractional studies revealed that this reducing activity of the kidney mainly exists
in the mitochondria. Contrarily, in addition to reduction in the mitochondria, TEMPOL in the liver was reduced by the micro-
some and cytosol. (Mol Cell Biochem 244: 119-124, 2003)

Key words: free radical, TEMPOL, reducing activity, kidney, mitochondria

Introduction

Free radicals and reactive oxygen species are recognized as
important mediators of cellular events. They participate in
many physiological functions, such as neurotransmission,
inflammation and host defenses. In vivo detection of these
free radicals is very difficult because of their small quantity
and short life span. Therefore, to understand the dynamics
of reactive oxygen species in biological systems it is useful
to study the dynamics of exogenous nitroxide radicals which
are typical spin probing reagents and can serve as mimics of
in vivo free radicals. For this purpose, spin probing methods
using an electron spin resonance (ESR) spectrometer are used
extensively and bring us a lot of information about redox
mechanisms. There are several studies on the reduction of

nitroxide radicals in microsomes [1-4], mitochondria [5-7],
and non-enzymatic processes [8—11]. These studies clarified
the reducing mechanisms of a nitroxide radical in a certain
cell or organelle [1-12], the differences between various types
of spin probing reagents [3, 5, 6, 8, 10-13] and the effects of
oxygen concentration in the measuring sample [3, 4, 7, 11,
12]. However there are few reports concerning organ to or-
gan differences in reducing activity [10, 13], and the in vivo
reducing mechanisms of nitroxide radicals in the liver [14,
15]. These reports showed the different results and the dy-
namics of the exogenous nitroxide radicals in the organ are
still not clear. It is generally considered that the main reduc-
tion site in vivo is the liver. Though, there are some evidences
that the kidney plays an important role in the biological re-
duction [16-19].
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Using newly developed surface-coil-type resonator (SCR)
for in vivo ESR studies [20], we succeeded in observing se-
quential changes of signal intensity from the exogenous
nitroxide radical, 4-hydroxy 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPOL) in the kidney, liver, rectum, stomach and
skin [21]. This SCR method is useful for the direct evalua-
tion of the in vivo redox state in localized organs.

In this study, the in vivo reducing activity against TEMPOL
in the kidney and liver was investigated by using the SCR
method. Thereafter, the mechanisms for reduction in the
homogenates and organelles in each organ were examined
and the features of redox functions in the kidney and liver
were clarified. TEMPOL can penetrate readily into aqueous
and lipid-rich areas, and is expected to reflects fully the cel-
lular redox state [3, 5, 7, 11, 14, 21-23]. It is well known that
the reduction rate of a nitroxide in biological systems is af-
fected by the oxygen concentration [3, 4, 7, 11, 12]. There-
fore, in vitro measurements in this study were performed
under anaerobic conditions which mimic physiological intra-
cellular oxygen concentration.

Material and methods

Chemicals

TEMPOL was obtained from Sigma Chemical Co. (St. Louis,
MO, USA). Sucrose was purchased from Wako Pure Chemi-
cal Industries (Osaka, Japan). Tris-HC] was purchased from
Kanto Chemical Co. (Tokyo, Japan) and EDTA was from
Dojindo Laboratory (Kumamoto, Japan). All other chemicals
and reagents were of analytical grade.

Animals

Male Wistar rats (250-300 g body wt) were provided with
standard laboratory chow and water. The rats were divided
into the kidney (n = 10) and liver (n = 10) groups. The rats were
anesthetized with intraperitoneal administration of 50 mg/kg
body weight of sodium pentobarbital after one night of star-
vation.

In vivo ESR spectrometer

A 700 MHz microwave ESR spectrometer equipped with an
SCR constructed at our laboratory has been already described
in detail [21, 24-26]. It consisted of an SCR, a main electro-
magnet, a pair of field scan coils, a pair of field modulation
coils, power supplies, a personal computer, and a 700 MHz
microwave circuit for homodyne detection. The SCR con-
sisted of a single-turn coil (10 mm in inner diameter) and

transmission lines formed by flexible coaxial cables [20, 21].
An SCR was connected to the microwave circuit through a
three-stub tuner and driven at a frequency of approximately
720 MHz.

Half-life of TEMPOL in vivo

Five rats in each group were subjected to in vivo ESR study
under anesthesia. For the kidney group, the left kidney of the
rat was exposed by an incision from the back. In the liver
group, the rat’s liver was exposed by an abdominal incision.
Each animal was restrained in the static magnetic field and
an SCR was attached to the kidney or liver. The animals in
each group received a TEMPOL solution (2 ml/kg body wt)
via the tail vein that had been prepared by dissolving it in a
phosphate buffer solution at a concentration of 200 mM. After
injection, ESR measurements were started and spectral data
were collected by the personal computer. The measurements
were repeated every 4 sec from 20-52 sec after the injection
of TEMPOL. One spectrum was obtained from an average
of 3 accumulations of 1 sec scans. The spectroscopy setting
were as follows: microwave frequency, 720 MHz; microwave
power, 52 mW; center field, 26 mT; field modulation width,
0.2 mT at 100 kHz; scan speed, 10 mT/sec; scan width, 10 mT;
time constant, 1 msec. The peak height of the lowest com-
ponents of the triplet spectra was defined as signal intensity.
The half-life of TEMPOL was calculated from the temporal
change in the signal intensity.

Half-life of TEMPOL in the homogenate

Five rats in each group subjected to in vitro ESR study un-
der anesthesia. The kidneys and livers were removed after
perfusion with ice-cooled heparinized saline and 1 g of each
organ was immediately homogenized in 9 volumes of the
homogenate buffer consisting of 0.25 M sucrose (pH 7.4),
3 mM Tris-HCI and 0.1 mM EDTA at 0°C using a Potter-
Elvehjem Teflon® homogenizer. The homogenates were in-
cubated at 37°C for 3 min and deoxidized by bubbling 100%
nitrogen gas for 5 min. The oxygen concentration of the incu-
bation medium was less than 10 pM confirmed by a Clark
oxygen electrode (UC-12, Central Kagaku Co, Japan).
TEMPOL was dissolved to 1 mM in phosphate buffered so-
lution (pH 7.4) and was deoxidized in the same way. The
TEMPOL solution was added to the homogenate and mixed
quickly. Thus the reaction mixture consisted of 450 pl of the
homogenate and 50 pl of the TEMPOL solution (final con-
centration; 100 uM). The ESR signal was measured using a
conventional X-band ESR spectrometer (FR-30, JEOL, Ja-
pan). The reaction mixture was put into a flat quartz cell,
which was then placed at the center of the cavity of the ESR



spectrometer. The ESR measurements were repeated every
20 sec from 2—7 min after the mixing of the homogenate and
TEMPOL solutions at 25°C. The spectroscopy settings were
as follows; microwave frequency, 9.432 GHz; microwave
power, 4 mW; center field, 333 mT; field modulation width,
0.1 mT at 100 kHz; scan speed, 0.5 mT/sec; scan width, 10 mT;
time constant, 1 msec. The half-life of TEMPOL was calcu-
lated from the change of signal intensities in the same man-
ner as that used in the in vivo study.

Half-life of TEMPOL in the various organelles

The various organelles were separated from the homogenates
by differential velocity centrifugation at 4°C in the follow-
ing way. The nuclear fraction was obtained by centrifugation
of the homogenate at 600 g for 10 min and the supernatant
from this step was defined as S1. Then the mitochondrial
fraction was obtained by centrifugation of S1 at 9000 g for
10 min and the supernatant from this step was defined as S2.
The microsomal fraction was obtained by centrifugation of
S2 at 105,000 g for 60 min and the supernatant was defined
as S3. This fraction was considered cytosol. All organelles
were weighed and freshly separated. These supernatants (S1
~ S3) of the kidney or liver were incubated and deoxidized,
mixed to the TEMPOL solution, and subjected to the ESR
measurement in the same way as described above. The oxy-
gen concentration of S1 was less than 10 uM and that of S2
and S3 was less than 20 uM.
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Fig. 1. Typical semilogarithmic plot of signal intensity after the injection

of TEMPOL in the kidney and liver groups. Open circle, liver; closed cir-
cle, kidney.
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Statistical analysis

Statistical significance was estimated by the Student’s -test,
and the p values less than 0.05 were considered significant.

Results

Half-life of TEMPOL in vivo

Figure 1 shows typical semilogarithmic plots of signal inten-
sity in the kidney and liver after the injection of TEMPOL.
Good linearity on the semilogarithmic plot with high rep-
roductivity was observed (correlation coefficient in the kid-
ney =-0.998 + 0.003; in the liver = -0.996 + 0.006. Values
are mean + S.D.) which means that the signal intensity de-
cays exponentially and it follows first-order kinetics. As
shown in Fig. 2 the half-life of the ESR signal of TEMPOL
in the kidney and liver groups was 14.5 + 1.0 and 30.5 £ 1.5
sec, respectively. The half life in the kidney was significantly
shorter than that in the liver (p < 0.001).

Half-life of TEMPOL in the homogenate

Figure 3 shows typical semilogarithmic plots of signal inten-
sity after the mixing of the homogenate and TEMPOL in the
kidney and liver. Good linearity on semilogarithmic plot was
observed and this indicates that it follows first-order kinet-
ics. As shown in Fig. 4 the half-life of the ESR signal of
TEMPOL in the kidney and liver groups was 148 + 14 and
278 + 65 sec, respectively. The half-life in the kidney was
significantly shorter than that in the liver (p < 0.001).

30 T

20 T

Kidney Liver

Fig. 2. The half-life of TEMPOL injected via the tail vein of rats in the
kidney and liver groups. Each group consists of 5 rats and values are ex-
pressed as mean + S.D. Student’s #-test, *p < 0.001.
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Table 1. The weights of various organelles of the kidney and liver

Weight (mg/wet organ)
Organelles Kidney Liver
Nucleal fraction 268 + 47 364 + 41%*
Mitochondrial fraction 148 £ 47 106 + 13*
Microsomal fraction 48 + 10 119 + 16**
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Fig. 3. Typical semilogarithmic plot of signal intensity after the mixing of
the homogenate and TEMPOL in the kidney and liver groups. Open circle,
liver; closed circle, kidney.

Half-life of TEMPOL in the various organelles

Table 1 shows the weights of the various organelles of the
kidney and liver. The weights of the nuclear fractions and the
microsomal fractions of the liver were heavy as compared to
those of the kidney. However the weights of mitochondrial
fractions of the kidney were heavy as compared to those of
the liver. Figure 5 shows the half-life of TEMPOL in the re-
action mixtures containing various fractions of the kidney.
The half-life of TEMPOL of the homogenates was almost the
same as that of the sample without a nuclear fraction (S1).
However, the half-life in the supernatant after the sedimen-
tation of mitochondria (S2) was significantly longer than that
of S1 (p <0.001). There was not a significant difference be-
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Fig. 4. The half-life of TEMPOL after the mixing of the homogenate and
TEMPOL in the kidney and liver. Each group consists of 5 rats and values
are expressed as mean + S.D. Student’s #-test, *p < 0.001.

The organelles were separated from the kidney and liver. Values are ex-
pressed as the mean + S.D. Student’s t-test, *p < 0.05; ** p < 0.01.

tween S2 and S3. Figure 6 shows the half-life of TEMPOL
in the reaction mixtures containing various fractions of the
liver. There was no significant difference between the half-
life in the homogenate and S1. However, the half-life in the
supernatant after the sedimentation of mitochondria (S2) was
significantly longer than that of S1 (p < 0.001), and the half-
life in S3 was long compared to that in S2 (p < 0.05).

Discussion

Nitroxide radicals are widely used as spin probes. The de-
crease of ESR signal intensity from exogenous nitroxide radi-
cals is assumed to be caused by a one-electron reduction of
the nitroxide radical to the corresponding hydroxylamine [3,
6, 12]. This reducing process reflects the redox status in a
biological system and several disease conditions such as
cancer and inflammation. There are several reports concern-
ing the reduction of nitroxide radicals in subcellular fractions,

Fig. 5. The half-life of TEMPOL mixed the various organelles in the kid-
ney. The supernatant without the nuclear fraction from the homogenate was
defined as S1. The supernatant without the mitochondrial fraction from S1
was defined as S2. The supernatant without the microsomal fraction from
S2 was defined as S3. Each group consists of 5 rats and values are expressed
as mean + S.D. Student’s t-test, *p < 0.001.



Fig. 6. The half-life of TEMPOL mixed the various organelles in the liver.
The supernatant without the nuclear fraction from the homogenate was
defined as S1. The supernatant without the mitochondrial fraction from S1
was defined as S2. The supernatant without the microsomal fraction from
S2 was defined as S3. Each group consists of 5 rats and values are expressed
as mean + S.D. Student’s #-test, *p < 0.05, **p < 0.001.

cells, tissues and in vivo [1-15, 21-23, 27]. In these reports,
the half-life and the rate constant of exogenous nitroxide radi-
cals were used as parameters of reducing activity. It is gen-
erally considered that redox reactions in the body mainly
occur in the liver, and most of the previous experiments have
been performed using the tissue and cells of the liver.

We examined the reducing activity against TEMPOL in
vivo and in homogenates of both kidney and liver. The results
indicate that the half-life of TEMPOL in the kidney is sig-
nificantly shorter than that in the liver in both experiments.
No urinary excretion of TEMPOL throughout the measuring
period was found in this study, so it is considered that the
diminution of the ESR signal of TEMPOL is due to reduc-
tion in the cell. The in vivo half-life of TEMPOL in the liver
was twice as long as that in the kidney, and this result corre-
sponds to the results of the experiments using homogenates.
These findings indicate that the experimental conditions in
the homogenates reflect in vivo conditions correctly.

Couet et al. have shown that the reducing activity against
two different nitroxide radicals in the homogenates of the
liver or kidney is greater than that in brain, lung, heart, mus-
cle or plasma [13], however, the differences in the reducing
activity between the liver and kidney were not clear [8, 10,
13]. In subsequent experiments using the homogenates of the
liver and kidney, they conclude that nitroxide radicals are re-
duced mainly by the sulfhydryl groups on proteins [8], while
Eriksson et al. demonstrate that this reducing activity is due
to ascorbate in the cytosol [10]. Togashi et al. have performed
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in vivo ESR imaging of the liver and reported that the re-
ducing mechanisms of nitroxide radicals in the liver are in-
volved in various enzymatic and nonenzymatic reactions
[15].

In our experiments using the various subcellular fractions,
there is a significant difference in the half-life between S1
and S2. It is considered that the difference reflects the reduc-
ing activity of the mitochondria. These results indicate that
the main reduction site of TEMPOL in the kidney and liver
is the mitochondria. In the same way this reducing activity
of TEMPOL exists in the microsome of the liver to some de-
gree and even in the cytosol. However the nuclear fraction
is not involved in this phenomenon. These in vivo and in vitro
experiments using homogenates demonstrate that the kidney
has great reducing activity against TEMPOL as compared to
the liver, and this activity exists primarily in the mitochon-
dria.

The greater reducing activity against TEMPOL in the kid-
ney homogenates is possibly brought about by its relatively
higher content of mitochondria as compared to the liver. The
kidney contains many more mitochondria than the liver, be-
cause the kidney requires enormous energy to reabsorb
solutes and water and this energy is supplied by the mito-
chondria. On the other hand, in the liver, TEMPOL is mainly
reduced by the mitochondria, but also by the microsome and
cytosol. This seems to be a consequence of the rich content
of microsomes which is involved in the detoxification of
exogenous substances including nitroxide radicals in the liver.
Previous reports proved that nitroxide radicals were reduced
by ascorbate in the cytosol, and liver contains much more
ascorbate in the cytosol as compared to the kidney [10, 11].
These findings lend support our results.

There are several reports concerning the reducing mecha-
nisms of a nitroxide radicals by the mitochondria. It is con-
sidered TEMPOL is reduced to a hydroxylamine during the
intracellular process of accepting and passing electrons in the
respiratory chain of the kidney. Quintanilha et al. using mi-
tochondria, mitoplasts and inverted submitochondria in the
liver, reported that an analogue of cetyltrimethylammonium
bromide as a spin probing reagent is reduced during the
process of the conversion of non-heme iron to ubiquinone
or ubiquinone to cytochrome b in the respiratory chain [5].
Chen et al. using TB cells reported that 5-doxylstearate was
reduced at the same site [6].

Our results have shown that the kidney and its mitochon-
dria are important in the reduction of TEMPOL and dem-
onstrate that each organ has a different mechanism for its
reducing process against nitroxide radicals. Moreover, a spin
probing method using the ESR spectrometer is thought to be
advantageous in the evaluation of the redox state and may
serve a useful application in various fields, especially those
of medical science.
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Effect of caffeine on metabolism of L-arginine in
the brain
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Abstract

Methylxanthines are widely consumed because of their stimulating effect primarily on the central nervous system. Their diu-
retic and respiratory stimulant action is used in clinical medicine. L-Arginine metabolism in the brain is very important for
normal brain function. In addition to brain protein synthesis, arginine is a substrate for the production of urea, creatine, nitric
oxide, agmatine, glutamic acid, ornithine, proline and polyamines. As known, many of these compounds are very important in
brain function. There is no information relating to effects of caffeine on arginine metabolism in the brain, however, there is a
lot of new information about arginine metabolism and caffeine action on the central nervous system. So, we have hypothesized
the existence of a relationship that may be of interest in understanding mechanisms of caffeine effects on the central nervous
system that may have utility in the clinical applications.

In our experiment protocol we used male Wistar rats weighing about 200 g. Caffeine was added to the drinking water in
gradually increasing amounts, from 2 g/l over the first 3 days, to 4 g/l over the last 7 days. A control group was given drinking
water without caffeine. The level of lipid peroxidation, arginase and diamine oxidase (DAO) activity in the brain was meas-
ured. The results of our study show that arginase and diamine oxidase were decreased in animals treated with caffeine. The
level of lipid peroxidation (MDA) was decreased also.

The inhibitory effect of caffeine on arginase activity indicates that caffeine provides more arginine for consumption in other
metabolic pathways. Considering the central stimulant effects of caffeine and the decreased lipid peroxidation level, it can be
assumed that moderate short-term consumption of caffeine may be beneficial for brain function. (Mol Cell Biochem 244: 125—
128, 2003)

Key words: caffeine, arginase, brain, lipid peroxidation, polyamines, diamine oxidase

Introduction

Methylxanthines: caffeine, theophylline and theobromine are
present in several food products such as coffee, tea, cocoa,
chocolate, etc. They are widely consumed primarily because
of their stimulating effect on the central nervous system.
Xanthine drugs are used in clinical medicine as diuretics,
analgetics, in the treatment in brain disorders such as vascu-
lar headaches, Parkinson’s disease [1-3].

L-Arginine metabolism in the brain is very important for
normal brain function. The physiological significance of ar-
ginine includes protein synthesis, production of urea, agma-
tine, nitric oxide (NO), proline, glutamate and polyamines
[4]. As it is well known, all of these components have very

important contributions to brain function. Metabolism of ar-
ginine depends on the activity of arginase, argininosuccinate
synthetase, arginine decarboxylase and nitric oxide syn-
thetase. Changes in activities of these enzymes will have
effects on the metabolic fate of L-arginine in the cell.

We have studied the influence of caffeine on metabolism
of L-arginine by measuring arginase activity. As it is known,
arginase is an enzyme that leads to the degradation of L-ar-
ginine to urea and ornithine, which is the main function of
this liver enzyme. In extrahepatic tissues arginase is more im-
portant in the synthesis of other products such as NO, pro-
line, polyamines, creatine-P, glutamic acid [5, 6]. The effects
of caffeine on the central nervous system is very much de-
pendent on dose. The cortical stimulation produced by small
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amounts of caffeine results in mental alertness, decreased
fatigue and decreased drowsiness. Large doses of caffeine
may produce irritability, insomnia, tremor and headache. Rats
ingested high doses of caffeine reproduce the self-destruc-
tive behavior that have obtained in Lesch- Nyhan syndrome
[7, 8].

The aim of this study was to investigate the possible ef-
fect of moderate doses of caffeine during short-term consump-
tion on arginine metabolism, considering the importance of its
metabolic products on brain functions.

Materials and methods

Male Wistar rats weighing about 200 g were used in each
experiment. Caffeine was added to the drinking water in
gradually increasing amounts: 2 g/l for 3 days and then 4 g/l
for the next 7 days. A control group was given drinking wa-
ter without caffeine. Rats were killed by decapitation and the
brains were quickly removed and frozen.

Brain arginase activity was measured in whole brain ho-
mogenate on the basis of formed ornithine, according to the
method of Porembska and Kedra [9]. Lipid peroxidation lev-
els (MDA) were determined utilizing thiobarbituric acid [10].
Polyamine oxidase activity (PAO) was measured according
to the method of Bashrach and Reches, using spermidine as
substrate [11]. Proteins in tissue homogenates were estimated
according to Lowry er al. [12]. Blood urea, creatinine and uric
acid levels were measured by standard biochemical analy-
ses.

Statistical significance between groups was determined
using Student’s z-test.

Results

Blood levels of urea, creatinine and uric acid were increased
in the group of animals treated with caffeine with respect to
the control group (Table 1). Urea and creatinine were elevated
but not significantly. Elevation of uric acid in caffeine treated
group of animals was significant, p < 0.001.

The influence of caffeine on brain arginase is illustrated
in Fig. 1. Arginase was significantly reduced (p <0.01) com-

Table 1. Caffeine effects on blood levels of urea (mmol/l), creatinine (umol/1)
and uric acid (umol/l)

Urea Creatinine Uric acid
Control 7.35+0.07 44.70 £ 5.90 67.82 £10.7
Caffeine 9.05 +0.08 54.51+9.22 115.6 + 21.2%%*

Urea, creatinine and uric acid were determinated in plasma using heparin
as a anticoagulant. Results are mean + S.D. ***p < 0.001.
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Fig. 1. Arginase activity in the brain of caffeine treated rats. Results are
expressed as mean + S.D.

pared to control. Diamine oxidase activity was depressed also
in caffeine treated rats (p < 0. 01, Fig. 2).

Malon dialdehyde, a measure of the level of lipid peroxi-
dation, was decreased with respect to the control group (p <
0.01, Fig. 3).

Discussion

The results of our study show that short-term treatment of
animals with small doses of caffeine decreases brain argin-
ase activity. There are two distinct isoenzymes of arginase.
Type I arginase is highly expressed in liver as an enzyme of
the urea cycle. Type Il arginase is expressed in brain, kidney,
mammary gland, small intestine and macrophages. The ex-
isting differences in regulation of arginase isoenzymes in
response to diet, hormones and cytokines show that argin-
ase may be a regulator of the metabolic fate of arginine [4,
13].

Methylxanthines (i.e. caffeine, theophylline and theobro-
mine) belong to a chemical group of purine bases that include
important endogenous substances such as adenine, guanine,
hypoxanthine and uric acid. This chemical similarity of

0.9 S

HH

0.8 }

< e
3

DAO (U/mg.prof

ol

o
N
-

o

control ) caffeine T

Fig. 2. DAO activity in caffeine treated rats. Enzymes activities are ex-
pressed as mean * S.D.
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Fig. 3. MDA levels in the brain of caffeine treated rats. Results are ex-
pressed as mean + S.D.

xanthines to purine molecules is important with respect to
their interaction with the important biochemical regulator,
cAMP. Depressed arginase activity in the brain after con-
sumption of caffeine may be a result of caffeine’s effect on
the level of 3'5'-cyclic adenosine monophosphate (cAMP).
A number of metabolic reactions are controlled via cAMP
levels. The cellular level of cyclic AMP depends of the ac-
tivity adenylate cyclase and phosphodiesterase. Xanthines
inhibit phosphodiesterase and breakdown cAMP. Cyclic
AMP was found to be increased after caffeine treatment [14,
15].

Caffeine stimulates adrenocortical and adrenomedular hor-
mone secretion [16]. Cyclic AMP is a secondary messenger
molecule of many hormones, such as ACTH, catecholamines,
glucagon, thyroxine and insulin. Glucocorticoids, catechol-
amines and glucagon increase adenylate cyclase activity.
Increased levels of cAMP may affect tissue metabolism in
different ways.

Adenosine may be involved in modulation of brain argin-
ase activity. The central stimulant effect of caffeine is linked
to the blockade of adenosine receptors [17]. Caffeine removes
adenosine from its receptors and increases free adenosine
level. Adenosine, adenine, inosine and uric acid are competi-
tive inhibitors of arginase [18]. Changes in the aminoacid
pool in the brain may also affect arginase activity. Valine,
leucine, isoleucine and ornithine all have inhibitory effects
on arginase activity [19].

The important metabolic pathway for arginine is the syn-
thesis of polyamines. Ornithine, a product of arginase activ-
ity, is a precursor for synthesis of polyamines. Ornithine
decarboxylase catalyses the first step in the biosynthesis of
polyamines and its activity is controlled by cAMP [20]. De-
carboxylation of ornithine leads to synthesis of putrescine,
which is the precursor of spermidine and spermine. Ornithine
decarboxylase, the limiting enzyme in polyamine synthesis
is not increased in the brain after caffeine treatment [21].
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Results of our study show that caffeine leads to a decrease in
polyamine catabolism by depression of diamine oxidase ac-
tivity.

Considering that the activity of arginase and NO synthetase
have different regulation it is likely that depressed arginase
activity is followed by an increase in arginine levels that can
be utilized in the production of NO. Nitric oxide has vas-
odilatatory and antioxidative effects, and acts as important
modulator of brain function.

The results of our study show that caffeine decreases the
level of lipid peroxidation in the brain. The lipid peroxida-
tion levels may be influenced by the caffeine itself, although
arginine, adenosine and nitro oxide are also antioxidants [22—
24). The relationship between caffeine and L-arginine me-
tabolism indicates a new aspect of caffeine action. It is of
interest because both caffeine and arginine have important
functions in different physiological and pathological condi-
tions such as vascular tone, neurotransmission, immune re-
sponse, tumor biology, intoxication, inflammation, etc.
[25-28].

Conclusions

The results show that caffeine changes the metabolism of L-
arginine in the brain. Arginase, an enzyme that hydrolyses L-
arginine to ornithine and urea, is decreased after caffeine
treatment.

Catabolism of polyamines is depressed as a result of de-
creased activity diamine oxidase. Caffeine consumption de-
creases the lipid peroxidation level in the brain.
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Abstract

To determine the role of nitric oxide (NO) in acute renal failure (ARF), we have studied the time course change activities to
activity of nitric oxide synthase (NOS) isoform activities, both calcium dependent and independent NOS, in experimental
ischemic ARF. We have also analyzed change activities to activity of the NOS activities in both renal cortex and medulla. Male
SD rats (n = 5) were inducted to ARF by ischemia-reperfusion injury and divided into the following groups; Control group
(sham operation), Day 0 group, (measurement performed on that day of operation), Day 1 group, (measurement performed
one day after induction of ARF), Day 3 group and Day 7 group. Measurement of NOS activity was based on the following
principles; NO is synthesized from arginine by nitric oxide synthase (NOS) and NO is converted to NO,/NO,” (NOx) by oxi-
dation. Detection of the final metabolite of NO, NOx was done using flow injection method (Griess reaction). The results were,
(1) calcium dependent NOS activity in the cortex and medulla decreased, however it increased in the recovery period in the
renal cortex (Cortex; Control, 0.941 + 0.765, DO, 0.382 + 0.271, D1, 0.118 = 0.353, D3, 2.030 + 0.235, D7, 3.588 + 2.706,
Medulla; Control, 1.469 + 0.531, DO, 0.766 + 0.156, D1, 0.828 + 0.187, D3, 2.078 + 0.094, D7, 1.289 + 0.313 umol NOx
produced/mg protein/30 min). (2) On the other hand, iNOS activity increased in the early phase of ARF, both in the cortex and
medulla, but returned to control values during the recovery phase in cortex and was maintained at higher levels in the medulla
(Cortex; Control, 0.333 + 0.250, DO, 0.583 + 0.428, D1, 1.167 + 0.262, D3, 0.250 + 0.077, D7, 0.452 + 0.292, Medulla; Con-
trol, 0.139 + 0.169, DO, 0.279 + 0.070, D1, 1.140 + 0.226, D3, 0.452 + 0.048, D7, 0.625 + 0.048 pmol NOx produced/mg
protein/30 min). These findings suggest that the role of NOS in ARF are different for the different NOS isoforms and have
anatomic heterogeneity. (Mol Cell Biochem 244: 129-133, 2003)

Key words: nitric oxide synthase, acute renal failure

Introduction 6]. On the other hand, blocking NO production through induc-

ible NOS (iNOS) inhibition using anti-sense oligonucleotide

There has been a growing body of evidence for the roles of or specific inhibitors, reduces tubular dysfunction or injury [7,

reactive oxygen species (ROS) and reactive nitrogen species
(nitric oxide; NO) in the pathogenesis of a variety of renal
diseases including acute renal failure (ARF) [1-4]. It is well
known that inhibitors of NO synthase (NOS) exacerbate re-
nal blood flow (RBF) or glomerular filtration rate (GRF) and
that these effects are protected by arginine administration [5,

8]. These dissimilar effects of NO depend upon the site or rate
of NO production, timing of the activation of NOS isoforms,
metabolites of NO (for example peroxynitrite formation) and
their reactivity with ROS or metals. Therefore, time course
changes of NOS activity will provide us with some important
information needed to clarify the pathophysiology in ARF.
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This study was undertaken to elucidate these time course
changes of NOS isoform activities, both calcium dependent
and independent NOS, in ARF. We have analyzed the NOS
activities phase in both renal cortex and medulla from ischemic
AREF, and the results were, (1) calcium dependent NOS ac-
tivity in the cortex and medulla decreased; however it in-
creased in the recovery period in the renal cortex. (2) On the
other hand, iNOS activity increased in early phase of ARF,
both in the cortex and medulla but returned to control values
during the recovery phase in cortex and was maintained at
higher levels in the medulla. These findings suggest that the
roles of NOS in ARF are different for the different NOS iso-
forms and have anatomic heterogeneity.

Materials and methods
Animals

Male Sprague-Dawley rats (10-weeks-old) weighing around
250 g were used. Rats were anesthetized with an intraperito-
neal injection of pentobarbital (40 mg/100 g) and both kidneys
were exposed posteriorly by back incision. After resection of
the right kidney, ARF was induced in the rats by ischemia
(45 min, It. renal artery clamp) — reperfusion injury. They
were divided into 5 groups to evaluate the time course change
in NOS activity.

The groups were as follows (n = 5); Control group (sham
operation), Day 0 group, (measurement performed on that
day of operation, that is one hour after reperfusion), Day 1
group, (measurement performed one day after induction of
ARF), Day 3 group and Day 7 group. After induction of ARF,
in each rat was housed individually in a metabolic cage and
urine was collected daily. The rats had free access to food and
water.

All experiments were performed according to the ‘Guid-
ing Principles for the Care and Use of Laboratory Animals’
of the Japanese Pharmacological Society.

Chemicals

NADPH, tetrahydrobiopterin(BH4), leupeptin, pepstatin A
were purchased from Sigma (St. Louis, MO, USA), Cal-
modulin, L-arginine, dithiothreitol (DTT) were from WAKO
(Osaka, Japan) and other chemicals were reagent grade.

Measurement of nitric oxide synthase activity (NOS)
Preparation of enzyme solution

Figure 1 shows the preparation method for the enzyme solu-
tion. While under anesthesia, blood was drawn through a 23

gauge plastic catheter which was placed into the abdominal
aorta. The kidney was perfused with 10 ml of ice cold ho-
mogenize buffer A solution. The excised kidney was imme-
diately dissected on ice to isolate the cortex and medulla. This
was frozen using liquid nitrogen. After adding 5 volumes of
homogenization buffer A to frozen sample, the kidney was
homogenized with an ultrasonic homogenizer for 30 sec. The
homogenized solution was filtered through a nylon mesh and
centrifuged at 50 x g for 7 min. The same volume of ho-
mogenization buffer B was placed on the supernatant and
3 centrifugation steps were performed. Then 24,000 x g su-
pernatant was passed through Dowex 50W-X8(Na) column
to remove intrinsic arginine. This solution was used as a crude
enzyme sample. Components of the homogenize buffer A and
B are shown in Table 2.

Measurement of NOS activity Table 1

NO is synthesized from arginine by nitric oxide synthase
(NOS) and NO is converted to NO,/NO,™(NOx) by oxida-
tion. Yokoi ez al. [9] developed the method for detecting NOS
activity without using an isotope. The principle is based on
the detection of NOx, the final metabolite of NO, using a flow
injection method (Griess reaction). The measurement of NOx
was performed using the flow injection system (TCINOx 1000
m; Tokyo Kasei Kogyou Co., Tokyo) [10]. The sensitivity is
above 0.5 uM and CV is within 5% in this apparatus.

First, we checked whether this reaction was depended on
protein concentration and reaction time or not. There were 3
protein concentrations used for the enzyme solutions at; 15,
30 and 60 min for time course experiments. The amount of
NOx production was increased linearly in proportion to both
the protein concentration and the time course (data not shown).
Enzyme activity was expressed as the amount of pmol NOx
produced/mg protein/30 min (specific activity).

KIDNEY (Cortex and Medulla)
Homogenized ; 5 X Homogenization Buffer A

CI:/' Filtration using nylon mesh, 50xg , 7min , 4°C
r 1

ppt Put sup. on equal vol.of sup
Homogenization Buffer B - ]L - 700xg , 10min , 4°C

' sup

ppt ) I .
-}-" 7,000xg, 10 min , 4°C

ppt 24,000x g, 10 min , 4°C fjp‘

[ 1
ppt sup (crude enzyme)

sup.; pass through Dowex 50W-X8 (Na* form) column

Fig. 1. Sample preparation for NOS activity; excised kidney was immedi-
ately weighed, dissected and frozen. All procedures were done under cool-
ing condition.



Table 1. Method for NOS activity determination

Blank Total NOS iNOS

50 mM Tris-HCI (pH 7.4) + + +
1 mM CaCl, + + _
1 mM NADPH - + +
5 pg/ml Calmodulin + + _
1 uM BH, + + _
1 mM EGTA - - +
1 mM L-arginine - + +

Pre-incubate at 37°C, for 20 min. Add enzyme solution (6-8 mg/ml pro-
tein). Incubate at 37°C, for 30 min. Stop reaction add NaOH and ZnSO,
(0.09 N and 1.5%). Centrifuge at 3,000 rpm, RT. NOx concentration was
measured by Greiss method.

Table 2. Components of homogenization buffer

50 mM Tris-HC1 pH 7.4
0.1 mM EDTA-2Na

0.1 mM EGTA

1 mM PMSF

1 mM DTT

10 pg/ml Leupeptin

1 uM Pepstatin

Buffer A: 0.25 M sucrose
Buffer B: 0.34 M sucrose

Measurements of laboratory data

Creatinine measurement in the urine and plasma, blood urea
nitrogen and protein determination were performed using stan-
dard laboratory kits (Creatinine WAKO Test, BUN WAKO Test
and Bio Rad Protein Assay Kit). Creatinine clearance was
calculated from plasma creatinine content and 24 h urine
creatinine concentration, and expressed as ml/min/00 g of
body weight.

Statistical analysis

Data are expressed as the means + S.D. Data were analyzed
by one-way analysis of variance in combination with Fish-
er’s protected least significant difference and p values of less
than 0.05 were regarded as significant.

Results

Body weight and renal function

There were significant differences of body weight found in
control and ARF groups. Plasma creatinine (Cr) and blood
urea nitrogen (BUN) were significantly increased and 24 h
creatinine clearance (Ccr) was decreased in the ARF group
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(Table 3). The maximum decline of renal function was around
1 day after induction of ARF and Ccr increased but did not
return to control values 7 days after induction of ARF.

Kidney NOS activities

Renal cortex (Fig. 2)

Calcium dependent NOS, mainly e-NOS, activity signifi-
cantly decreased from 1 h after reperfusion and showed mini-
mal values 1 day after induction of ARF. However, e-NOS
activities increased significantly compared to control value
from day 3 to day 7 after induction of ARF. Conversely, cal-
cium independent NOS, i-NOS, activity significantly in-
creased after 1 h of reperfusion and reached the maximum
value 1 day after induction of ARF. Three and 7 days after
induction of ARF, they had returned to control values (e-NOS
activity; Control, 0.941 + 0.765, D0, 0.382 £ 0.271,D1,0.118
+0.353, D3, 2.030 + 0.235, D7, 3.588 + 2.706, i-NOS ac-
tivity; Control, 0.333 +0.250, D0, 0.583 +0.428, D1, 1.167
+0.262, D3, 0.250 + 0.077, D7, 0.452 + 0.292).

Table 3. Laboratory data

BW s-Cr BUN Cer

(g) (mg/dl) (mg/dl) (ml/min-100 g BW)
Control 260 =17 0.40 £ 0.09 17.6 £ 3.6 4.42 £ 1.40
ARF Day 0 243 +20* 0.72 £ 0.13 24.5 & 4.2%%* -

Day 1 219 £ 21*%* 142 + 0.77*%*%* 62.5 £ 35.0%** 0.84 + 0.66***
Day 3 233 + 18*** 138+ 1.39%* 68.9 +54.7 1.78 + 0.92%**
Day 7 225 +23*** (.69 +0.34 43.3 +£30.2 2.84 £ 1.32%*

Values are mean + S.D. *p < 0.05; **p <0.01; ***p < 0.001 vs. control.

eNOS iNOS

8 *x 415
6

H10
4

os
2
0 0

Cont DO DI D3 D7 Cont DO D1 D3 D7
(NOx formed pmol/30 min/mg protein) *p < 0.05, **p < 0.01

Fig. 2. NOS activity in ARF rat kidney cortex; eNOS and iNOS activities
were different in time course of ARF.
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Renal medulla (Fig. 3)

e-NOS activity in medulla decreased significantly after the
early phase of ARF similar to the cortex and this inhibitory
effect continued for 1 day after induction of ARF, but there
was no significant increase in eNOS activity compared to the
control value during the following days. Distinct from eNOS
activity in cortex, eNOS in the medulla did not exceed con-
trol the values. i-NOS activity, however, increased 1 day af-
ter induction of ARF, but did not return to control values,
even 7 days after induction of ARF (e-NOS activity; Con-
trol, 1.469 + 0.531, DO, 0.766 + 0.156, D1, 0.828 + 0.187,
D3, 2.078 + 0.094, D7, 1.289 + 0.313, i-NOS activity; Con-
trol, 0.139 + 0.169, DO, 0.279 + 0.070, D1, 1.140 + 0.226,
D3, 0.452 £ 0.048, D7, 0.625 + 0.048).

Discussion

The kidney is one of the most active organs metabolically.
In fact renal blood flow is up to 20% of cardiac out-put and
the oxygen consumption rate is extremely high. Therefore
reduction of blood flow to the kidney leads to functional and
morphological changes. Acute renal failure is defined as an
abrupt decline of renal function caused by many intrinsic or
extrinsic factors. One of these causes is reduction of blood
supply to the kidney.

In the clinical setting, the mortality rate for ARF patients
is still over 50% in spite of the progress for dialysis therapy.
The reason for this is based on the fact that the affected or-
gan is not only the kidney but also lung and liver, i.e. pul-
monary distress syndrome and/or liver dysfunction, are
involved. To elucidate the mechanisms of ARF is an impor-
tant issue for the development of strategies for treating this
syndrome.

20 15
15 |-
1.0
1.0 -
L s
05 -
NIEE_ B & H I5EE B B 0

Cont DO DI D3 D7 Cont DO DI D3 D7
(NOx formed pmol/30 min/mg protein) *p < 0.05, **p < 0.01

Fig. 3. NOS activity in ARF rat kidney medulla; eNOS and iNOS activi-
ties were different in time course of ARF.

There has been evidence accumulating for a role of reac-
tive oxygen species (ROS) and reactive nitrogen species (i.e.
nitric oxide; NO) in the pathogenesis of ARF. However, there
are controversial reports of pathogenetic roles of ROS and
NO in experimental ischemic ARF. ROS and NO are pro-
duced in ARF, and many antioxidants were used to treat in
ARF model [11], but the effects of these compounds on ARF
are not sufficient at present for therapies [12] because the
organ dysfunction is caused by ROS which is the result of
multiple reactions. In the intact kidney, ROS is the result of
complex reactions. During normal kidney function, super-
oxide anion radical is scavenged by superoxide dismutase
(SOD) and forms hydrogen-peroxide. Then hydrogen-perox-
ide is metabolized to water by catalase or peroxidases. When
there is over production of superoxide anion radical and/or
dysfunction of SOD, catalase and peroxidases, hydroxyl radi-
cal, one of the more reactive radicals, is formed from the
superoxide anion radical and/or hydrogen-peroxide by reac-
tion with transition metals. SOD, catalase, iron chelators and
some kinds of radical scavengers have been used in experi-
mental models of ARF in animals [13, 14], but these antioxi-
dants effects did not completely normalize the condition. NO
is also formed in ischemia-reperfusion injury and this small
molecule is converted to peroxynitrite by reacting with the
superoxide anion radical. Peroxynitrite is a strong oxidative
substance and produces hydroxyl radicals [15]. NO is pro-
duced from each of the isoforms of NOS, NO has an impor-
tant physiological roles in the regulation of blood flow and
Na balance via the Na-K ATPase in the kidney [16, 17]. On
the other hand, NO has a cytotoxic effect on renal tubular cells
[18]. Such biphasic effects of NO create an extremely com-
plex pathophysiological situation in the kidney. Therefore,
NO may have distinctly different roles in different renal dis-
eases.

These dissimilar effects of NO depend upon the concen-
tration of NO, the integrity of NO protective cell types, the
timing of activation of NOS isoforms, metabolites of NO (for
example peroxynitrite formation) and reactivity with ROS or
metals. There are no published reports concerning the time
course changes of NOS activity in experimental models of
AREF as far as we have surveyed. Therefore, time course
changes of NOS activity will provide us with some impor-
tant information to clarify the pathophysiology of ARF.

This study was undertaken to elucidate some of the time
course changes of the NOS isoforms, both calcium depend-
ent (e) and independent (i) NOS, in ARF. We have analyzed
the NOS activities in both renal cortex and medulla from
ischemic AREF, and the results were, (1) eNOS activity in the
cortex and medulla decreased, however it increased signifi-
cantly during the recovery period in the renal cortex. (2) On
the other hand, iNOS activity increased in the early phase of
ARF both in the cortex and medulla but in the cortex it re-
turned to control values during the recovery phase. However,



iNOS in the medulla is still significantly higher than that of
the controls during the recovery phase. These findings sug-
gest that the roles of NOS in ARF are different for different
types of NOS and also depend on the time course of ARF.

In conclusion, it is not an effective protocol to manage only
NO production using inhibitors or stimulators on experimen-
tal models of ARF because of the correlation of ROS and NO
is a multifactorial system. Further studies will be needed to
evaluate the combination of effects for the antioxidants and
NO regulators on ARF. Such studies could provide us some
important information regarding the future management strat-
egies of human ARF.
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Abstract

Cardiovascular disease is commonly observed in patients with chronic renal failure and this is a leading cause of death in patients
with end-stage renal disease undergoing maintenance dialysis. Myocardial energy production is a very crucial aspect of car-
diac function. Therefore, to evaluate energy metabolism of myocardial muscle in peritoneal dialysis (PD) patients, we carried
out the following study using Magnetic resonance spectroscopy (MRS).

Fourteen chronic renal failure patients and eight healthy volunteers were enrolled. The ratio of the phosphocreatine peak to
the beta-phosphate to ATP peak (PCr/B-ATP) was calculated from their MR spectra obtained by 3'P-MR spectroscopy (Gyroscan
S15, Philips). To determine the correlation between cardiac function and energy status, the left atrial diameter, the left ven-
tricular (LV) end-diastolic diameter, the ejection fraction, the fraction of shortening and the LV mass index were measured by
echocardiography. Peripheral blood sampling was also performed for creatinine, blood urea nitrogen, hematocrit, hemoglobin,
B,-microglobuline, intact parathyroid hormone.

PCr/B-ATP was significantly lower in PD (1.03 £ 0.15 vs. 1.40 + 0.18: p = 0.0002), although all patients showed normal
systolic function. No correlation was found between PCr/B-ATP and cardiac function or hematological or biochemical mark-
ers. A negative correlation was present between PCr/B-ATP and dialysis duration (r = 0.57, p < 0.05).

Altered energy status of the myocardium in PD should be considered even if the patients did not show any systolic dysfunc-
tion. 3'P-MRS is a useful tool to evaluate the energy status of the myocardium. (Mol Cell Biochem 244: 135-138, 2003)

Key words: energy metabolism, chronic renal failure, myocardium, magnetic resonance spectroscopy

Introduction Cardiac dysfunction has been reported frequently in chronic

renal failure, and several pathologies have been hypothesized

Cardiovascular disease is frequently recognized in patients
with chronic renal failure and is a leading cause of death in
patients with end-stage renal diseases [1]. The incidence of
heart failure as a cause of death was 23% in the Japanese
dialysis population [2] at the end of 2000, despite the appear-
ance of recombinant human erythropoietin which has made
renal anemia less common. Recent advances in dialysis
therapy resulted in an increased longevity for uremic patients
but dialysis related complications such as atherosclerosis [3],
amyloidosis [4] and muscle weakness [5, 6] affect the qual-
ity of life [1].

as follows; carnitine deficiency [7], anemia, arteriovenous fis-
tula, chronic volume overload [8], hypertension, reduced vas-
cular compliance [9] and uremic toxins [1, 10].

However, little is known regarding the role of biochemi-
cal alterations on cardiac energy status in dialysis patients.
Magnetic resonance spectroscopy (MRS) is an excellent way
to evaluate energy status non-invasively [11]. Therefore, to
evaluate energy metabolism in myocardial muscle of dialy-
sis patients, we carried out this study, specifically on perito-
neal dialysis (PD) subjects, using MRS.

Address for offprints: G. Ogimoto, St. Marianna University School of Medicine, Department of Medicine, Division of Nephrology and Hypertension, 2-16-
1 Sugao Miyamae-ku, Kawasaki, 216-8511, Japan (E-mail: g20gi @marianna-u.ac.jp)
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Materials and methods

Subjects

Fourteen patients undergoing PD who provided informed
consent to participate in this study were examined. There
were 5 men and 9 women. The mean age was 49.5 + 11.7
years. The mean duration of dialysis at entry to this study was
4.6 + 3.5 years. The etiology of ESRD were glomerulone-
phritis in 10 patients, diabetic nephropathy in 2, Alport syn-
drome in 1 and systemic lupus erythematosis in 1. No patients
had any history of heart failure or ischemic heart disease. The
control group consisted of 8 healthy volunteers (3 males and
5 females). The mean age of the volunteers was 33.4 + 8.5
years.

Spectroscopy

A ¥P-NMR signal was acquired using a surface coil with
al4 cm diameter that was turned to 25.89 MHz for phospho-
rus. Conventional proton NMR images were obtained to con-
firm the location of the volume of interest (VOI).

VOI selected extended from the anterior myocardial wall
to the ventricular septum. Data were collected from the myo-
cardium at rest. Measurements were carried out as follows:
Image selected in vivo spectroscopy (ISIS), repetition time
(TR) 1200-1700 msec (actual TR 1400-2600 msec), echo
time 136 msec, 300 msec delay from R wave for pulse. Sam-
pling point: 1024 point, sampling number: 1024 times. To
obtain MR spectra, a baseline correction was made after
Fourier transformation. There were four well defined peaks
identified on a representative spectrum reading from the left
as follows: phosphocreatine (PCr), gamma- phosphate peak
to ATP (y-ATP), alpha-phosphate peak to ATP (a-ATP) and
beta-phosphate peak to ATP ($-ATP). Because of the short
repetition time in this study, both phosphocreatine and ATP
could not be fully saturated. To exclude the affect of short
TR, we have computed the estimated signal intensities of PCr
and B-ATP signals by a saturation correction according to the
T, values of PCrof 4.28, and B-ATP of 2.99 that were reported
by van Dobbenburgh [12].

Echocardiography and blood sampling

To determine the correlation between cardiac function and
energy status, the left atrial diameter, the left ventricular (LV)
end-diastolic diameter, ejection fraction, fraction of shorten-
ing and LV mass index were measured in the PD patients by
echocardiography. Serum was obtained from both groups for
serum creatinine (Cr), urea nitrogen (BUN), B,-microglobuline
(B,-MGQ), intact parathyroid hormone (intact-PTH). Hem-
atocrit and hemoglobin were also measured in both groups.

Statistical analysis

Values are presented as the mean + S.D. Comparison of data
from controls and patient’s was performed by a Mann-Whitney
U test. Correlation between the PCr to ATP ratios and echo-
cardiograms or blood data were analyzed by the Spearman
rank test. Statistical significance was defined as p < 0.05.

Results

Hematological and biochemical parameters are listed on Ta-
ble 1. In the PD patients group, Cr, BUN and B,-MG were
significantly increased over controls reflecting their renal
insufficiency. Hct and Hgb levels in the CRF group are lower
than controls.

The echocardiographic data from the PD patients showed
prominent left ventricular (LV) hypertrophy (LV mass in-
dex; 210.1 g/m?) and minor dilatation of the LV (LV diam-
eter; 50.8 mm). However, the ejection fraction (73%) and
fractional shortening (31%) were maintained within normal
limits.

In Fig. 1, a representative MR spectrum obtained from a
PD patient is shown. Reading from the left, the peaks of PCer,
y-ATP, a-ATP, B-ATP are identified. The ratio of PCr to -
ATP (PCr/ATP) was derived from the integrated areas of
under the peaks resonance of PCr and 3-ATP.

PCr/ATP was markedly reduced in PD patients (PD 1.03
+ (.15 vs. cont 1.40 £ 0.18, p = 0.0002) which suggests an
alteration of energy status in chronic renal failure.

Table 1. Characteristics of biochemical parameters in blood obtained from peritoneal dialysis patients (PD) and control group (cont).

n Cr BUN Hct Hgb B,-MG Intact-PTH
mg/dl % g/dl mg/l pg/ml
PD 11 10.7 £2.1 57.3+14.0 253 +3.6 84+13 34.0+8.2 216.5 £253.9
Cont 5 0.8+0.1 124+29 36.7+3.0 124+13 1.2+0.1

Cr - creatinine; BUN — blood urea nitrogen; Het — hematocrit; Hb — hemoglobin; B,-MG — B,-microglobulin; intact-PTH - intact-parathyroid hormone.
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Fig. 1. Representative MR spectrum obtained from a PD subject. Four well-
defined peaks identified on this figure. Phosphocreatine (PCr), gamma-
phosphate peak to ATP (y-ATP), alpha-phosphate peak to ATP (o-ATP)
and beta-phosphate peak to ATP (B-ATP).

Moreover, comparison of PCt/ATP to the duration of di-
alysis showed a statistically significant negative correlation
(p<0.05; Fig. 2). However, no correlation was found between
PCr/ATP and the hematological or biochemical data in this
study.

In Table 2, a case is presented that showed a dramatic
amelioration in myocardial energy status by correction of
renal anemia. This patient’s severe renal anemia (Hgb 6.6 g/
dl) had been documented at the beginning of erythropoietin
(EPO) therapy of 6000 U per week. Following EPO therapy,
the patient’s hemoglobin level increased dramatically to
around 12 g/dl where it remained 6 months. After treatment,
the patient’s PCr/ATP reached nearly normal despite an ini-
tial PCt/ATP which was 0.91 at the beginning of the therapy.

Discussion

Left ventricular hypertrophy is the most frequent cardiac
alteration in end-stage renal disease (ESRD) [13]. While LV
hypertrophy exist in ESRD patients, systolic function has
been found mostly normal [14] and this is confirmed by our
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Fig. 2. The myocardial PCr/B-ATP obtained from control group (Cont)
and peritoneal dialysis patients (PD) by 3!'phosphorus magnetic resonance
spectroscopy. PCr — phosphocreatine; B-ATP — beta-phosphate peak to ATP.

data. Assessment of left ventricular metabolism and function
is very important for patients on maintenance dialysis because
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Fig. 3. Negative correlation between PCr/B-ATP and the duration of di-
alysis therapy in the patients undergoing peritoneal dialysis. PCr — phospho-
creatine; B-ATP — beta-phosphate peak to ATP.

Table 2. A case showed dramatic amelioration in myocardial energy status by correction of renal anemia. PCr/B-ATP increased to almost normal range with-

out any change in dialysis quantity of the patient

PCr/B-ATP Cr BUN Hct Hgb B,-MG Intact-PTH
mg/dl % g/dl mg/1 pg/ml
0 month 0.91 133 37 21 6.6 48/9 182.8
10 month 1.33 11.8 39 38 12.0 44.4 246.4

PCr — phophocreatine; B-ATP — beta-phospate peak to ATP; Cr ~ creatinine; BUN - blood urea nitrogen; Hct — hematocrit; Hgb — hemoglobin; ,-Mg — B,-

microglobulin; intact-PTH — intact-parathyroid hormone.
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congestive heart failure occurs quite often leading to a tragic
outcome.

MRS provides intracellular information non-invasively
from living tissue. Additionally, we are able to learn the con-
tent of high-energy phosphate in living tissue using 3'P-MRS.
PCr/ATP is useful as an excellent marker of the energy sta-
tus of the heart [15, 16]. Weiss et al. [16] reported a decrease
in the PCt/ATP during handgrip exercises in patients with
coronary heart disease that reflects a transient imbalance be-
tween oxygen supply and demand in the myocardium.

In several reports on left ventricular hypertrophy in patients
without heart failure [17, 18], there was no significant de-
crease in the myocardial PCr/B-ATP ratio. Hardy et al. [19]
found an altered PCr/B-ATP ratio in the patients with dilated
cardiomyopathy. All of the patients studied had symptoms of
congestive heart failure. Although there were no symptoms
of heart failure in our cases, almost all the patients had myo-
cardial hypertrophy and a reduced myocardial PCr/p-ATPra-
tio. Additionally, no correlation was found between the ratio
of PCr/B-ATP ratio and hematological or echocardiographic
parameters on this study.

The case presented in Table 2 showed a dramatic amelio-
ration of the ratio of PCr/B-ATP through correction of her re-
nal anemia using erythropoietin. Erythropoietin has been
shown to promote angiogenesis and stimulate endothelial and
vascular smooth muscle cell proliferation [20]. Thompson et
al. [21] reported a bioenergetic effect of erythropoietin in
skeletal muscle by correction of renal anemia but they also
mentioned other possibilities such as a deficiency in carni-
tine and an increase in peripheral vascular resistance as causes
of abnormal energy production. Carnitine is a vitamin-like
compound synthesized mainly in mammalian liver, brain and
kidney starting from lysine and methionine [22]. It plays an
important role in fatty acid transport into mitochondria be-
fore its oxidation to H,0 and CO,.

Therefore we must consider the direct effect of increased
oxygen supply and angiogenesis in evaluating the effect of
erythropoietin therapy in this case. Additionally, the negative
correlation between the PD duration and the PCr/B-ATP ra-
tio (p < 0.05, r = 0.57) might support a role for carnitine de-
ficiency and/or diminished fiber density of the myocardium
in the gradual deterioration of energy production in long-term
dialysis patients.

MR spectroscopy is useful to estimate energy status di-
rectly and provide precise information about improvement
in energy status in the target organ.
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Oral L-arginine can reverse digital necrosis in

Raynaud’s phenomenon
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Abstract

Raynaud’s phenomenon is characterized by transient reduction in blood supply through the small arteries in the hands and
feet. Severe Raynaud’s phenomenon can cause digital necrosis. It has been hypothesized that nitric oxide may have a role in
Raynaud’s phenomenon. We report two cases in which oral L-arginine reversed digital necrosis in Raynaud’s phenomenon
and two additional cases in which the symptoms of severe Raynaud’s phenomenon were improved with oral L-arginine. These
reports suggest that a defect in nitric oxide synthesis or metabolism is present in Raynaud’s phenomenon. They also suggest a
potential role for oral L-arginine therapy in Raynaud’s phenomenon, especially in Raynaud’s phenomenon with digital necro-

sis. (Mol Cell Biochem 244: 139-141, 2003)

Key words: L-arginine, nitric oxide, Raynaud’s phenomenon, digital necrosis

Introduction

Raynaud’s phenomenon is characterized by transient reduc-
tion in blood supply through the small arteries in the hands
and feet [1]. Typically, exposure to cold induces digital ar-
tery spasm associated with pain and a characteristic change
in skin color from cyanotic to white to red. Most cases of Ray-
naud’s phenomenon are not associated with other conditions,
i.e. they are considered primary Raynaud’s phenomenon [2].
People with collagen vascular diseases such as rheumatoid
arthritis and scleroderma have a higher incidence and more
severe form of Raynaud’s phenomenon. Severe Raynaud’s
phenomenon can cause digital necrosis. Treatment for dig-
ital necrosis typically involves dihydropyridine type calcium
channel blockers and avoidance of cold. Unfortunately, treat-
ment of digital necrosis is frequently not successful.

Nitric oxide is an endogenous vasodilator that relaxes
smooth muscle by myoplasmic calcium dependent and inde-
pendent mechanisms [3, 4]. Inadequate nitric oxide produc-
tion can cause vascular spasm. Nitric oxide is synthesized
from the amino acid L-arginine [5]. It was hypothesized that
a deficiency of nitric oxide could be responsible for Ray-
naud’s phenomenon. Chronic oral administration of L-ar-

ginine had no effect on digital blood flow in patients with
primary Raynaud’s phenomenon [6] or with scleroderma [7].
Intra-arterial administration of L-arginine had no effect on
digital blood flow in patients with primary Raynaud’s phe-
nomenon [8]. However, in scleroderma patients, intra-arte-
rial administration of L-arginine had reduced the number of
fingers that exhibited Raynaud’s phenomenon in response to
cold exposure (9).

We hypothesized that nitric oxide had arole in severe Ray-
naud’s phenomenon with digital necrosis. We report two
cases in which oral L-arginine reversed digital necrosis in
Raynaud’s phenomenon and two additional cases in which
the symptoms of severe Raynaud’s phenomenon were im-
proved with oral L-arginine.

Case reports
Case #1
MM is a 63 year old woman with a 4 year history of rheuma-

toid arthritis treated with plaquenil. She first developed Ray-
naud’s phenomenon in 12/1999 and digital necrosis developed
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in 2/2000. She described severe burning pain that was not
controlled with Percocet 1 q 4 h. Topical tetracaine relieved
the pain for approximately 15 min. She was initially treated
with nifedipine 60 mg and prednisone 40 mg daily for 6
weeks without benefit. She presented to the University of
Virginia on 3/23/2000. There were necrotic regions on the
ends of the 2nd, 3rd, and 4th digits of the right hand (a pic-
ture is not available). Pus was draining from several of these
necrotic regions. All digits were red and various stages of
cracked skin. She had swan neck deformities of several of
her digits. She had no signs of scleroderma. Amlodipine 10 mg
qd and L-arginine 2 g bid were begun. The nifedipine was
discontinued and the prednisone tapered over 2 weeks. On
4/6/2000 (day 14), the patient mistakenly stopped the L-ar-
ginine. Examination on 4/14/2000 (day 22) revealed less
discharge but no significant healing (see Fig. 1, left). The L-
arginine was restarted and a 5 day course of azithromycin
500 g daily was given. She was also prescribed topical ni-
troglycerin paste, but this caused no relief and was discon-
tinued after three days. Examination on 4/28/2000 (day 36)
revealed reduced discharge with partial healing. The L-ar-
ginine was increased to 2 g tid and hydrochlorothiazide 25 mg
qd prn was added to control edema. Examination on 5/25/
2000 (day 63) revealed almost complete healing (Fig. 1,
right). Her burning pain was relieved. She no longer required
Percocet or topical tetracaine.

Case #2

MCis a61 year old woman with a 20 year history of primary
Raynaud’s phenomenon. She had a sympathectomy in 1990
without relief. She presented to the University of Virginia on
6/28/1996. There was a necrotic region with draining pus on

the end of the 2nd digit of the right hand. All of the digits had
ared rash and various stages of cracked skin. She had no signs
of scleroderma. Amlodipine 5 mg and amoxacillin 500 mg tid
for 2 weeks were begun. On 8/9/1996 (day 41), the right 2nd
digit was improved but the left 4th digit had a new necrotic
lesion. The amlodipine was increased to 10 mg daily and an-
other course of amoxacillin 500 mg tid for 2 weeks was pre-
scribed. The LDL cholesterol was 160 and the HDL cholesterol
was 34, so pravastatin 20 mg and gemfibrozil 600 mg bid were
added. The patient soon stopped pravastatin secondary to con-
stipation. On 10/8/1996 (day 100), the left 4th digit still had a
draining necrotic lesion and L-arginine 500 mg qid was added.
On 2/4/1997 (day 216), the necrotic lesions were totally healed
and her Raynaud’s phenomenon was under much better con-
trol, despite the cold weather. Her Raynaud’s phenomenon
remained quiescent until she stopped taking L-arginine in 7/
1998 (day 723). On 10/26/1998 (day 838), her hands showed
no necrotic lesions, but she reported increasing symptoms of
Raynaud’s phenomenon. Her L-arginine was restarted. She was
contacted by phone on 5/30/2000 (day 1412). She continues
on L-arginine 2 g daily. When she is unable to obtain L-arginine
from the store, the pain from her Raynaud’s phenomenon de-
velops in approximately 2 weeks and resolves when L-arginine
is restarted. She reports no necrotic lesions.

Case #3

SO is a 54 year old woman with a 15 year history of primary
Raynaud’s phenomenon. She presented to the University of
Virginia on 2/27/1992. Her toes were cyanotic and there were
focal regions on the verge of breaking down. She had no signs
of rheumatoid arthritis or scleroderma. Felodipine 5 mg was
begun and then increased to 10 mg daily. On 5/22/1992 (day

Fig. 1. Photographs of subject #1 hands 22 days (left) after starting 4 g of L-arginine daily (left) and 26 days after increasing L-arginine to 6 g daily (total 66

days of L-arginine).



82), her toes were improved and felodipine was increased to
20. Her LDL was 97 and HDL 81. On 1/2/1996 (day 1385),
the felodipine was changed to amlodipine 10 mg daily. On
9/27/1996 (day 1650), since her Raynaud’s phenomenon was
not well controlled, L-arginine 500 mg qid was added. On 1/
24/1997 (day 1767), she reported that her Raynaud’s phe-
nomenon had remarkably improved since starting the L-ar-
ginine. She was switched from amlodipine back to felodipine
10 mg bid. Her Raynaud’s phenomenon remained quiescent
until she stopped taking L-arginine in the summer of 1998.
On 4/20/1998 (day 2213), she had more symptoms of Ray-
naud’s phenomenon. She agreed to take L-arginine year
round. She doubled the dose of L-arginine for 2 weeks in 10/
1999 for an exacerbation of her Raynaud’s phenomenon. On
4/25/2000 (day 2938) she reported having a good winter.

Case #4

CM is a 63 year old woman with a 23 year history of primary
Raynaud’s phenomenon primarily involving the hands and
chronic phlebitis of the calfs. She presented to the Univer-
sity of Virginia on 10/5/1987. She had no signs of rheumatoid
arthritis or scleroderma. She was first treated with diltiazem
60 qid with some improvement. She was changed from
diltiazem to Felodipine 10 mg daily on 4/10/1992 with little
change. On 10/7/1996, L-arginine 500 mg qid was added. On
1/24/1997, she reported that her symptoms of Raynaud’s
phenomenon had improved. On 10/3/1997, after stopping L-
arginine but still taking felodipine, she reported worsening
of her Raynaud’s phenomenon. The L-arginine was restarted.
On 10/23/1998 she reported an improvement on the L-ar-
ginine. By the summer of 1999, she had stopped the L-ar-
ginine again and complained of bloating. Her felodipine was
reduced to 5 mg and L-arginine 1 g bid was restarted. On both
4/30/1999 and 4/28/2000 she reported minimal Raynaud’s
phenomenon symptoms. On examination, there was some
digital cyanosis.

Discussion

In 1929, an intrinsic defect in arterial blood supply was shown
to be present in Raynaud’s phenomenon [1]. We hypothesized
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that reduced function of the endogenous vasodilator nitric
oxide may be the cause of reduced blood flow in severe
Raynaud’s phenomenon. We further hypothesized that oral
supplementation with the amino acid L-arginine, the substrate
for nitric oxide synthetase [5], may improve Raynaud’s phe-
nomenon. We report two cases in which oral L-arginine re-
versed digital necrosis in Raynaud’s phenomenon and two
additional cases in which the symptoms of Raynaud’s phe-
nomenon were improved with oral L-arginine. These case
reports suggest that a defect in nitric oxide synthesis or me-
tabolism is present in Raynaud’s phenomenon. They also
suggest a potential role for oral L-arginine therapy in Ray-
naud’s phenomenon, especially in Raynaud’s phenomenon
with digital necrosis. We suggest that a randomized trial be
initiated to test the efficacy of oral L-arginine in Raynaud’s
phenomenon with digital necrosis.
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Abstract

Since the first description of a creatine deficiency syndrome, the guanidinoacetate methyltransferase (GAMT) deficiency, in
1994, the two further suspected creatine deficiency syndromes — the creatine transporter (CrT1) defect and the arginine:glycine
amidinotransferase (AGAT) deficiency were disclosed.

GAMT and AGAT deficiency have autosomal-recessive traits, whereas the CrT1 defect is a X-linked disorder. All patients
reveal developmental delay/regression, mental retardation, and severe disturbance of their expressive and cognitive speech.
The common feature of all creatine deficiency syndromes is the severe depletion of creatine/phosphocreatine in the brain.
Only the GAMT deficiency is in addition characterized by accumulation of guanidinoacetic acid in brain and body fluids.
Guanidinoacetic acid seems to be responsible for intractable seizures and the movement disorder, both exclusively found in
GAMT deficiency. Treatment with oral creatine supplementation is in part successful in GAMT and AGAT deficiency, whereas
in CrT1 defect it is not able to replenish creatine in the brain. Treatment of combined arginine restriction and ornithine substi-
tution in GAMT deficiency is capable to decrease guanidinoacetic acid permanently and improves the clinical outcome. The
lack of the creatine/phosphocreatine signal in the patient’s brain by means of in vivo proton magnetic resonance spectroscopy
is the common finding and the diagnostic clue in all three diseases. In AGAT deficiency guanidinoacetic acid is decreased,
whereas creatine in blood was found to be normal. On the other hand the CrT1 defect is characterized by an increased concen-
tration of creatine in blood and urine whereas guanidinoacetic acid concentration is normal.

The increasing number of patients detected very recently suffering from a creatine deficiency syndrome and the unfavorable
outcome highlights the need of further attempts in early recognition of affected individuals and in optimizing its treatment.
The study of creatine deficiency syndromes and their comparative consideration contributes to the better understanding of the
pathophysiological role of creatine and other guanidino compounds in man. (Mol Cell Biochem 244: 143-150, 2003)

Key words: creatine deficiency, inborn errors of metabolism, GAMT deficiency, AGAT deficiency, creatine transporter defi-
ciency, guanidinoacetic acid

Introduction (e.g. mitochondrial cytopathies) were undertaken in order to

clarify the role of the Ct/PCr and CK systems. Three main

The creatine (Cr)/phosphocreatine (PCr) system plays an
important role in energy storage and transmission. Beside the
mitochondrial and cytosolic creatine kinase (CK) system as
a shuttle of high-energy phosphates, synthesis and transport
of Cr are integral parts of cellular energy metabolism. Major
achievements made over the last couple of years have been
attempted to a better understanding of the mechanism of cel-
lular energy homeostasis and their pathophysiological con-
sequences in man. Studies in several animal models (e.g. CK
knockout mouse) and on cellular models as well as investi-
gations in patients with inborn errors of energy metabolism

proteins are the basis of Cr metabolism, namely arginine:glycine
amidinotransferase (AGAT, EC 2.1.4.1), S-adenosyl-L-meth-
ionine:N-guanidinoacetate methyltransferase (GAMT, EC
2.1.1.2), and the Cr transporter (CrT). In the recent years
inborn errors of metabolism have been identified for all three
proteins - AGAT deficiency (AGAT-D) [1, 2], GAMT defi-
ciency (GAMT-D [MIM 601240]) [3], and CrT1 defect
(CrT1-D [MIM 300036]) [4, 5]. A common feature in all
these disorders is the complete lack of Cr/PCr in the brain
measured by in vivo magnetic resonance spectroscopy (MRS),
so that they are subsumed as Creatine Deficiency Syndromes
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(CDS). The clinical presentation of all CDS patients is charac-
terized by developmental delay/arrest, mental retardation,
and disturbance of active and comprehensible speech. In
GAMT-D guanidinoacetic acid (GAA) is increased in brain,
blood, cerebrospinal fluid (CSF), and urine, and seizures
refractory to anti-epileptic drugs complicate this disease.

In order to more fully comprehend the clinical presenta-
tion, treatment and outcome in the different CDS, it seems
important to provide a short introduction into the basics of
Cr metabolism in humans (Fig. 1) (for a review see [6]). Cr
is either taken up from the food by intestinal absorption, and/
or it is synthesized endogenously, primarily in kidney, pan-
creas, and liver. AGAT catalyzes the reversible transamidination
of the guanidino group from arginine to glycine yielding GAA
and ornithine. GAMT subsequently catalyzes S-adenosyl-L-
methionine-dependent methylation of GAA to yield Cr and
S-adenosyl-L-homocysteine [7]. Cr is then transported
through the blood and is taken up into Cr-requiring tissues
against a large concentration gradient (plasma [Cr] ~ 50 uM;
intracellular [Cr + PCr] up to 40 mM). Uptake into the tis-
sues is afforded by a Na*- and Cl-dependent Cr transporter
[8]. Cr and PCr are nonenzymatically converted at an almost
constant rate (~ 1.7%/day) into creatinine (Crn) which pas-
sively diffuses out of the cells and is excreted by the kidneys
into the urine. The urinary Crn excretion therefore represents
a convenient indicator of the total Cr stores in the body. A 70-
kg man contains ~ 120 g Cr, of which > 90% are found in
muscle tissue.

The increasing number of recently new recognized patients
with CDS opens possibility of comprehensive view on the
clinical symptoms, metabolic patterns and treatment outcome

Fig. 1. The metabolic pathway of creatine/phosphocreatine. AdoHcy — S-
adenosylhomocysteine; AdoMet — S-adenosylmethionine; AGAT — argin-
ine:glycine amidinotransferase; GAMT — guanidinoacetate methyltransferase;
GAP - guanidinoacetophosphate; PCr — phosphocreatine. Sides of meta-
bolic bloc in the two steps of creatine biosynthesis are displayed as filled
box and numbered as (1), AGAT deficiency and (2), GAMT deficiency.

in the different disorders. Thus, the study of CDS patients will
improve the knowledge of the crucial role of Cr and other
guanidino compounds in healthy and disease.

Guanidinoacetate methyltransferase
deficiency

GAMT-D is the first detected deficiency in creatine biosyn-
thesis in man (for review see [9]).

Enzyme defect

This disorder is caused by deficiency of S-adenosyl-L-
methionine:N-guanidinoacetate methyltransferase. This en-
zyme is expressed in liver, kidney, and pancreas [7, 10] and
with lower extend also in brain [11], lymphocytes, fibroblasts
[12], and other tissues. GAMT catalyzes the S-adenosyl-
L-methionine-dependent methylation of GAA to yield Cr
and S-adenosyl-L-homocysteine (Fig. 1). In consequence,
GAMT-D leads to a lack of Cr and an accumulation of GAA.

Inheritance and molecular defect

GAMT-D is inherited as an autosomal recessive trait. The
GAMT gene mapped to chromosome 19p 13.3 [13]. Four
GAMT-D alleles have been characterized so far, 327G — A/
309ins13/¢.491insG/IVS5-3C - G [12, 14].

Patients

The first patient with GAMT-D was described in 1994 [3].
The clue to its detection was the finding of absent Cr/PCr
signal in the brain by in vivo proton MRS. Immediately after
this first description further patients could be disclosed through
verification of missed Cr/PCr signal in the brain by in vivo
proton MRS [15-22].

Clinical manifestation

The clinical presentation of GAMT-D is heterogeneous.
However, in generally it is characterized by developmental
delay attracting attention at 6—12 months of age and/or de-
velopmental arrest in the second year of life, muscular hy-
potonia, dyskinetic involuntary movements, no active or
comprehensible speech development, severe mental retarda-
tion, and seizures in part not controllable by anti-epileptic
drugs. In older patients, autism with self-injurious behavior
comes along. In patients with a severe phenotype severe
extrapyramidal movement disorder and therapy-refractory



epilepsy are predominant, whereas milder affected patients
only show developmental delay and mild epilepsy. In some
patients abnormalities of brain magnetic resonance imaging
(MRI) were described, which consisted in myelination de-
lay or increased signal intensity in T2 weighted images of the
globus pallidus.

Diagnostic findings

The pathognomonic laboratory findings in GAMT-D consist
of decreased concentration of Cr and Crn and accumulation
of GAA. Cr and Crn are lowered in blood and CSF and their
excretion in urine is decreased. It is essential to mention, that
Crn measurement in blood by the still widely used Jaffé method
may lead to misdiagnose the decreased Crn. Verhoeven et al.
[23] reported that Crn in plasma from 2 GAMT-D patients
appeared normal when measured by the Jaffé method but was
decreased when measured enzymatically or by HPLC. In
urine, the Jaffé method and the enzymatic method gave simi-
lar results, indicating that in urine no false elevations of Crn
can be expected [23]. For the metabolic urine screening of
inborn errors of metabolism the determination of several com-
pounds, e.g. amino acids, organic acids, uric acid, purines,
pyrimidines, were usually expressed per mol Crn, because
of the relative constancy of the latter (see above). In case of
pathological decreased Crn excretion, as in GAMT-D, these
compounds might appear to be elevated if expressed per mol
Crn. This finding was in fact the clue in the diagnosis of two
GAMT-D patients [19, 23]. When generalized elevation of
such compounds are found, the possibility of GAMT-D should
be considered. GAA, the precursor of Cr, is elevated distinctly
in GAMT-D. Increased concentration are found in blood,
CSF, and urine. For GAA measurement several methods are
used. A simple qualitative test in urine applicable in every
metabolic laboratory uses the Sakaguchi reaction [24]. One
GAMT-D patient was initially diagnozed by this method [15].
For quantitative results more sophisticated methods, e.g.
cation exchange chromatography with pre/post-column
derivatization [25] or stable isotope dilution gas chromatog-
raphy-mass spectrometry [26] can be applied.

The in vivo MRS proved as an useful tool in detection of
GAMT-D. Cr depletion in brain measured by means of pro-
ton MRS is reflected by the absence of the Cr/PCr resonance
(Fig. 2). By in vivo phosphorus MRS of the brain one can
detect the decrease of PCr with concomitant appearance of a
usually not detectable resonance assigned to be guanidino-
acetophosphate (Fig. 2). Whereas GAMT-D patients reveal
a complete lack of the Cr/PCr signal in the brain, the decrease
of Cr in their muscle seems not to be so pronounced but even
verifiable by MRS (Fig. 3) [15, 20].

For confirmatory diagnosis determination of GAMT ac-
tivity in liver, fibroblasts, or lymphoblasts is available [27].

145

Fig. 2. Invivo proton and phosphorus magnetic resonance spectroscopy of
the brain in a patient with guanidinoacetate methyltransferase deficiency
[18]. GAA - guanidinoacetic acid; Ins — inositols; Cho — choline-contain-
ing compounds; Cr — total creatine (mainly creatine and phosphocreatine);
NAA - N-acetyl-L-aspartate; Pi — inorganic phosphate; PCr — phosphocrea-
tine; GAP — guanidinoacetophosphate; PME — phosphomonoester; PDE —
phosphodiester; NTP — nucleoside 5'-triphosphate.

Fig. 3. In vivo phosphorus magnetic resonance spectroscopy of the calve
muscle in a patient with guanidinoacetate methyltransferase deficiency [20].
PME — phosphomonoester; Pi — inorganic phosphate; PDE ~ phosphodiester;
PCr - phosphocreatine; GAP — guanidinoacetophosphate; NTP — nucleoside
5'-triphosphate.
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Treatment

In GAMT-D treatment approaches attempt to restore depleted
creatine in the brain by supplementation of creatine in phar-
macological doses. Oral supplementation with 0.35-2.0 g/kg/
day of Cr slowly increased the Cr/PCr concentration in the
brain. However, even after several months, Ct/PCr in these
patients’ brain remained significantly below the normal
range [9]. Even if Cr replacement also causes decreasing
GAA formation, GAA concentration remains largely elevated
in CSF, serum and urine [28] which may explain the persist-
ence of some of the clinical symptoms, especially epilepsy.
Dietary arginine restriction (15 mg/kg/day) in combination
with ornithine supplementation (100 mg/kg/day) led to a sub-
stantial and permanent decrease of GAA in body fluids of one
patient. Biochemical effects were accompanied by a marked
clinical improvement. Distinctly reduced epileptogenic ac-
tivities in electroencephalography accompanied by almost
completely disappearance of seizures demonstrates the posi-
tive effect of GA A reduction, indicating for the first time that
GAA may exert an important epileptogenic potential in man
[28].

Outcome

All patients benefited from Cr supplementation, although to
different degrees; however, none has returned to a normal
developmental level, and all patients still lack active speech.
In the first months after initiating Cr treatment an improve-
ment affecting dyskinesia, muscular hypotonia, seizures,
alertness, social contact, and behavior is ascertainable. How-
ever, thereafter delay in further clinical improvement becomes
evident. Especially in patients with the severe phenotype their
clinical circumstances may deteriorate and therapy-refractory
seizures reoccur. This clinical course is timely correlated with
the observed changes of Cr/PCr in the brain. Cr/PCr concen-
tration increases during the first months of treatment reach-
ing only ~ 50% of controls after some years of treatment [9].
Beside the inability to fully correct the Cr/PCr deficit in brain
the neurotoxic action of GAA can contribute to the unsatisfy-
ing clinical course. The impact of a combined approach of Cr
supplementation and GAA lowering still has to be elucidated.

X-linked creatine transporter deficiency

The CrT1-D is the second CDS which was disclosed [4, 5].

Protein defect

CrT1-D is caused by a defective CrT1. The CrT1 gene is
expressed in most tissues, with highest levels in skeletal

muscle and kidney and somewhat lower levels in colon, brain,
heart, testis, and prostate [29, 30]. In situ hybridization studies
in adult rat brain revealed the presence of the CrT1 in neu-
rons and oligodendrocytes, but not in astrocytes [11]. A sec-
ond Cr transporter, CrT2, is expressed in testis only. The Cr
transporters are members of solute-carrier family 6 (neuro-
transmitter transporters). Cr, mainly synthesized in the liver,
is transported through the blood and is taken up into Cr-re-
quiring tissues against a large concentration gradient. Uptake
into the tissues is afforded by a Na*- and Cl~-dependent Cr
transporter.

Inheritance and molecular defect

CrT1-D is an X-linked disorder. The CrT1 gene, now called
‘SLC6AS8’ (MIM 300036), has been mapped to chromo-
some Xq28 [31]. One CrT1-D allele, 1539C — T, causing
a hemizygous nonsense mutation has been reported so far [5].

Patients

The first patient, a 6 years old boy, has been described re-
cently [4]. Furthermore, two brothers of an independent
family were detected in the same institution (Neurological
Division at Children’s Hospital Medical Center in Cincinnati,
USA) [32, 33]. Very recently in three brothers of an other
family the CrT1-D could been disclosed [33].

Clinical manifestation

The index patient initially presents with mild mental retar-
dation, mild epilepsy, but with severe delay both in speech
and in expressive-language function. In addition, mild cen-
tral hypotonia was observed, but gross and fine motor func-
tions were normal. In three female relatives of the index
patient, mild biochemical abnormalities and learning dis-
abilities were reported [4]. In all three male patients from
Cincinnati common findings were developmental delay, mild
epilepsy, but expressive dysphasia. None of the patients has
muscle or heart problems. Increasing behavior problems and
development of brain atrophy in adolescence points to a
slowly progressive disorder [32].

Diagnostic findings

In CrT1-D the Cr concentration both in plasma and urine is
elevated. Crn in plasma was found to be normal. In contrast
to GAMT-D the GAA concentration in plasma and urine is
normal. /n vivo proton MRS revealed the complete lack of



the Cr/PCr signal in the brain. Confirmatory diagnosis can
be made by a recently developed investigation of Cr uptake
in fibroblasts, by which it is possible to discriminate between
patients, carriers, and controls [5].

Treatment

Treatment of the index patient with oral Cr monohydrate
(0.34 g/kg/day) for 3 months resulted in increased Cr con-
centration in CSF and urine. However, the follow-up proton
MRS performed 4 months later demonstrated a similar ab-
sence of Cr/PCr as seen before treatment. Due to the fact that
the clinical symptoms even did not improve, Cr treatment
does not appear to be useful. The oral substitution of Cr was
discontinued.

Outcome

Since there is no effective treatment, the course of the slowly
progressive neurological syndrome with mental retardation,
sever speech impairment and progressive atrophy of the brain
can not be influenced so far.

Arginine:glycine amidinotransferase
deficiency

AGAT-D, at first reported as ‘reversible brain Cr deficiency’
in two sisters [1], is the third CDS which could be disclosed
[2].

Enzyme defect

AGAT-D is caused by deficiency of L-arginine:glycine am-
idinotransferase (EC 2.1.4.1), which catalyzes the first and
rate-limiting step in creatine biosynthesis, which is the revers-
ible transamidination of the guanidino group from arginine
to glycine to yield GAA and ornithine (Fig. 1). Immunore-
active enzyme was proven with highest content in the proxi-
mal tubules of the kidney, but also in hepatocytes and in alpha
cells of the pancreas of the rat [10]. In situ hybridization stud-
ies in adult rat brain revealed an ubiquitous neuronal and glial
expression of AGAT [11].

Inheritance and molecular defect

AGAT-D is an autosomal recessive disorder. The AGAT gene
has been mapped to chromosome 15q11.2. One AGAT-D
allele, 9279G — A, homozygously causing a truncated pro-
tein has been reported so far [2].
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Patients

Two sisters of unrelated Italian parents have been detected
so far [1].

Clinical manifestation

The two sisters, 4 and 6 years of age, suffered from mild
mental retardation and severe language delay. They started
walking unaided at 24 months and started speaking the first
words at 30 months. Beside one uncomplicated febrile sei-
zure in one girl, they had no further seizures. Their brain
magnetic resonance imaging were normal. Both of them
never expressed muscular or other neurological symptoms.

Diagnostic findings

Cr in serum as well as the amino acids arginine and glycine
was reported to be normal. The GAA concentration in serum
was slightly decreased, whereas the excretion of GAA in urine
was found to be extremely low. In vivo proton MRS revealed
the total absence of Ct/PCr in the brain, thus suspecting a
CDS. The underlying enzyme defect could be established by
undetectable AGAT activity, as investigated radiochemically
in fibroblasts and lymphoblasts [2].

Treatment

Cr supplementation at a rate of 400 mg/kg/day increased Cr/
PCr in the brain to 40 and 80% of controls within 3 and 9
months, respectively. After 16 months of treatment a nearly
complete replenishment of the Cr/PCr signal has been re-
ported.

Outcome

Cr supplementation led to a rapid progress in the acquisition
of visual perceptual and fine motor skills, together with a
slower rate of general cognitive development in the younger
sister, but not in the elderly. Language abilities also improved,
but more slowly than nonverbal skills.

Comparative consideration of creatine
deficiency syndromes

The summarized comparison of the clinical features in the
different CDS is shown in Table 1.
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Table 1. Comparative findings in creatine deficiency syndromes

GAMT deficiency CrT1 deficiency AGAT deficiency
Patients 10 6 2
(7 published, incl. 1 in abstr./3 (3 published, incl. 2 in abstr./3 (2 published)*3
unpublished) *1 unpublished)*2
Gender 1 female/8 male 3 male 2 female
Origin Kurdish/German/Welsh/2 Turkish/Italian Caucasian 2 Italian
Consanguinity 2 consang./4 unrelated ? None
Age at onset Developm. delay median S mo (3-7 mo) 7 moin 1/3 ?
seizures median 22 yrs (10 mo—4 yrs)
Age at diagnosis Median 3 yrs 8 mo (19 mo-26 yrs) 6, 16, 20 yrs 4 yrs 4 mo/6 yrs 5 mo
Developmental delay/arrest 8/8 mild 3/3 2/2
Hypotonia 7/8 173 0/2
Dyskinesia 4/8 0/3 0/2
Reflexes, increased 217 0/3 0/2
Seizures 7/8 mild 3/3 None (only one febrile seizure)
untractable seizures: 5/8
Mental retardation Severe 7/8, mild 1/8 mild 3/3 Severe 2/2
Autism/self-injurious 717 173 0/2
behaviour
Active speech None 7/8, single words 1/8 Single words, Delayed 2/2
severe expressive dysphasia
3/3
MRI Myelination delay 3/8, T2 intens Pallidum White matter lesion 2/3 Normal
3/8 (1 pat. with both), no MRI changes 3/8 Brain atrophia 2/3
EEG (pathol) 717 1/3 ?
Treatment Creatine 350-1250 (-2000) mg/kg/day 8/8 None Creatine 400 mg/kg/day 2/2
Arginine restrictive diet 3/8
Phenylbutyrate 1/8
Sodium benzoate 1/8
Outcome Unfavourable Satisfying
Motor development Improved Improved 1/2
Active speech None Improved 1/2
Social contact/behaviour Improved No changes Improved 1/2
Seizures Improved (after GAA lowering)
Mental retardation Severe

*1 references [3, 12, 14-22, 28, 35]; *2 references [4, 5, 32, 33, 36]; *3 references [1, 2].

Conclusion

The different Cr metabolism defects are highly instructive,
thus allowing interesting conclusions, but also raise new
challenging questions.

The GAMT-D revealed the most severe phenotype. Ex-

trapyramidal symptoms and intractable seizures were exclu-
sively present in this disease. In addition, autistic, self-
injurious behavior seems to be characteristic for GAMT-D.
Clinical symptoms only found in GAMT-D might be attrib-
uted to the influence of GAA, which is highly increased in
this disease. Furthermore, the combined impact of Cr defi-



ciency and GAA accumulation might be responsible for the
most severe phenotype.

Developmental delay/arrest, mental retardation, even if in
different degrees, and impairment of active and cognitive
speech are common findings in all three disorders. This points
to the special effects caused by Cr deficiency.

Mildest clinical symptoms were found in AGAT-D. The
finding of a normal serum concentration of Cr in the two
sisters with AGAT-D indicates that they efficiently take up
dietary Cr (which in adults on average contributes ~ 50% to
the daily Cr requirements) into blood and most likely also into
muscle. The complete lack of the Cr/PCr signal in MRS in
their brain despite of normal plasma Cr concentration sug-
gests that the synthesis of Cr is also affected within the brain.
Assuming that the normal brain is self-sufficient in terms of
Cr biosynthesis, one would expect a more severe phenotype
in AGAT-D than in CrT1-D, what in fact could not be estab-
lished in the patients reported so far. The lack of Cr in the
brain of CrT1-D patients and their severe phenotype reveals
some doubts about the brain’s capacity for de novo Cr bio-
synthesis. Similar to the rest of the body where the liver is
the primary site of Cr biosynthesis, even containing only low
levels of Cr itself, there may be a strict separation of Cr-syn-
thesizing and Cr-accumulating cells in the brain as well. If
this is the case, the Cr transporter would be required for sig-
nificant accumulation of Cr in the brain.

The fact that normal concentrations of Cr in serum in
AGAT-D or even supranormal concentrations by supple-
mentation with rather high doses of Cr in GAMT-D failed
to normalize brain Cr/PCr points to the impact of a limited
permeability of the blood-brain barrier for Cr. Beside other
findings, this is further corroborated by the observation that
in GAMT-D patients ingesting Cr, Cr uptake into the brain
is a very slow process and steady-state concentrations still
below the normal range were only reached after several
months. Why in both AGAT-D patients the Cr replenishment
was nearly completely after 16 months of treatment and if
there is an compromising impact of GAA on the Cr uptake
in the brain has to be established in the future.

The therapeutic outcome in CDS is different. Whereas in
CrT1-D there exists no therapeutic option so far, the prelimi-
nary results of therapeutic attempts in AGAT-D seems to be
promising. Despite of partial improvement by Cr supplemen-
tation the outcome in GAMT-D is still unfavorable. Even
GAA lowering attempts by arginine restriction and ornithine
substitution revealed distinct additional effects on the clini-
cal course, it was not possible to normalize general condition.
Further therapeutic attempts must be focussed on alternative
modes of Cr application and on additional approaches to
lower the GAA concentrations.

The early detection of affected patients and the timely onset
of treatment might also improve the outcome especially in
GAMT-D and AGAT-D. The detection of GAMT-D already
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in the newborn period is feasible. In one patient increased
GAA was proven in the retrospective analyzed dried blood
spot specimen kept from neonatal screening [34]. This points
to the usefulness of a neonatal screening of GAMT-D by
measurement of GAA. However, as our preliminary results
with such an screening by means of tandem mass spectrom-
etry have shown, we did not find any affected child out of
more than 150.000 neonates (unpublished observation).
Nevertheless, at least in all patients with developmental de-
lay and speech impairment of unknown origin, and par-
ticularly if accompanied by an extrapyramidal movement
disorder and/or seizures, a CDS should be excluded carefully.

References

1. Bianchi MC, Tosetti M, Fornai F, Alessandri’ MG, Cipriani P, De
Vito G, Canapicchi R: Reversible brain creatine deficiency in two
sisters with normal blood creatine level. Ann Neurol 47: 511-513,
2000

2. Item CB, Stockler-Ipsiroglu S, Stromberger C, Muhl A, Alessandri
MG, Bianchi MC, Tosetti M, Fornai F, Cioni G: Arginine:glycine
amidinotransferase deficiency: The third inborn error of creatine me-
tabolism in humans. Am J Hum Genet 69: 1127-1133, 2001

3. Stockler S, Holzbach U, Hanefeld F, Marquardt I, Helms G, Requart
M, Hanicke W, Frahm J: Creatine deficiency in the brain: A new, treat-
able inborn error of metabolism. Pediatr Res 36: 409413, 1994

4. Cecil KM, Salomons GS, Ball WS Jr, Wong B, Chuck G, Verhoeven
NM, Jakobs C, Degrauw TJ: Irreversible brain creatine deficiency
with elevated serum and urine creatine: A creatine transporter defect?
Ann Neurol 49: 401-404, 2001

5. Salomons GS, van Dooren SJ, Verhoeven NM, Cecil KM, Ball WS,
Degrauw TJ, Jakobs C: X-Linked creatine-transporter gene (SLC6A8)
defect: A new creatine-deficiency syndrome. Am J Hum Genet 68:
1497-1500, 2001

6. Wyss M, Kaddurah-Daouk R: Creatine and creatinine metabolism.
Physiol Rev 80: 1107-1213, 2000

7. Walker JB: Creatine: Biosynthesis, regulation, and function. Adv
Enzymol 50: 177-242, 1979

8. Guimbal C, Kilimann MW: A Na(+)-dependent creatine transporter in
rabbit brain, muscle, heart, and kidney. cDNA cloning and functional
expression. J Biol Chem 268: 8418-8421, 1993

9. vonFigura K, Hanefeld F, Isbrandt D, Stockler-Ipsirogly S: Guanidino-
acetate methyltransferase deficiency. In: C.R. Scriver, A. Beaudet, W.S.
Sly, D. Valle (eds). The Metabolic and Molecular Basis of Inherited
Disease. McGraw Hill, New York, 2001, pp 1897-1908

10. McGuire DM, Gross MD, Elde RP, van Pilsum JF: Localization of
L-arginine-glycine amidinotransferase protein in rat tissues by
immunofluorescence microscopy. J Histochem Cytochem 34: 429—
435, 1986.

11. Braissant O, Henry H, Loup M, Eilers B, Bachmann C: Endogenous
synthesis and transport of creatine in the rat brain: An in situ hybridi-
zation study. Mol Brain Res 86: 193-201, 2001

12. Stockler S, Isbrandt D, Hanefeld F, Schmidt B, von Figura K: Guanidino-
acetate methyltransferase deficiency: The first inborn error of creat-
ine metabolism in man. Am J Hum Genet 58: 914-922, 1996

13. Chae YJ, Chung CE, Kim BJ, Lee MH, Lee H: The gene encoding
guanidinoacetate methyltransferase (GAMT) maps to human chromo-
some 19 at band p13.3 and to mouse chromosome 10. Genomics 49:
162-164, 1998



150

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.

24.

25.

26.

Carducci C, Leuzzi V, Carducci C, Prudente S, Mercuri L, Antonozzi I:
Two new severe mutations causing guanidinoacetate methyltransferase
deficiency. Mol Genet Metab 71: 633-638, 2000

Ensenauer R, Thiel T, Schwab KO, Lehnert W: Presence of muscle
creatine in a patient with guanidinacetate methyltransferase (GAMT)
deficiency. J Inherit Metab Dis 23: 212, 2001

Ganesan V, Johnson A, Connelly A, Eckhardt S, Surtees RAH: Guan-
idinoacetate methyltransferase deficiency: New clinical features.
Pediatr Neurol 17: 155-157, 1997

Leuzzi V, Bianchi MC, Tosetti M, Carducci C, Cerquiglini CA, Cioni
G, Antonozzi I: Brain creatine depletion: Guanidinoacetate methyl-
transferase deficiency (improving with creatine supplementation).
Neurology 55: 1407-1409, 2000

Schulze A, Hess T, Wevers R, Mayatepek E, Bachert P, Marescau B,
Knopp MV, De Deyn PP, Bremer HJ, Rating D: Creatine deficiency
syndrome caused by guanidinoacetate methyltransferase deficiency:
Diagnostic tools for a new inborn error of metabolism see comments.
J Pediatr 131: 626-631, 1997

van der Knaap MS, Verhoeven NM, Maaswinkel-Mooij P, Pouwels PJ,
Onkenhout W, Peeters EA, Stockler-Ipsiroglu S, Jakobs C: Mental
retardation and behavioral problems as presenting signs of a creatine
synthesis defect. Ann Neurol 47: 540-543, 2000

Schulze A, Bachert P, Schlemmer H, Harting I, Polster T, Salomons GS,
Verhoeven NM, Jakobs C, Fowler B, Hoffmann GF, Mayatepek E: Lack
of creatine in muscle and brain in an adult with guanidinoacetate methyl-
transferase deficiency. Ann Neurol (in press)

Wilichowski E (personal communication)

Zinn A (personal communication)

Verhoeven NM, Guerand WS, Struys EA, Bouman AA, van der Knaap
MS, Jakobs C: Plasma creatinine assessment in creatine deficiency: A
diagnostic pitfall. J Inherit Metab Dis 23: 835-840, 2000

Schulze A, Mayatepek E, Rating D, Bremer HJ: Sakaguchi reaction:
A useful method for screening guanidinoacetate-methyltransferase de-
ficiency. J Inherit Metab Dis 19: 706, 1996

Marescau B, Deshmukh DR, Kockx M, Possemiers I, Qureshi IA,
Wiechert P, De Deyn PP: Guanidino compounds in serum, urine, liver,
kidney, and brain of man and some ureotelic animals. Metabolism 41:
526-532, 1992

Struys EA, Jansen EE, ten Brink HJ, Verhoeven NM, van der Knaap
MS, Jakobs C: An accurate stable isotope dilution gas chromatographic-

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

mass spectrometric approach to the diagnosis of guanidinoacetate
methyltransferase deficiency. J Pharm Biomed Anal 18: 659-665,
1998

Ilas J, Muhl A, Stockler-Ipsiroglu S: Guanidinoacetate methyltransferase
(GAMT) deficiency: Non-invasive enzymatic diagnosis of a newly recog-
nized inborn error of metabolism. Clin Chim Acta 290: 179-188, 2000
Schulze A, Ebinger F, Rating D, Mayatepek E: Improving treatment
of guanidinoacetate methyltransferase deficiency: Reduction of gua-
nidinoacetic acid in body fluids by arginine restriction and ornithine
supplementation. Mol Genet Metab 74: 413-419, 2001

Nash SR, Giros B, Kingsmore SF, Rochelle JM, Suter ST, Gregor P,
Seldin MF, Caron MG: Cloning, pharmacological characterization, and
genomic localization of the human creatine transporter. Receptors
Channels 2: 165-174, 1994

Sora I, Richman J, Santoro G, Wei H, Wang Y, Vanderah T, Horvath
R, Nguyen M, Waite S, Roeske WR, 1. a: The cloning and expression
of a human creatine transporter. Biochem Biophys Res Commun 204:
419427, 1994

Gregor P, Nash SR, Caron MG, Seldin MF, Warren ST: Assignment of
the creatine transporter gene (SLC6A8) to human chromosome Xq28
telomeric to G6PD. Genomics 25: 332-333, 1995

Degrauw TJ, Cecil KM, Salomons GS, van Dooren SJ, Verhoeven NM,
Ball WS, Jakobs C: The clinical syndrome of creatine transporter de-
ficiency. Oral presentation on 6th International Meeting on Guanidino
Compounds in Biology and Medicine, Cincinatti, Ohio, USA, 31.08—
03.09, 2001

Salomons GS, van Dooren SJ, Bunea D, Verhoeven NM, Cecil KM,
Ball WS, Degrauw TJ, Jakobs C: X-linked creatine transporter defect:
The first two families. Oral presentation on 6th International Meeting
on Guanidino Compounds in Biology and Medicine, Cincinatti, Ohio,
USA, 31.08.- 03.09, 2001

Carducci C, Birarelli M, Santagata P, Leuzzi V, Carducci C, Antonozzi
I: Automated high-performance liquid chromatographic method for the
determination of guanidinoacetic acid in dried blood spots: A tool for
early diagnosis of guanidinoacetate methyltransferase deficiency. J
Chromatogr B Biomed Sci Appl 755: 343-348, 2001

Ensenauer R. (personal communication)

Degrauw TJ, Cecil KM, Ball WS, Wong B, Jakobs C, Verhoeven NM:
A new disorder of creatine metabolism; a patient with possible creat-
ine transport defect. J Inherit Metab Dis 23: 211, 2001



Molecular and Cellular Biochemistry 244: 151-157, 2003.
© 2003 Kluwer Academic Publishers.

Human skeletal muscle creatine transporter
mRNA and protein expression in healthy, young

males and females

Robyn M. Murphy,' Rebecca J. Tunstall,' Kate A. Mehan,'
David Cameron-Smith,' Michael J. McKenna,> Lawrence L. Spriet,’
Mark Hargreaves' and Rodney J. Snow!

1School of Health Sciences, Deakin University, Burwood; *School of Human Movement, Recreation and Performance,
Victoria University of Technology, Footscray, Australia; Department of Human Biology and Nutritional Sciences,

University of Guelph, ON, Canada

Abstract

The present study investigated whether there were any differences between males and females in respect to creatine transporter
(CreaT) gene expression and/or total creatine (TCr) content in human vastus lateralis muscle. Skeletal muscle obtained from
young healthy male (n = 13, age: 23.2 + 5.0 years) and female subjects (n = 12, age: 21.7 + 4.3 years) was analyzed for CreaT
mRNA, CreaT protein and TCr content. Total CreaT protein content in the muscle was similar (p > 0.05) between the sexes.
Two bands (~ 55 and 73 kDa) of the CreaT protein were detected in all muscle samples. Both the 55 and the 73 kDa bands were
present in similar (p > 0.05) amounts in males compared with females. The 73 kDa band was in greater abundance (p < 0.05)
than the 55 kDa band, irrespective of gender. In addition, CreaT mRNA expression relative to $-actin mRNA and the TCr content
(males: 117.8 +2.2, females: 125.3 + 4.3 mmol.kg™' dry mass) were also unaffected (p > 0.05) by gender. These data demon-
strate that gender does not influence skeletal muscle TCr content and CreaT gene expression in young human subjects. (Mol

Cell Biochem 242: 151-157, 2003)

Key words: creatine metabolism, gene expression, high-energy phosphates

Introduction

Creatine in its free and phosphorylated form plays an impor-
tant role in skeletal muscle metabolism and function [1]. The
total creatine content (TCr = creatine; Cr plus creatine phos-
phate; CrP content) of a skeletal muscle fibre is dependent
upon the rate of Cr entry into the cell, intracellular Cr trap-
ping and the rate of Cr degradation to creatinine and its sub-
sequent loss from the cell. It has been known for many years
that skeletal muscle fibres do not possess the enzymes re-
quired to synthesise Cr [2], so this process cannot contribute
to the intramuscular Cr pool. Given that the degradation of
Cr to creatinine occurs by a non-enzymatic reaction at a con-
stant rate of about 2% of the Cr pool per day, the rate of Cr

uptake is likely to be the most important process controlling
myofibre Cr content [3]. Several studies using cultured cells
have demonstrated that cellular Cr uptake is enhanced, at least
initially, by elevated extracellular Cr concentrations [4] and
the increased expression [5, 6] and/or activity [7] of the Cr
transporter (CreaT) protein. Previous research has identified
that Cr transport is a saturable, sodium chloride dependent
process [4, 6, 8]. In the past decade, researchers [9-12] have
established that the CreaT gene is found at two chromo-
somal locations (Xq28; CreaTl and 16pl1.1; CreaT2).
CreaT2 mRNA transcripts are only expressed in testicular
cells [10]. Recently, antibodies for the CreaT1 protein have
been produced [13, 14] and at least two isoforms (~ 70 and ~
55 kDa) have been identified in rat [13, 15] and human [16]
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skeletal muscle. The two isoforms are likely to result from
alternative splicing of the CreaT mRNA and/or variation in
glycosylation state [14, 17]. At present, the functional sig-
nificance of these isoforms is unclear.

Surprisingly, to date there have been no studies that have
examined the CreaT mRNA content in humans and only one
study that has investigated the CreaT protein content in hu-
man skeletal muscle [16]. The major focus of that research
was on determining the effect of various neuromuscular dis-
eases on the expression of the transporter protein in middle-
aged control and diseased subjects (35-59 years old) [16].
There are currently no data available on the expression of the
transporter in young adult subjects. Many aspects of muscle
metabolism are differentially regulated between gender (for
reviews see [18]), however there is no research on the effect
of gender on the expression of the CreaT protein, and this is
the major focus of this study. Although most of the indirect
evidence suggests that skeletal muscle CreaT expression
would be similar between males and females, this has not
been verified. For example, most [19-22], but not all [23]
studies, report that muscle TCr content is similar between the
sexes. Furthermore, the magnitude of skeletal muscle Cr load-
ing following a period of oral Cr supplementation is not dif-
ferent in males compared with females [19, 24]. Although the
indirect evidence suggests there is unlikely to be any gender
effect on CreaT expression in human skeletal muscle, no stud-
ies have specifically examined this possibility. The major aim
of the present study therefore was to compare the CreaT pro-
tein and mRNA content in skeletal muscle of young healthy
male and female subjects. We hypothesised that gender would
not affect the expression of the transporter in human skeletal
muscle.

Materials and methods
Materials

CreaT antibody was kindly provided by Professor Theo
Wallimann, (ETH-Zurich) and anti-muscle myosin heavy
chain I (MHC1) antibody was from Chemicon International
(Temecula, CA, USA). Anti-rabbit horse-radish peroxidase
(HRP) secondary antibody was from Silenus (Boronia, Aus-
tralia) with AlexaFluor secondary antibodies being Molecu-
lar Probes (Eugene, OR, USA). Protein assay and chemilumin-
escent substrate were obtained from Pierce (Selby Biolab,
Australia). Fluoroguard was from BioRad (Hercules, CA,
USA). Nitrocellulose membrane and primers were purchased
from Geneworks (Adelaide, Australia). FastPrep RNA extrac-
tion kit was purchased from BIO 101 (Vista, CA, USA) and
the reverse transcription kit was from Promega (Madison,
WI, USA). SYBR green buffer was acquired from Applied
Biosystems (Foster City, CA, USA). Chemicals, actin anti-

body and enzymes were purchased from Sigma (Castle Hill,
Australia) or Roche Diagnostics (Sydney, Australia).

Subjects

Thirteen males and twelve females (see Table 1 for subject
details) volunteered to participate in this study. They were all
physically active and healthy but not specifically trained. The
experiment was approved by the Deakin University Human
Research Ethics Committee. Subjects were fully informed of
the procedures and signed informed consent prior to partici-
pation. No attempt was made to control for the influence of
the menstrual cycle on the variables measured in this study.
It should be noted that no research has been conducted on the
influence of the menstrual cycle on CreaT protein and mRNA
expression in skeletal muscle so it is unclear if failing to
control for this variable will significantly affect our findings.

Muscle sampling

A resting muscle sample was obtained under local anaesthe-
sia (Xylocaine 1%) from the vastus lateralis using the percu-
taneous needle biopsy technique modified to include suction.
The sample was quickly frozen in liquid nitrogen (LN,), and
stored in LN, until analysis. Portions of some muscle sam-
ples (n = 2, male subjects) were aligned, mounted in embed-
ding matrix (Tissue Tek Oct,) and frozen in iso-pentane cooled
by LN, for subsequent immunohistochemical analysis.

Immunoblotting

Total cellular protein was extracted as previously described
[15]. Denatured protein (50 pg; CreaT and 30 pg; actin) iso-
lated from muscle samples (~ 10 mg) was separated on 10%
SDS-polyacrylamide gels and semi-dry transferred onto
0.45 pm nitrocellulose membrane. Following 2 h blocking
(5% skim milk powder in Tris buffered saline and 0.25%
Tween (TBST)), the membranes were exposed overnight at
4°C to either 1 in 2000 dilution C-terminal anti-CreaT anti-
body [13] or 1 in 200 dilution anti-actin antibody. After sev-
eral washes in blocking buffer, the membranes were incubated

Table 1. Subject characteristics

n Age Body mass index Body mass
(years) (kg.m™) (kg)
Males 13 232+5.0 22319 72.0 + 8.4
Females 12 21.7+43 22119 60.1 +7.1%

*p < 0.05, females different to males. Means + S.D.



for 45 min in 1 in 8000 dilution of anti-rabbit HRP conju-
gated antibody. Following washes in TBST, light sensitive
film detected the immuno-reactive bands using chemilumin-
escent substrate. Band density was analyzed using Kodak 1D
software. An internal control of previously extracted human
muscle was used in each gel to normalise for variation in
signal observed across the membranes. CreaT protein was
measured in muscle samples from only 10 males and 11 fe-
males due to insufficient sample.

Immunohistochemistry

Immunohistochemical analysis was conducted to determine
if CreaT protein content differed in type I and II fibres in
human skeletal muscle. Muscle samples obtained for this
analysis were sectioned (10 pm slices) at —16°C, mounted on
microscope slides and stored at -80°C. On thawing, the sec-
tions were fixed in 4% paraformaldehyde and after a series
of washes (2 x 5 min, phosphate buffered saline; PBS, 1 x
10 min 5% Triton-X 100™, 2 x 5 min PBS), non-specific bind-
ing sites were blocked by overnight incubation with 3% bo-
vine serum albumin (BSA) at 4°C. The sections were incubated
with the primary antibodies, rabbit anti-CreaT [12] diluted 1
in 2000 in 1% BSA and mouse anti-MHC1 monoclonal an-
tibody, diluted 1 in 200 in 1% BSA, overnight at 4°C. Fol-
lowing PBS washes (2 x 5 min) sections were incubated with
the secondary antibodies, anti-rabbit AlexaFluor-488 and
anti-mouse AlexaFluor-568, both diluted 1 in 2000 in 1%
BSA, for 90 min. Negative control sections followed the
above protocol except that they were incubated with 1%
BSA for the 2nd overnight incubation period. A drop of
Fluoroguard was added to the sections and a coverslip ap-
plied. Epifluorescence was viewed with an Olympus AX70
microscope with an UplanFL X40 0.5 NA objective. Digital
images were collected (Pulnix TM-6CN monochrome CCD
camera; Optimas 5.2 software, Optronics, Goleta, CA, USA).
The intensity of the CreaT protein fluorescent signal from
type I and II fibres was quantified using ImagePro Express
software (Media Cybernetics, Silver Spring, MD, USA).

Total RNA isolation and reverse transcription

Total RNA was extracted from 10-25 mg of muscle using a
modification of the phenol/chloroform extraction, isopropa-
nol precipitation protocol, using the FastPrep™ Instrument
(BIO 101, Vista, CA, USA). Total RNA pellets were resus-
pended in warm EDTA treated water and total RNA concen-
tration was determined spectrophotometrically at 260 nm.
RNA (1 pg) was heated at 65°C for 10 min immediately prior
to first strand cDNA being generated using AMV Reverse
Transcriptase, in the presence of 1 mM of each dNTP, 20 U
Recombinant RNAsin Ribonuclease Inhibitor and 0.5 pg
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Oligo (dT),, Primer by incubation at 42°C for 60 min fol-
lowed by 5 min incubations at 99 and 4°C . The cDNA was
stored at —80°C until subsequent analysis.

Real time PCR

Samples were analysed in triplicate to detect CreaT and B-
actin mRNA transcripts using real time RT-PCR (GeneAmp
5700 Sequence Detection System, Applied Biosystems, Fos-
ter City, CA, USA) as previously described [15]. B-actin
mRNA content was used in the present study as the control
to account for any variations due to efficiencies of the reverse
transcription and PCR steps. A melting point dissociation
curve generated by the instrument was used to confirm that
only a single product was present. A threshold cycle (C))
value was obtained for each sample for CreaT and B-actin
mRNA transcripts, and a AC,, value was calculated by sub-
tracting the C,, for B-actin from the C_ for CreaT. The rela-
tive expression of CreaT was calculated using the expression
27%°T_ Due to insufficient sample the mRNA data presented
are for 11 males and 12 females.

Enzymatic assays

Muscle samples were freeze dried for 24 h, weighed and
powdered, removing any visible connective tissue. Muscle
samples were extracted using 0.5 M perchloric acid and 1 mM
ethylenediaminetetraacetic acid, and neutralized with 2.1 M
KHCO, [25]. These extracts were subsequently analysed for
CrP and Cr levels using an enzymatic fluorometric technique
[26, 27]. Muscle TCr content was calculated from the sum
of the muscle CrP and Cr contents. Data are for 13 males with
the female metabolite data from 11 subjects due to problems
encountered with the analysis of a sample obtained from one
female subject.

Statistics

The results were analyzed where appropriate by using a two-
tailed, unpaired Student’s z-test. The relationship between
muscle TCr content and CreaT protein expression was ana-
lysed using a Pearsons correlation coefficient. The level of
statistical significance was set at p < 0.05. All data are re-
ported as means + S.E.

Results

Muscle CreaT protein and mRNA

Immunoblotting of the samples with CreaT antibody revealed
two bands, of apparent molecular weights of ~ 73 and 55 kDa
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(Fig. 1), and a single band (43 kDa) using the actin antibody
(data not shown). There were no differences (p > 0.05) be-
tween either of the CreaT isoforms (Fig. 2) or the total CreaT
protein expression across gender (Fig. 2). This remained the
case even when the CreaT protein data was normalized to the
myofibrillar protein actin (data not shown). The 73 kDa band
was in greater abundance (p < 0.05) than the 55 kDa band,
irrespective of gender. The immunohistochemical results
(Figs 3 and 4) indicate that CreaT protein expression occurred
to a greater extent (p < 0.05) in type I compared with type II
fibres. CreaT mRNA expression relative to $-actin was not
different (p > 0.05) between males and females (Fig. 5).

Muscle Cr and CrP content

Intracellular Cr, CrP and TCr content were not different (p >
0.05) between males and females (Fig. 6).

Relationship between TCr content and CreaT protein
expression

A significant inverse relationship was found between the TCr
and CreaT protein content for females (r =-0.77; p < 0.01),
whereas for the males this relationship only tended to be sig-
nificant (r =-0.61; p = 0.059). When the data from the male
and female groups were combined (Fig. 7) the correlation be-
tween the variables was r = —0.60 (p < 0.01). Additionally,
when the apparent outlier (TCr, 102.6 mmol kg™' dw; CreaT
protein, 93300 arbitary units) was removed from this data set,
the correlation, although attenuated, remained statistically
significant (r = -0.54, p < 0.05).

Discussion

This is the first study to simultaneously report CreaT protein
and mRNA expression in skeletal muscle from healthy, young

Fig. 1. Representative immunoblot of skeletal muscle creatine transporter
isoforms in males (n = 5) and females (n = 6). Two isoforms were identi-
fied at approximately 73 and 55 kDa.
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Fig. 2. Creatine transporter protein for males (n = 10, open bars) and fe-
males (n = 11, hatched bars). Values are means + S.E.

adults. We show for the first time the presence of two CreaT
isoforms in male and female subjects. We further demonstrate
that the expression of CreaT mRNA and protein in human
skeletal muscle was not influenced by gender, in support of
our initial hypothesis. We have also provided evidence that
CreaT protein expression occurs to a greater extent in type I
compared with type II human skeletal muscle fibres. Finally,
we have confirmed that the resting intramuscular content of
Cr, CrP and TCr, when expressed per dry muscle mass, is
similar between young males and females, in support of sev-
eral studies [19-21].

The factors regulating CreaT mRNA expression are not
known, although it is recognized that the regulation of gene

A B

Fig. 3. Epifluorescence (x40 amplification) of 10-pum cross-section of hu-
man skeletal muscle. (A) detection of CreaT protein using AlexaFluor-488
secondary antibody. (B) detection of MHCI1 protein using AlexaFluor-568
antibody. Negative control sections with AlexaFluor-488 (C) and AlexaFluor-
568 (D) secondary antibodies.



Fig. 4. Epifluorescence (x40 amplification) of 10-um cross-section of hu-
man skeletal muscle. Detection of CreaT protein using AlexaFluor-488 sec-
ondary antibody fluorescence units from 360 pixels (indicated by ellipse)
from fibres (labelled 1-12) were counted using ImagePro Express software.
Type I fibres, labelled 1-6, had a greater fluorescence than type II fibres,
labelled 7-10 (p < 0.05).

expression is generally a complex process, involving many
potential levels of control such as the abundance and activ-
ity of specific transcription factors within the nuclei, tran-
scription rate and mRNA stability [28]. The present study has
demonstrated that skeletal muscle CreaT mRNA expression
normalised to B-actin was similar between males and females
(see Fig. 5), perhaps indicating that the factors regulating the
transporter mRNA expression in this tissue are likely to be
similar between the sexes. To date only one study has at-
tempted to examine the regulation of CreaT mRNA expres-
sion [29]. These researchers induced an elevated TCr content
in rat myocardium by supplementing the diet of these rats
with Cr for 16 days and found that the myocardial CreaT
mRNA expression increased along with the enhanced TCr
content. Perhaps surprisingly, these findings suggest that
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Fig. 5. Creatine transporter mRNA normalised to B-actin mRNA for males
(n=11, open bars) and females (n = 12, hatched bars). Values are means +
S.E.
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Fig. 6. Muscle metabolites (mmol.kg™' dry weight) for males (n =13, open
bars) and females (n = 11, hatched bars). Creatine (Cr), creatine phosphate
(CrP) and total creatine (TCr = Cr + CrP). Values are means + S.E.

CreaT gene transcription rates are elevated and/or transporter
mRNA degradation rates are attenuated with an increased
TCr content. It is not known if skeletal muscle CreaT mRNA
content would respond in a similar manner to Cr supplemen-
tation, although it has been demonstrated that CreaT protein
levels are decreased in rat skeletal muscle following 3-6
months of Cr supplementation.

The present study identified two CreaT isoforms of appar-
ent molecular weight ~ 73 (CreaT73) and 55 (CreaT55) kDa
in all muscle samples (see Fig. 1). This observation is con-
sistent with previous research using rat [13, 15] and middle-
aged human [16] skeletal muscle. There was no influence of
gender on the relative expression of either isoform or on the
total expression of the protein (see Fig. 2). The major CreaT
species, ~ 70 and 55 kDa, have been localised to the inner
mitochondrial membrane of rat cardiomyocytes [30]. At least
one of these isoforms is likely to be responsible for the ac-
tive Cr transport that has been observed into isolated mito-
chondria obtained from rat cardiac muscle [30]. Additionally,
Tran et al. [14] and Walzel et al. [30] have reported that the

175+ r = -0.60, p<0.01
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Fig. 7. The relationship between creatine transporter protein and total crea-

tine content in human skeletal muscle (n = 21). Linear regression, y = —
0.0004x + 136.72.
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CreaT protein is also located on the plasma membrane in
mouse myoblast cells and rat cardiomyocytes, respectively.
Preliminary work [30] suggests that the sarcolemmal CreaT
isoform is slightly larger (i.e. 58 kDa) than the ~ 55 kDa iso-
form and is relatively low in abundance compared with the
other isoforms. Taken together, these data suggest that the
CreaT proteins identified in the current experiment are likely
to be the mitochondrial isoforms. The role(s) that these trans-
porters play in mitochondria and cellular function are not
known, but have been suggested to allow a mitochondrial
pool of Cr and CrP [30].

The predominant localisation of the CreaT to mitochon-
dria [30] probably explains our earlier findings that the CreaT
protein content is fibre type dependent in rat skeletal muscle
[15]. Interestingly, this relationship is likely to be similar in
human skeletal muscle, since the data presented in the cur-
rent study demonstrate that human fibres expressing myosin
heavy chain type I (MHC1) protein (i.e. type I fibres) display
greater CreaT content compared with type II fibres (Figs 3
and 4). These data indicate that differences in muscle fibre
type distribution may be a factor that needs to be considered
in future studies when measuring CreaT protein expression.
Whilst conflicting data exist on whether fibre type composi-
tion differs between men and women [31, 32], a more recent
study has demonstrated that fibre type distribution of the
vastus lateralis muscle of 150 young, physically active, but
untrained subjects was similar between genders [33]. Con-
sequently, differences in fibre type composition is unlikely
to confound the interpretation of our data.

The inverse relationship between the TCr and CreaT pro-
tein content when the male and female data are combined (see
Fig. 7), or when each gender is treated separately, is possi-
bly explained by the fact that human type I fibres have a lesser
TCr but a higher mitochondrial content [34] than type II fi-
bres [20]. Assuming that the current study has measured
CreaT isoforms predominantly from mitochondrial origin
(see above), then it is perhaps not surprising that those fibres
with more mitochondria will have more CreaT protein and
also tend to have lower levels of TCr. A further regulatory
mechanism of the CreaT is observed in rat skeletal muscle,
whereby chronic, high dose supplementation Cr resulted in
a decrease in both the 55 and 70 kDa CreaT isoform expres-
sion in skeletal muscle [13]. Although not reported by these
authors, Cr supplementation would be expected to increase
Cr and TCr content in muscle [35]. Hence mitochondrial
content and/or intramuscular TCr stores may be involved in
the regulation of the CreaT protein expression and provide
an explanation for the inverse relationship between CreaT
protein and TCr content observed in the present experiment.

Previous studies have consistently reported that the intra-
muscular TCr content expressed relative to dry muscle mass
is similar between males and females [19, 21, 22, 36]. In
agreement with this research, the current study also found no

gender difference in the resting intramuscular contents of Cr,
CrP or TCr, when comparing values expressed as mmol.kg™
dry mass (see Fig. 6) or when these metabolites were normal-
ised to intramuscular ATP content (data not shown).

In conclusion, the present study has demonstrated that
CreaT mRNA and protein (CreaT-55 and CreaT-73) are ex-
pressed in skeletal muscle in healthy young adults, with a
similar expression between male and female subjects. The
present experiment has also demonstrated that CreaT protein
expression in human skeletal muscle appears to be fibre type
dependent. This knowledge provides an important fundamen-
tal first step in attempting to understand the regulation of
CreaT gene expression in human skeletal muscle.
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Abstract

Animal studies have shown that supra-physiological creatine monohydrate (Cr-mH) supplementation for 3 months reduced
skeletal muscle creatine transporter (CRT) content. The doses of Cr-mH (1-2 g/kg/day) used in these studies were between 5
and 10 times those usually used in human studies, and it is unclear whether a down-regulation of CRT would occur in humans
at the recommended doses of 0.1-0.2 g/kg/day. We measured CRT, and citrate synthase (CS) protein content using Western
blotting before and after 2 months of Cr-mH supplementation and weight training in young men (N = 11 Cr-mH (0.125 g/kg/
day); N = 8 placebo). CRT and CS were also measured before and after 4 months of Cr-mH supplementation and weight train-
ing in elderly (> 65 years) men and women (N = 14 Cr-mH (0.075 g/kg/day); N = 14 placebo). Finally, CRT mRNA was meas-
ured using competitive RT-PCR before and after 8-9 days of Cr-mH loading in young men and women (N = 14, CR-mH (mean
= 0.18 g/kg/day); N = 13, PL). Total creatine content was significantly elevated after the Cr-mH supplementation period as
compared to placebo in each of the studies. Neither Cr-mH supplementation, nor exercise training resulted in measurable al-
terations in CRT protein content and acute Cr-mH loading did not alter CRT mRNA. There were no gender differences in CRT
mRNA or total creatine content in the young subjects and no gender differences in total creatine content or CRT protein con-
tent in the elderly subjects. Weight training in young men did not increase CS protein content, however, in the elderly there
was a significant increase in CS protein content after exercise training (p < 0.05). These results demonstrated that Cr-mH sup-
plementation during weight training resulted in increases in skeletal muscle total creatine without reductions in CRT protein
and acute Cr-mH loading did not decrease CRT mRNA content. (Mol Cell Biochem 244: 159-166, 2003)

Key words: creatine transport, dietary supplements, drug safety, transporter regulation

Introduction

The transport of creatine into tissues is mediated predomi-
nantly by a sodium dependant creatine transporter (CRT,
SLC6AS) that has been sequenced, mapped, and heterol-
ogously expressed [1, 2]. The SLC6A8 gene is on the X chro-
mosome with an open reading frame of 1,905 bp, with 13
exons and 12 transmembrane spanning regions [1, 2]. There

are two main protein species in skeletal muscle with appar-
ent molecular weights of 52- and 70-kDa, which appear to
arise from alternative splicing of the mRNA [3]. Prior to the
identification of the CRT, it was known that creatine uptake
into muscle was predominantly a saturable process [4], and
that extracellular creatine regulated creatine transport in
muscle by a protein synthesis dependant mechanism [5]. This
process was later linked to the CRT from the results of ex-
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periments where the transient expression of CRT in COS-7
cells showed sodium dependence and attenuation by exog-
enous creatine [1]. More recent in vivo evidence demon-
strated that the administration of high dose Cr-mH (4% diet;
~ 1 g/kg/day) to rats over a 3 month period resulted in a de-
crease in CRT protein content [3].

Creatine monohydrate (Cr-mH) supplementation has be-
come a popular practice among athletes wishing to increase
muscle mass and power [6]. Oral Cr-mH supplementation at
dosages of 20 g per day (~ 0.2-0.3 g/kg/day) over 3-5 days
resulted in an increase in muscle total creatine and phos-
phocreatine by 12-20% [6-8]. Other studies have shown a
maintenance of elevated total creatine and phosphocreatine
concentration following an acute load with the continued
consumption of 2 g per day (~ 0.03 g/kg/day) for a month and
similar increases were observed without the initial load at 3
g per day (~ 0.04 g/kg/day) for a month [7]. Several studies
have shown that this increased high intensity power output
particularly with repetitive bouts of activity [6, 9, 10]. Other
studies have demonstrated that the longer-term ingestion of
Cr-mH over weeks to months resulted in a greater increase
in fat free mass, muscle power and muscle fiber area during
resistance exercise training [11-13].

Based upon the above data, there has been some concern
that the longer term administration of Cr-mH in athletes and
patients may down-regulate creatine uptake [3, 6]. Ultimately,
if Cr-mH supplementation were stopped, there could be an
‘undershoot’ of muscle creatine stores. In one longer-term
study, in young men, there was a significant increase in
muscle total creatine at 1 week of supplementation, yet this
was not significantly elevated with 12 weeks of continued
supplementation (~ 0.075 g/kg/day) [13]. Conversely, the
muscle phospho-creatine content remained elevated above
baseline following 10 weeks of supplementation and follow-
ing 6 weeks of discontinuing the supplementation there was
no ‘undershoot’ [11]. To date there have been no determin-
ations of muscle CRT protein content in humans following
short or longer Cr-mH supplementation. Given that the dose
of Cr-mH given to rats in the aforementioned study, show-
ing areduction in CRT content [3], was approximately 4 fold
higher than the acute loading dose in humans, and 30 fold
higher than the dose shown to increased total creatine con-
tent after 30 days of continuous dosing [7], it is likely that
the stimulus for down regulating the CRT would be much less
or even non-existent in humans following creatine supple-
mentation at recommended doses used in human studies.

Therefore, the purpose of the current study was to deter-
mine whether a moderate-term (i.e. months) Cr-mH supple-
mentation protocol would down-regulate the total amount of
CRT protein in young and elderly individuals participating
in a resistance exercise training protocol. We also evaluated
whether an acute Cr-mH supplementation strategy would
down regulate the CRT mRNA content.

Materials and methods
Subjects/design

The data for the current study came from muscle samples
obtained from 3 separate studies that were all approved by
the McMaster University Ethics Committee and conformed
to the principles of the Declaration of Helsinki.

Study #1 — acute creatine loading in young men and
women

This study was a randomized, double-blind study designed
to examine the effect of an acute ‘loading’ dose of Cr-mH
compared to placebo (PL-glucose polymer) on protein turno-
ver in moderately active young men (N = 13) and women
(N = 14). The protein turnover data, phosphocreatine and
total creatine concentrations have been reported previously
[14]. Each subject had a muscle biopsy taken from the vas-
tus lateralis under local anaesthesia (which was immedi-
ately quenched in liquid nitrogen) before and after 8-9 days
of each intervention. The Cr-MH group consumed 4 x 5
g-day! of Cr-mH (99% pure, ISA, Hamilton, ON, Canada)
for 5 days, and then consumed a maintenance dose of 5 g-day~
! for 34 days (mean = ~ 0.18 g/kg/day over the 8-9 days)
and the PL group consumed an equivalent amount of glucose
polymer. Subjects were instructed to consume their supple-
ment dissolved in juice, chocolate milk, or a carbohydrate-
containing soda beverage and refrained from leg exercise for
3 days prior to the testing session.

Study #2 — creatine supplementation during 2 months of
resistance exercise training in young men

This study was a randomized, double-blind study designed
to examine the effect of Cr-mH supplementation as compared
to PL when consumed during an intensive 2 month resistance
exercise training program in moderately active young men
(N'=19). The strength gains, total and fat-free mass gains and
muscle fiber characteristics, protein turnover data, phospho-
creatine and total creatine concentrations have been previ-
ously reported [15]. Each subject had a muscle biopsy taken
from the vastus lateralis under local anaesthesia (which was
immediately quenched in liquid nitrogen) before and after the
two month resistance exercise program. The Cr-CHO group
consumed 10 g of Cr-mH and 75 g of dextrose within 30 min
of completing each of the exercise sessions, (N = 11; mean
=~0.125 g/kg/day, Cell Tech, Muscle Tech. Research and De-
velopment, Mississauga, ON, Canada), and the PL group con-
sumed 10 g of casein and 75 g of dextrose (N = 8) at the same
time. The 8 weeks of exercise training was performed 6 days



per week under direct supervision with each subject com-
pleting a split-routine weight training, 1 h-day" @ 80% of
one repetition maximum, 3 sets, 6 days-week™, on a 3day
rotating schedule.

Study #3 — four months of resistance exercise training in
men and women over 65 years of age

Fifteen men (67.8 + 4.0 years) and 15 women (69.3 + 6.3
years, none taking hormone replacement therapy) volun-
teered to participate in a 14-week resistance exercise training
program. The subjects were randomly assigned in a double
blind manner to receive either a Cr-mH (5 g Cr-mH (~ 0.075
g/kg/day) + 2 g dextrose/day (Neotine, Avicena, Cambridge,
MA, USA) or a placebo (PL; 7 g dextrose/day) supplement
during the training program. Training was conducted 3 times
weekly on nonconsecutive days for 14 weeks. Each training
session was preceded by a 5-min warm-up and followed by
a cool down consisting of stretching of the muscle groups in-
volved in the resistance exercises. Using weight training
machines, twelve exercises were used to train the major
muscle groups of the upper and lower body in a circuit set
system: seated chest press, latissimus pull-down, leg press,
military press, calf raise, arm extension, arm flexion, back
extension, abdominal crunch, upright row, knee extension,
and knee flexion. Subjects performed 10 repetitions of each
arm exercise and 12 repetitions of the remaining exercises.
Training progressed from one set of each exercise at 50% of
the initial 1 repetition maximum (1 RM) to three sets at 80%
of 1 RM over the training period. Each subject had a muscle
biopsy taken from the vastus lateralis under local anaesthe-
sia (which was immediately quenched in liquid nitrogen) be-
fore and after the 14-week resistance exercise program.

Muscle analyses

Phosphocreatine, creatine and ATP

Muscle samples were lyophylized and powdered and the
metabolites were extracted using a perchloric acid method as
previously described [16]. The resultant extract was assayed
for phosphocreatine, free creatine and ATP using enzymatic
methods as previously described [16].

Western blotting

Muscle samples were homogenized and prepared for elec-
trophoresis using methods previously described [17]. A
membrane preparation was also made from fresh human
erythrocytes. The muscle samples from the training studies
in the young males (Study #2) and from the elderly men and
women (Study #3) using polyclonal rabbit antibodies directed
against the C-terminus of the rat CRT-1 (synthetic 15mer
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peptide corresponding to amino acids 621-635 derived from
the known sequence of CRT-1, SwissProt P48029). This an-
tibody recognizes two major polypeptides with apparent mo-
lecular weights of ~ 52 kDa (CRT-52) and 70 kDa (CRT-70)
[3, 17, 18]. In addition, we had enough muscle homogenate
left from Study #3 that we were able to probe using a newer
antibody a new sheep antibody against the sequence motive,
GSAWERRGESTMSAH, of a synthetic peptide of CRT-2
(Swiss Prot P53796) [2]. By using this antibody, we obtained
a more robust and consistent band at 52 kDa and we found a
polypeptide band at ~ 56 kDa (Walzel et al., 2001 (in this is-
sue); [19]). We also probed the blots from Study #2 and #3
using a polyclonal rabbit, anti-human antibody raised against
purified human citrate synthase protein (Roche Chemicals)
which recognized one polypeptide with an apparent molecu-
lar weight of ~ 65 kDa (a kind gift of Dr. B.H. Robinson).

RT-PCR

Total RNA was extracted from frozen human muscle by us-
ing TRIZOL Reagent according to the manufacturer’s in-
structions (GIBCO-BRL, Life Technologies). Tissue was
hand homogenized (glass-Teflon) in TRIZOL Reagent (25—
30 mg/ml). The final RNA pellet was re-suspended in 12 uL.
of RNase-free water. Total RNA concentration was deter-
mined spectrophotometrically at 260 nm, and samples were
treated with DNasel using the DNA-free™ Kit (Ambion).
Primers complementary to selected regions of the gene en-
coding for the CRT (GenBank accession No. L31409) were
designed to produce a single 86 base pair (bp) product using
Primer Express software (PE Biosystems, Foster City, CA,
USA). The forward primer sequence (5'-3") was GCCGGC-
AGCATCAATGTC, and the reverse primer sequence (5'-3")
was GGTGTTGCAGTAGAAGACGATCAC. 18S rRNA was
used as an internal control according to the manufacturer’s
instructions using a QuantumRNA™ 18S Internal Standards
Kit (Ambion). The Alternate 18S Internal Standards were
used, which produced a 324 bp PCR product.

Reverse transcriptase polymerase chain reaction (RT-PCR)
was performed with the use of Titan One Tube RT-PCR Kit
(Roche Molecular Biochemicals, Germany) according to the
instruction manual with the following minor modifications;
10 pL reaction volumes of 1 x RT-PCR buffer, 0.5 uM of each
dNTP, 0.5 pM forward CRT primer, 0.5 uM reverse CRT
primer, 1.2 uM Alternate 18S Internal Standards primer mix-
ture (18S PCR Primer Pair to 18S PCR Competimers, 1:18),
3.0 mM MgCl,, 0.4 pl enzyme mixture, and 0.2 ug total RNA
template per tube. Reverse transcription was carried out at
50°C for 30 min. RT-PCR was run for 1 cycle @ 94°C for
2 min, 10 cycles (94°C for 30 sec, 53°C for 30 sec, 68°C for
45 sec), 18 cycles (94°C for 30 sec, 53°C for 30 sec, 68°C
for 50 sec with additional 5 sec to each successive cycle), and
1 final annealing cycle @ 68°C for 7 min. Control experi-
ments were performed under identical conditions to deter-
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mine the ratio of the density of the CRT PCR product:18S
rRNA PCR product was within the linear range at PCR cy-
cle 28. At 28 cycles, the coefficient of variation with repli-
cate samples was 13.8%. For each gel, male and female, pre-
and post-supplementation samples were run simultaneously.
Products were run on a 2% agarose gel, stained with ethidium
bromide. Image was acquired and analyzed with the use of
UVP UV Darkroom and LabWorks™ Image Acquisition and
Analysis Software.

Statistical analyses

A two-way analysis of variance (ANOVA) was used to analyze
the mRNA data from Study #1 and the protein data from
Study #3, with gender as a within variable and Cr-mH vs.
placebo as the other between variable. When no gender dif-
ferences were found, the genders were collapsed and the data
was run as a between-within split-plot design with Cr-mH and
placebo as the between variable and PRE/POST treatment as
the within (repeated measure) variable. The protein data from
Study #2 was analyzed with a between-within split-plot de-
sign with CR-CHO and PRO-CHO as the between variables
and PRE/POST treatment as the within (repeated measure)
variable. A p value of < 0.05 was considered to be statisti-
cally significant.

Results
Study #1

There were no gender differences in CRT mRNA/18-S ribos-
omal RNA content between men and women (p =N.S.). CRT/
18-S mRNA content did not change as a result of the acute
Cr-mH supplementation protocol (P = N.S.) (Fig. 1B). Fur-
thermore, men and women showed similar increases in mus-
cle total creatine in response to the Cr-mH supplementation and
had similar baseline total creatine concentrations (Table 1).

Study #2

Two months of supplementation with Cr-mH and carbohy-
drate (CR-CHO) resulted in a significant increase in total
muscle creatine concentration, whereas there was no increase
in response to protein and carbohydrate (PRO-CHO) (Table
1). Neither supplementation nor resistance exercise training
altered either the citrate synthase (not shown) or CRT-70
content (Fig. 1A). The CRT-52 band was not reproducibly
apparent in all of the blots using the CRT-1 antibody, hence,
we did not include this analysis (with the limited number
of homogenate available for probing with the newer CRT-

A
50
= l pre
T 404 I post
3
[a]
O 304
R
- 207
3
& 104
0
creatine placebo
B
3
< —‘ Cpre
o E I post
=1
S 2
>0
- -
D -
§'s
o Q14
(8]
0 -

creatine placebo

Fig. 1. (A) CreaT-70 protein content before (pre) and after (post) 2 months
of resistance exercise training in young men consuming Cr-mH (10 g/day)
+ dextrose (70 g/day) or casein (10 g/day) + dextrose (70 g/day; ‘placebo’)
(Study #2). (B) CreaT mRNA expressed relative to 18-S rRNA mRNA con-
tent in young men and women (collapsed for there were no gender differ-
ences) before (pre) and after (post) ~ 9 days of Cr-mH ‘loading’ (Study #1;
see text for more details; values are mean + S.D.).

2 antibody, we found that pre and post-supplementation an-
alysis was possible on only 5 subjects and there was no evi-
dence for down-regulation of the CRT protein, however with
such a limited sample size, we feel that it is best to interpret
these results as preliminary).

Study #3

Four months of Cr-mH supplementation (5 g/day, ~ 0.075 g/
kg/day) in elderly subjects who were performing resistance
exercise training, resulted in an increase in muscle total crea-
tine concentration for both males and females (Table 1). CRT-
70 protein content was similar in males and post-menopausal
females and there was no effect of training (PRE/POST) or



Table 1. Total creatine concentration

Total creatine (mmol x kg~' dm)

Males Females
Cr-mH Placebo Cr-mH Placebo
Study 1
Pre 1255+ 8.0 128.0+16.0 134.0+14.0 131.3+13.0
n=7) (n=7) n=7) n=7)
Post 141.2+£12.0* 130.0+8.0 151.5+25.0* 134.7+13.0
Study 2
Pre 134.8 £ 12.0 1256 £6.0 N/A N/A
(n=11) (n=298)
Post 142.9 + 8.0* 124.1+£7.0 N/A N/A
Study 3
Pre 116.8 +15.0 140.8 £21.0 129.7 £25.0 138.5 £ 14.0
(n=38) (n=7) (n=6) (n=7)
Post 159.3 £24.0% 125.5+25.0 151.7+19.0%* 147.5+20.0
Basal 130.1 £13.0 127.2+£19.2
(n=47) (n =30)

Values are mean + S.D. *Denotes a significant change (p < 0.05) after sup-
plementation. Study #1. Acute (9 day) creatine loading in young men and
women. Study #2. Two months of resistance exercise training in young men
with Cr-mH (10 g) + dextrose (70 g) or caseine (10 g) + dextrose (70 g).
Study #3. Four months of resistance exercise training in elderly (> 65 years)
men and women with Cr-mH (5 g), or placebo (dextrose). (see text for fur-
ther details). Basal refers to resting, non-supplemented values in males and
females.

supplementation (Cr-mH vs. PL) (Fig. 2A). In contrast to the
younger subjects performing resistance exercise, the elderly
subjects showed an increase in citrate synthase protein con-
tent (p <0.05), with no effect of supplementation (N.S., data
not shown). There was a significant correlation (r = 0.72, p
< 0.01) between the change in citrate synthase and CreaT
(CRT-70 + CRT-52) before and after exercise training. Us-
ing the original polyclonal rabbit antibody directed against
the COOH-terminus of CRT-1 (SwissProt P48029), we also
found low signal and inconsistent bands for the CRT-52 band
in the elderly, however, the CRT-52 band was consistently
apparent using the newer CRT-2 sheep antibody (Swiss Prot
P53796), and there was no effect of supplementation or ex-
ercise training (Fig. 2B). In about 50% of the samples a faint
band was also observed with an apparent MW of ~ 56 kDa
using the CRT-2 antibody, that has been proposed as the ac-
tual sarcolemmal transporter (Walzel et al. (abstract in this
issue) and Walzel et al. 2002 (in press). To confirm this, we
made a human red blood cell preparation (no mitochondria)
and found that the CRT-2 antibody recognized a single band
with an apparent MW of ~ 56 kDa (Fig. 3, upper). When
human muscle samples were overloaded on the gels, this
same band was observed at the same MW of ~ 56 kDa (Fig.
3, lower). At this point however, it would be too speculative
to report on the data concerning the quantitation of this lat-
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Fig. 2. (A) CreaT-70 protein content measured using the CRT-1 antibody
before (pre) and after (post) 4 months of resistance exercise training in eld-
erly (> 65 years) men and women (collapsed across gender for their
were no gender differences) consuming Cr-mH (5 g/day) or pla-
cebo (dextrose 7 g/day) (Study #3). (B) Identical set-up but using the
CRT-2 antibody to emphasize the 52 kDa band (Study #3).

ter polypeptide from the limited number of observations
before and after supplementation in each of the groups.

Discussion

The main findings from the current study are that two and
four months of Cr-mH supplementation at doses of ~ 0.075—
0.125 g/kg/day, did not result in a decrease in the amount of
immunodetectable CRT protein. Furthermore, an acute Cr-
mH ‘loading’ protocol for 8-9 days at a dose of 0.18 g/kg/
day did not decrease muscle CRT/18-S mRNA content. Ad-
ditionally, there does not appear to be a gender difference in
basal CRT/18-S mRNA or CRT protein content. Finally, the
increase in muscle total creatine in response to acute Cr-mH
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Fig. 3. (Upper) CreaT-52 protein in human skeletal muscle (M) using the
CRT-2 antibody and the corresponding results in a purified human red blood
cell (RBC) preparation highlighting the presumed plasma membrane iso-
form (56 kDa). (Lower) CreaT-52 protein in human skeletal muscle using
the CRT-2 antibody loaded with the ‘normal’ (N) amount of protein and
the same skeletal muscle sample with and overloaded amount of protein (O,
3 x the usual amount), highlighting that the 56 kDa band is visible in hu-
man skeletal muscle, however, to consistently observe the band ~ 3 times
more protein must be loaded to obtain comparable optical density values
to the 70 and 52 kDa bands.

loading or lower dose supplementation for four months was
similar in men and women.

The addition of exogenous creatine (5 mM) to rat L6 my-
oblasts resulted in 33% of the creatine transport activity as
compared to incubation in a creatine-free medium [5]. Fur-
thermore, these changes were apparent within 24 h of incu-
bation and 24 h of cyclohexamide treatment (inhibitor of
protein synthesis) partially blocked the decrease in creatine
transport induced by 5 mM of exogenous creatine [5]. Ear-
lier research demonstrated that creatine transport into skel-
etal muscle was reduced with anaerobiosis, uncoupling of
oxidative phosphorylation (2,4 dinitophenol), and cooling
[4]. Together, these results demonstrate that creatine trans-
port is modulated by an energy dependant process that in-
volves functional protein synthetic capacity. The transport of
creatine and it’s attenuation by exogenous creatine was sub-
sequently shown to involve the human CRT from the results
of studies where the human CRT was transiently expressed
in COS-7 cells [1]. Interestingly, the transport of creatine into
COS-7 cells transfected with the CRT, was also acutely in-
hibited by B-guanidinopropionic acid [1]. Medium-term crea-
tine feeding studies showed that skeletal muscle total CRT
protein content was reduced that when rats received a diet
containing 4% creatine and 50 mM in drinking water for 3
months [3]. In addition, the inhibition of creatine transport
with B-guanidinopropionic acid in rats for 3—-6 months re-

sulted in a significant increase in CRT protein in skeletal
muscle [3]. Therefore, the medium-term administration of
exogenous creatine to rats in doses that were an order of
magnitude higher than the doses used in humans [7], can de-
crease CRT protein content. Given the divergent effects of
B-guanidinopropionic in the acute in vitro experiments (de-
crease creatine transport [1]), as compared to the longer-term
administration studies in vivo (increase CRT protein [3]), it
would appear that there are likely different regulatory mecha-
nisms involved in the processes.

Our data shows that in response to Cr-mH supplementa-
tion strategies that increased muscle total creatine content
in humans there was no decrease in CRT protein content.
Clearly, the fact that we found no reduction in CRT protein
or mRNA content does not exclude that creatine transport
could have been inhibited by a different process such as post-
translational modification of the protein (phosphorylation,
glycosylation, etc.), or differences in the intra-cellular locali-
zation of the transporter such as the transmigration and re-
cruitment seen in with the GLUT-4 glucose transporter [20].
Recently, it was shown that cyclosporin A by inhibiting,
among others, the mitochondrial protein cyclophilin also
inhibits creatine uptake by apparently altering the targeting
of CRT to the plasma membrane by inhibiting the mitochon-
drial protein cyclophilin [21]. Furthermore, modification of
CRT transport activity has been shown by site directed mu-
tagenesis of a critical cysteine-144 residue [22]. In spite of
the evidence that alterations in CRT transport can occur by
mechanisms unrelated to the total CRT protein content, there
did not appear to be an attenuation of muscle total creatine
accumulation after acute, two month or four month Cr-mH
supplementation. These observations are supported by the
fact that the cessation of Cr-mH supplementation after 10
weeks (~ 0.125 g/kg/day), did not result in an ‘undershoot’
of muscle phosphocreatine concentrations 5 weeks later [11].
Thus, it appears that elevations of skeletal muscle total crea-
tine concentration can be maintained for 2 months in men at
a dose of 0.125 g/kg/day, for 4 months in elderly men and
women at a dose of 0.075 g/kg/day, and for 10 weeks in
women at a dose of ~ 0.0125 g/kg/day [11]. Whether or not
these elevated concentrations can be maintained for longer
periods of time awaits further investigation. These results are
of importance for the long-term treatment of patients in whom
creatine supplementation may prove to be effective.

Another issue raised by the results of the current study is
the location of the CRT protein that is being detected by the
antibodies. The first antibody (CRT-1) that was generated
appears to recognize two distinct bands of apparent MW 52
and 70 kDa [3, 23], whereas, a newer antibody shows a faint
band inconsistently in skeletal muscle crude homogenates at
an apparent MW of ~ 56 kDa. The fact that there was only a
single band in human erythrocytes at ~ 56 kDa suggests that



this represents the true sarcolemmal transporter. Furthermore,
the results of Murphy and colleagues who demonstrated that
the ~ 52 and 70 kDa isoforms were in higher abundance in
type I muscle fibers, yet the total creatine content was higher
in type IT muscle fibers, suggested that the 52 and 70 kDa iso-
forms are mitochondrial, in spite of the fact that immuno-
fluoresence staining suggested that the transporter was located
at the sarcolemma [23]. A difficulty with the immunofluo-
rescence data is the fact that an apparent sarcolemmal lo-
calization may be due to the presence of sub-sarcolemmal
mitochondria. Our data support that these isoforms are
mitochondrially located for there was a positive correlation
between the increase in the citrate synthase protein content
(mitochondrial) and the total CRT protein (52 + 70 kDa)
content in the 4 month training study in the elderly. By bio-
chemical fractionation and immuno-localization, using the
same COOH-terminal anti-CRT-1 antibody, both of these
polypeptides were shown recently to be highly enriched in
mitochondrial preparations and specifically localized in mi-
tochondria, respectively (Walzel et al. this issue; [19]).

Finally, our group has found that there are gender dif-
ferences in the increase in fat-free mass [24] and in the
regulation of protein turnover [14] in response to Cr-mH
supplementation. These findings are consistent with the re-
sults of Murphy and colleagues (in the current issue) and
together, provide very strong evidence against a gender dif-
ference in total creatine concentration, CRT protein, or CRT
mRNA content. Therefore, the apparent gender differences
in FFM accumulation and protein breakdown and amino acid
oxidation, must be attributable to processes distal to the ac-
cumulation of creatine in skeletal muscle.

Given the discovery of genetic defects in the CRT [25] and
in creatine biosynthesis [26], the understanding of the con-
trol of the CRT in response to Cr-mH supplementation is of
great importance. Furthermore, the potential for Cr-mH to be
a therapeutic agent in neurological disorders [27-30], pro-
vides further reason to evaluate the long-term effects of Cr-
mH on the regulation of the CRT. A major issue that is still
not resolved is the exact intra-cellular localization of the
various CreaT isoforms and their role in health and disease
states. The recent characterization of a genetic defect in the
SLC6AS gene highlights the importance of this transporter
to cellular function [25].
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Abstract

'H, “C NMR, ESMS and MS/MS investigations proved that there is an antagonism in the spontaneous reaction of formalde-
hyde with L-lysine and L-arginine. L-Arginine can only be hydroxymethylated on the guanidino group in a very fast reaction
forming mono-, di-, and trihydroxymethyl arginines (HMA). L-Lysine can be methylated on the g-amino group forming mono-
, di-, and trimethyl lysine on physiological pH. Hydroxymethyl arginines are relative stable, isolable products, and can also be
formed in biological systems, especially in plants. Significant amounts of hydroxymethyl arginines were identified in the aqueous
extract of lyophilized kohlrabi, which can be formed in photosynthesis during CO, fixation. “C-Formaldehyde formed in a
short-term (10, 30 sec) “CO, fixation reaction in Zea mays L. (early maturity variety: Szegedi TC 277) was captured by L-
arginine, which occurs in leaves in large amount. Formaldehyde formed during photosynthesis can react not only with the
arginine, but with ribulose-1,5-diphosphate present in leaves. In model reactions formaldehyde can react with the ‘ene diole’
group of ribulose-1,5-diphosphate in the absence of Rubisco enzyme, which is a similar reaction to the addition of formalde-
hyde to L-ascorbic acid. Hydroxymethyl arginines (HMA) are endogenous formaldehyde carrier molecules transferring the
bound formaldehyde to thymidylate synthase enzyme system incorporating it into the folate cycle. HMA can also carry the
bound formaldehyde to the cells especially to the tumorous cells (HT29 adenocarcinoma), and cause significant inhibition of
cell proliferation and causes apoptosis. (Mol Cell Biochem 244: 167-176, 2003)

Key words: formaldehyde, methyl lysine, hydroxymethyl arginine, photosynthesis, D-ribulose-1,5-biphosphate, cell proliferation

Introduction hyde had been first determined in human blood (0.4-0.6 pug/ml)

in 1983 by our research group [2, 3]. The latest determina-
In the last 20 years, a great number of data have been accu- tion of endogenous formaldehyde of human blood plasma is
mulated proving, that there is an endogenous formaldehyde in good agreement with our results [4]. The questions arise
level in human and animal organisms, and also in different how endogenous formaldehyde could be formed, and what
plants (accumulated in fruits) [1-9]. Endogenous formalde- its role is in biological systems.

Address for offprints: L. Trézl, Department of Organic Chemical Technology, Budapest University of Technology and Economics, H-1521, Budapest, Hun-
gary (E-mail: ltrezl @mail.bme.hu)
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Formaldehyde can be liberated from different precursors
in biological systems via permanent demethylation processes
starting from -N-CH,, O-CH,, and —S-CH, groups, respec-
tively [8—12]. Substrate specific demethylase enzymes can
liberate formaldehyde only from specific endogenous precur-
sors, e.g. formaldehyde can be liberated only from N®-me-
thyl L-lysines by e-alkyl lysinase, but from neither N*-methyl
L-lysine or Né-methyl D-lysine [12].

Formaldehyde liberated in this way has a specific bio-
chemical pathway with an elaborate enzymatic system already
in place for handling it safely, e.g. introducing the methyl
groups into a one-carbon pool via formaldehyde [10-18].

To the contrary, formaldehyde liberated from exogenous
precursors (e.g. from N-methyl nitrosamines) by means of
non-substrate specific enzymes (e.g. cytochrome P-450 iso-
enzymes) [15, 17] has no elaborate biochemical pathways,
therefore the liberated formaldehyde can take part in situ
random reactions in cellular components, such as formylation
and methylation that leads to miscoding of DNA and RNA
[2, 14, 16, 17]. If there are not enough acceptor molecules
such as cysteine, glutathione and ascorbic acid present, these
reactions are potentially dangerous, even carcinogenic.

Formaldehyde can also be formed permanently in a steady
state reaction from serine by serine transhydroxymethylase
enzyme [13]. In this case the formaldehyde will not be liber-
ated, but an intermediate enzyme-formaldehyde complex
occurs, which transfers the formaldehyde to tetrahydrofolic
acid forming N3 N!°-methylene tetrahydrofolic acid, the
coenzyme of thymidylate synthase.

And last, we need to mention that, according to our re-
sults [7, 20], there is a new source of formaldehyde, which
is formed in photosynthesis. We proved that formation of “C-
formaldehyde occurs from "“CO, in a short-term (10, 30 sec)
*CO, fixation reaction, and the liberated formaldehyde could
bind to L-arginine [7, 22]. We have to emphasize that, al-
though Willstitter and Stoll suspected the existence of for-
maldehyde in photosynthesis as early as in 1917 [19], Calvin
omitted this fact in his cycle [21].

Our research dealing with the specific reactions of formal-
dehyde and its role in biological systems for once 20 years
has uncovered some surprising chemical reactions of this
molecule with amino acids, nucleic bases, and ascorbic acid,
respectively, which can take place in biological systems.
The most important reactions are spontaneous methylation,
formylation and hydroxymethylation. The amino groups of
lysine can be spontaneously methylated and formylated on
the amino groups, while arginine can only be hydroxy-
methylated on the guanidino group [2, 3, 23]. Since the
hydroxymethyl group is bound to the guanidino group of the
arginine in a releasable form within biological systems, ar-
ginine molecules can carry and pass it on.

In this paper presented to the 6th International Conference
on Guanidino Compounds in Biology and Medicine [22], we

give account our latest results modeling the antagonistic re-
actions of arginine and lysine against formaldehyde with 'H,
BC-NMR, ESMS and HPLC-MS investigations, and review
their formation in photosynthesis and their specific biologi-
cal effects of these compounds.

Materials and methods
Materials

L-Lysine hydrochloride (Reanal, Budapest, Hungary), N¢-
monomethyl-L-lysine hydrochloride (Sigma Chemical Co.,
St. Louis, MO, USA), N¢,N*-dimethyl-L-lysine hydrochlo-
ride (Vega, Columbia, USA), N*,N¢,N*-trimethyl-L-lysine
glutamate (Richter Pharm. Co., Budapest, Hungary), N®-
formyl-L-lysine (Sigma), L-arginine, L-arginine hydrochloride
(Reanal), N®-monomethyl-L-arginine acetate (Calbiochem,
San Diego, CA, USA), N¢, N¢-dimethyl-L-arginine hydro-
chloride (Calbiochem), formaldehyde solution p.a. (Fluka,
Budapest, Hungary), tetrahydrofolic acid (Sigma), 2'-de-
oxyuridine-5'-monophosphate (Sigma), D-glucose (Sigma),
D-xylose (Sigma), (5-*H)-deoxyuridine monophosphate
(Radiochemical Centre, Amersham, UK), D-ribulose 1,5-di-
phosphate sodium salt (Sigma), deuterium oxide (Fluka), ac-
etonitrile HPLC grade (Fluka).

NMR measurements

'H and '*C NMR spectra were recorded on a Bruker AC 250
spectrometer equipped with a 5 mm probe, and operating at
62.896 MHz in case of *C NMR spectra. Chemical shifts are
quoted relative to the internal standard HDO at 4.6 ppm in
the case 'H experiments, and to CH,(OH), at 83.2 ppm in the
case of *C experiments, respectively.

Sample preparation

Model mixtures were prepared by depolymerising para-
formaldehyde (1 mmole, 30 mg) in 0.5 cm? boiling D,O in
NMR tube, then allowing the formaldehyde to react with the
appropriate amino acid ‘HCI (L-lysine, N*-methyl L-lysine
and L-arginine, 0.1 mmole) at 50°C (pH 5.5).

MS measurements

Mass spectrometric measurements were carried out using a
PE Sciex API 2000 LC-MS/MS system. The instrument was
used with electrospray ion source in positive-ion mode. Ion
spray voltage was 4000 V, orifice voltage was set at 50 volts,
source temperature at 100°C. Flow injection analysis (0.1 ml/



min water flow) was applied. Mass spectrometer was used
in simple MS1 scan mode, or in production scan mode.

Sample preparation

From L-lysine hydrochloride: A mixture of 400 pl of 100 mg/
ml L-lysine hydrochloride solution and 160 pl formaldehyde
solution was prepared (pH ~ 5.5), and to react for 4 days. From
L-arginine hydrochloride: A mixture of 400 ul of 100 mg/ml
L-arginine hydrochloride solution in 0.1 M K-phosphate buffer
(pH 7.4) and 160 pl formaldehyde solution was allowed to
react, and measurements were taken immediately. From L-
arginine: A mixture of 400 pl of 100 mg/ml L-arginine solu-
tion and 160 pl formaldehyde solution (pH ~ 10.5) was allowed
to react, and measurements were taken immediately.

From lyophilized kohlrabi extracts: Two g kohlrabi (5 weeks
old separated leaves) were chopped and suspended in 15 ml
water, after homogenized in an Ultra Turrax homogenizer and
centrifuged (1000 x g, 10 min, 4°C). The supernatants were
lyophilized and stored at —20°C.

Photosynthetic experiments

"“CO, was liberated from Ba'*CO, (specific radioactivity:
2.03 Gbg/mmol, product of Amersham) by means of lactic
acid. The seedlings of Zea mays L. (single cross) were culti-
vated for 12 days for “CO, fixation. It was carried out in an
assimilation apparatus previously described [20]. The leaves
were exposed to “CO, (40 MBq) for 10 and 30 sec.

After the given exposure times the samples were frozen
in liquid nitrogen, ground, and the powder was extracted with
water, the aqueous extract was lyophilized for analysis.

ESMS measurements of D-ribulose 1,5-biphosphate and
its reaction with formaldehyde

One hundred uM D-ribulose 1,5-biphosphate and 500 uM
formaldehyde was allowed to react in 0.1 M phosphate buffer
on pH 7.4 for 5 min at 20°C.

HPLC-MS measurements

The analysis was carried out using the above described mass
spectrometer with a Perkin-Elmer 200 Micro LC system. A
LiChrocart 250-4 HPLC cartridge was used with LiChosorb
Diol 100 5 pl packing. Acetonitrile-water gradient was ap-
plied according the following: 80% acetonitrile-20% water
(0 min), 80% acetonitrile-20% water (5 min), 0% acetonitrile-
100% water (30 min), 0% acetonitrile-100% water (35 min),
80% acetonitrile-20% water (45 min).
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Thymidilate synthase enzyme assay

Preparation of hydroxymethyl arginines: N®-mono-, di-, and
trihydroxymethyl-L-arginines (HMA) formed from the reac-
tion mixture of L-arginine and formaldehyde were separated
by column chromatography on Sephadex G-15 adsorbent.
The 'H, *C, and »CP/MAS and other analyses were de-
scribed earlier [17, 23, 26].

Thymidilate synthase activity was estimated, essentially as
described by Roberts [24]. Reaction mixture (0.15 ml) con-
tained 5-*H-dUMP (22 kBq), 20 nmol tetrahydrofolate,
20 nmol CH,0, 1.5 umol 2-mercaptoethanol, 7.5 pmol
NaF, 7.5 pmol tris-HC1 buffer (pH 7.5) and 0.11 ml of cy-
tosol prepared from P388 ascites tumor cells. Tumor trans-
plantation, the check of tumor growth and cytosol preparation
were carried out as previously described [25]. The reaction
was started by adding the cytosol and after incubation (0-30
min) at 37°C was terminated by addition of 0.5 ml of 3.35%
TCA and 0.5 ml of charcoal suspension (55 mg/ml). The
samples were centrifuged at 1000 x g for 15 min. Radioac-
tivity of supernatant was counted in LSC. Non-adsorbable
and total radioactivity were determined in appropriate controls.
Reaction velocity was linear with time under these conditions,
and enzyme activities varied by < 5% in the control.

The same enzyme assay was followed with HMA prepared
by the above described method.

Measurement of the effect of HMA on cell proliferation of
HT29 human colon adenocarcinoma

Cell cultures

The human colon carcinoma cell lines HT-29 (ATCC HTB-
38) were used. The monolayer cell cultures were maintained
in 24-well and 6-well Greiner plates (Kremsmuenster, Aus-
tria) using RPMI supplemented with 10% fetal calf serum
(Sigma-Aldrich, St. Louis, MO, USA). The number of cells
at plating was 5.10*/ml.

Treatment of cell cultures

The colon carcinoma cells were treated with 1, 10 and 100 pg/
ml HMA in triplicate samples, respectively for 48 h after plat-
ing. Samples for evaluation were taken 24, 48 and 72 h after
treatment. Cell counts and viability were determined by
Buerker chambre after Trypan blue staining with 200x mag-
nification.

Results and discussion

Interpretation of the reaction of formaldehyde with lysine
by 'H, C NMR, ESMS and MS/MS spectra

According to the '"H NMR spectra obtained from the reac-
tion mixture of L-lysine hydrochloride and formaldehyde
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after 5 min, 2 h and 16 h reaction times a growing singulet
of the N-methyl protons can be observed at 2.45 ppm. The
estimated conversion of lysine to N*-methyl-lysine is 6%
calculated on the basis of the a-CH proton ratio of N*-me-
thyl-lysine and lysine. A small signal at 2.6 ppm in the sample
monitored after 16 h can be identified as traces of N,N-dime-
thyl lysine (Fig. 1). As a reference, '"H NMR spectra of the
reaction of N°-monomethyl lysine and formaldehyde under
the same circumstances was also taken (Fig. 2). After 16 h
15% conversion of monomethyl lysine to dimethyl lysine can
be estimated from the ratio of the N(CH,), signal at 2.6 ppm,
and the NHCH, signal at 2.48 ppm. The *C NMR spectra
taken from the reaction mixture of L-lysine hydrochloride and
formaldehyde showed not only the signal of the N*-methyl
carbon of the N*-methyl-lysine at 33 ppm and a small signal
of the N,N-dimethyl carbon at 49 ppm, but the signal of a
NCH,OH group at 71.8 ppm, which shows that lysine is

NHCH;
N(CHy),
\A_J,‘J L/ (Y}
T VRS i T T T
4.0 PPM 39 2.0 1.0

Fig. 1. Detail of '"H NMR spectrum taken from the reaction mixture of
1 mmol depolimerised formaldehyde and 0.1 mmol L-lysine in D,O at 50°C,
after 16 h. The singulet of N-methyl proton at 2.45 ppm and a smaller
singulet of N,N-dimethyl protons at 2.6 ppm can be assigned.
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Fig. 2. Detail of '"H NMR spectrum taken from the reaction mixture of
1 mmol depolimerised formaldehyde and 0.1 mmol N-methyl-L-lysine in
D,0 at 50°C. The big singulet of N-methyl proton at 2.45 ppm belongs to
the starting monomethyl lysine, the smaller singulet of N,N-dimethyl pro-
tons at 2.6 ppm can be assigned.

not only methylated and dimethylated, but also hydroxy-
methylated. A further small signal appears at 58.3 ppm, which
can be assigned to the CH, group of a cyclic compound. The
reaction scheme of formaldehyde with the Né-amino group
of lysine is shown on Fig. 3.

According to the ESMS spectra taken from the reaction
mixture after 4 days, a large monomethyl-lysine peak ap-
peared at m/z 161.2 and a smaller dimethyl-lysine peak at m/z
175. A very small peak at m/z 189.1 was identified as tri-
methyl lysine, and at m/z 159 as the cyclic product. (Fig. 4).
Mono-, di-, and trimethyl-lysines were identified from the
splittings by the CID spectra. The structures of the identified
lysine derivatives are in accordance with the results gained
from 3C NMR spectra. There was no peak at 177 (hydroxy-
methyl lysine), because the carbon-nitrogen bond is too weak
to appear in the circumstances of the MS measurements, and
thus differs from arginine, which forms stable hydroxymethyl
arginines (Fig. 6).
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Fig. 3. Scheme of the reaction of formaldehyde with lysine and arginine,
respectively.

Interpretation of in the reaction of formaldehyde with
arginine, by 'H, *C NMR, ESMS and MS/MS spectra

According to the '"H NMR spectra obtained from the reac-
tion mixture of L-arginine hydrochloride and formaldehyde,
after a few minutes three singulets of the mono-, di-, and tri-
N-CH,OH protons can be observed at 4.1, 4.2 and 4.35 ppm
(Fig. 5). The signals of the mono-, di-, and tri-N-CH,OH
groups are also assigned in the >*C-NMR spectra at 65.4, 66.7
and 68 ppm, respectively.

Atypical ESMS spectra obtained from arginine hydrochlo-
ride and formaldehyde reaction mixture at pH 7 is shown in
Fig. 6. Peaks at m/z 205, 235 and 265 can be identified as
mono-, di-, and tri-hydroxymethyl arginines, respectively. We
note that no methyl arginine peak was observed either in
ESMS or in NMR spectra. In the spectrum taken at pH 10.5
peaks at m/z 187, and 199 can assigned to the appropriate
cyclic compounds. In these circumstances hydroxymethyl
arginine (m/z 205) is present only in traces.

Comparing the reactivity of lysine and arginine with for-
maldehyde according to the NMR and MS measurements, it
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Fig. 4. The ESMS spectrum of the reaction mixture of formaldehyde with
L-lysine. m/z 161.2: N°-monomethyl-L-lysine, m/z 175: N¢,:N*-dimethyl-
lysine, m/z 189.1: N¢,:N¢ N°-trimethyl lysine, m/z 159: cyclic product (sup-
posed structure see in the reaction scheme, Fig. 3).
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Fig. 5. Detail of 'H NMR spectrum taken from the reaction mixture of 1
mmol depolimerised formaldehyde and 0.1 mmol L-arginine in D,0 at 20°C,
after a few minutes. Signals of mono, di, and trihydroxymethyl protons at
4.1,4.2 435 ppm.
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Fig. 6. ESMS spectrum of the reaction mixture of L-arginine.HCl and for-
maldehyde. Four hundred pl of 100 mg/ml L-arginine.HCI, 160 ul cc. for-
maldehyde was allowed to react in 0.1 M K-phosphate buffer (pH 7.4), at
20°C, and measurements were taken immediately. m/z 175: L-arginine, m/z
205: NS-monohydroxymethyl L-arginine, m/z 235: N¢,N¢-dihydroxymethyl
L-arginine, m/z 265: N¢, N¢ NC-trihydroxymethyl L-arginine, m/z 187: cy-
clic product formed by reaction of formaldehyde with the a-amino group
and the guanidino group of the L-arginine (supposed structure see in the
reaction scheme, Fig. 3).

has to be stressed that arginine reacts with formaldehyde in
an immediate hydroxymethylation reaction, resulting in rela-
tive stable HMA-s, while lysine undergoes in a slower meth-
ylation, and although its hydroxymethyl derivative is also
formed, it is very labile.

Identification of arginine and hydroxymethyl arginines in
kohlrabi extracts

ESMS spectra obtained from the aqueous solution of the
extract is shown in Fig. 7. Besides the huge peak of arginine
(m/z 175), peak of hydroxymethyl arginine (m/z 205), tri-
methyl lysine (m/z 189) and lysine (m/z 147) were observed,
and identified by their CID spectra. Small peaks of di-, and
trihydroxymethyl-arginines appeared in the ESMS spectra,
too, but were not identified by CID. These results are in ac-
cordance with our earlier investigations [7], proving that there
anumber of fruits and vegetable contain high level of endog-
enous formaldehyde. We found the highest level in the ripe
kohlrabi tuber (31 mg/kg) and in its young leaves (25.5 mg/
kg), whereas there is a much lower value (6.3 mg/kg) in
young kohlrabi tuber. This indicates that formaldehyde ac-
cumulates during the ripening time in tuber, but there is no
significant difference in formaldehyde level between young
and old leaves. Because the endogenous formaldehyde is not
free, but bound in the form of hydroxymethyl arginine, it is

Fig. 7. ESMS spectrum of lyophilized young kohlrabi leaf extract. Five
week old leaves, extracted with water, homogenized, centrifuged, and
lyophilized m/z: 147 L-lysine, m/z 175: L-arginine, m/z: 189 N¢, N°,N*-
trimethyl-L-lysine, m/z: 205: N°-monohydroxymethyl L-arginine.

essentially that arginine is present in leaves in significant
amount, as verified by the ESMS results.

Role of formaldehyde in photosynthesis

According to the HPLC-MS measurements of the lyophilized
extracts of Zea mays, a m/z 207 peak could be identified as
"C-hydroxymethyl arginine (Fig. 8). In a control sample with
non-labeled CO,, we found only a m/z 205 peak (hydroxy-
methyl arginine), but not the m/z 207 peak. Earlier, Szarvas
[20] identified “C formaldehyde with dimedone liberated
from “CO, in photosynthetic experiment, and Trézl [7] iden-
tified "*C-hydroxymethyl arginines in '“CO, fixation experi-
ments by radiochromatographic analysis. These results prove
that formaldehyde is present in the photosynthetic system,
because the only source of the hydroxymethyl group in hy-
droxymethyl arginine is formaldehyde, and hence arginine
can be considered as the carrier molecule of formaldehyde
in biological systems.

Our experiments verify the formation of formaldehyde in
CO, fixation experiments, though Calvin excluded the role
of formaldehyde in photosynthesis [21]. A formaldehyde
fixation cycle was suggested by Quayle [27, 28] starting from
D-ribulose 5-phosphate and formaldehyde resulting in 3-
hexulose-6-phosphate catalyzed by hexululose phosphate syn-
thase (Hu MP) enzyme in bacteria, such as in Methylococcus
capsulatus and Pseudomonas methanica, and by means of
other enzymes forming glyceraldehyde 3-phosphate, and
other compounds. Quayle and other scientists did not sup-
pose that the reaction can occur without an enzyme, therefore
they did not adapt it for the photosynthesis. They considered
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Fig. 8. HPLC diagram (upper) and ESMS spectrum (below) of lyophilized Zea mays leaves extract exposed to “CO, for 10 sec. After 10 sec exposition time
the sample was frozen in liquid nitrogen, then ground and extracted with water, and lyophilized for analysis. The sample was separated with acetonitrile-
water eluent mixture (ratios see in ‘Materials and methods’). A peak detected at 10.91 min retention time was examined by ESMS providing the following
peaks: m/z 205: N°-monohydroxymethyl L-arginine, m/z 207: N6-¥C-monohydroxy methyl L-arginine.

the reaction as an aldol condensation of formaldehyde and
D-ribulose 5-phosphate, which results in 3-hexulose-6-phos-
phate. We recognized that this biologically important re-
action can take place without enzymes, and not in aldol
condensation reaction, because the ribulose phosphate contains
‘ene diol” group, which is being nucleophilic and therefore can
react with electrophilic formaldehyde in a fast addition reac-
tion. This type of addition reaction was demonstrated in the
case of ascorbic acid by ourselves (Fig. 9) [17]. D-ribulose
biphosphate, having also an ‘ene diole’ part, undergoes in
a similar reaction with formaldehyde, resulting in 3-keto-
2-hydroxymethyl arabitinol-1,5 biphosphate (Fig. 10). Itis
known from the literature that the enzymatic carboxylation
of D-ribulose-biphosphate can undergo via an ene diole in-
termediate resulting in the keto acid [29], but to date no-
body suspected the addition reaction of formaldehyde on
ribulose biphosphate. This addition is fast at physiological
pH, since the addition product can be identified at m/z 339
as a significant peak in the ESMS spectrum of the reaction
mixture of ribulose biphosphate and formaldehyde (Fig. 11).

According to our preliminary investigations, the adduct
formed is a substrate of D-ribulose-1,5-biphosphate carboxy-
lase/oxygenase (Rubisco, EC 4.1.1.39), because the enzyme
transforms the adduct to the same products as occur in CO,

fixation, namely to 3-keto-2-carboxy arabitinol-1,5-biphos-
phate (m/z 353), and to glycerate-3-phosphate (m/z 185).
These investigations indicate that there can exist a formal-
dehyde fixation cycle beside the Calvin cycle.

Thymidilate synthase (TS) enzyme activity

The spontaneous reaction of formaldehyde with tetrahydro-
folic acid (THF) as a control and TS assay were used. Ac-
cording to Fig. 12, both the reaction mixtures of HMA with
THF and with formaldehyde, respectively, produced a con-
siderable amount of labeled product during the TS reaction,

- i‘*) c=o l)\f
20°C.pH4 8 'c pH4 -8 ——CHzOH
rapid reaction
ene diol
group
L-ascorbic acid

Fig. 9. The electrophilic addition reaction of formaldehyde to the ‘ene diole’
group of L-ascorbic acid.
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Fig. 10. The carbon dioxide fixation and formaldehyde addition reaction to the ‘ene diole’ group of ribulose 1,5-biphosphate.
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Fig. 11. ESMS spectra of D-ribulose 1,5-biphosphate (a), and its reaction
with formaldehyde (b). One hundred pM D-ribulose 1,5-biphosphate and
500 pM formaldehyde was allowed to react in 0.1 M phosphate buffer on
pH 7.4 at 20°C. m/z 309: D-ribulose 1,5-biphosphate, m/z 339: adduct of
formaldehyde and D-ribulose 1,5-biphosphate, m/z 330.8: adduct of Na and
D-ribulose 1,5-biphosphate.

and the radioactivity values were proportional to the reaction
time. There was no radioactivity in the samples when tri-
chloroacetic acid (TCA) was given prior to the cytosol, and
consequently the results were similar, when either HMA or
formaldehyde was preincubated with THE. Since the Robert’s
method is highly specific for TS, the results proved that HMA
reacts with THF resulting in N°,N'°-CH,-THF, namely THF
received a C -fragment from HMA. The source of the C -
fragment must be the reversibly bound formaldehyde in the
form of hydroxymethyl groups of the HMA, because arginine
itself did not produce the coenzyme with THF.

g HCOH+THF
:,
g 100 HMA+THF
S0
0 o THF
0 5 10 15 20 25
Reaction time (min.)

|=-HCOH+THF =~HMA+THF =THF|

Fig. 12. Thymidylate synthase activity. Cytosol prepared from L 1210
ascites tumor cells. 1.2 pmol HMA, 1.2 umol THF as well as 1.2 pmol
HCHO, 1.2 ymol THF were incubated in 7.5 pmol tris. HCI buffer (pH 7.5)
for 1 h at 37°C. Both reaction mixture were tested by TS assay.



As described earlier, HMA-s occur in plants during photo-
synthesis, especially in fruits. They are biomolecules respon-
sible for the endogenous formaldehyde level, and may provide
a direct supply of the C,-fragment for the folate cycle.

In vitro inhibition of cell proliferation of human HT29
colon adenocarcinoma cells with HMA

Figure 13 shows clearly that HMA influences the cell prolif-
eration in a dose and time dependent manner. A low dose (1
pg/ml) ‘enhanced’ cell proliferation, importantly, because it
actually inhibited apoptotic activity (data not given). Higher
doses (10, 100 pg/ml) caused significant inhibition on cell
proliferation, especially in a dose of 100 mg/ml HMA. This
dose induced a high apoptotic activity (data not given).

To interpret the effect of HMA, we stress that the main
effect is that HMA-s contain formaldehyde in a releasable
hydroxymethyl group; therefore formaldehyde can be slowly
liberated from these groups, whereby a steady-state formal-
dehyde level can be maintained in cell culture. This formal-
dehyde level is not high enough to be toxic, and even high
dose of HMAss are not toxic in contrast to formaldehyde.

These effects are verified by the investigations of Szende
et al. [31], who documented that cell proliferation of HT29
colon adenocarcinoma and endothelial cells can be influ-
enced by formaldehyde. Formaldehyde enhanced cell prolif-
eration and decreased apoptotic activity in low doses (0.1 mM)
in a similar manner as HMA, while formaldehyde at a higher
doses (1 mM) slightly increased the apoptotic index and de-
creased the mitotic index. Formaldehyde in 10 mM concen-
tration was very toxic causing nearly total cell loss.
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Fig. 13. The effect of HMA in 1 pg/ml, 10 pg/ml, 100 pg/ml, concentra-
tions on cell proliferation of HT29 human colon adenocarcinoma. Cells were
stained and counted after 24, 48 and 72 h, respectively.
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It has to be supposed that formaldehyde can be captured
by the side-chains of cell proteins, especially by arginine side-
chains, and the bound formaldehyde can slowly be released
from the hydroxymethyl groups in the same way when HMA
is added to the cell culture. When a high dose of formalde-
hyde is present, the capacity of the ‘formaldehyde capturer’
will be exhausted, and the remaining free formaldehyde is
toxic.

The main conclusion is that the guanidino group of L-ar-
ginine is a formaldehyde acceptor, which is able to control
the endogenous free formaldehyde level.

Effect of N*-methylated lysines on cell proliferation

The biological effects of N-methylated lysines as a result of
spontaneous methylation of formaldehyde on lysine were
studied in detailed examinations, and published by us [32].
Methylated lysines (mono-, di-, and trimethyl) influenced the
cell proliferation on animal and plant tissues (both healthy
and tumorous tissues) very strongly. The effect of N°,N*,N¢-
trimethyl lysine (TML) is very especially significant, since
itincreases cell proliferation, and also increases the crop yield
when sprayed on to culture plants.
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Arginine deprivation and tumour cell death:
Arginase and its inhibition
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Abstract

Arginase treatment of cell cultures reduced arginine in the medium to ~ micromolar levels within 5-30 min, and proved as
effective as arginine-free medium (AFM) prepared by formulation. The enzyme was heat stable and as active at pH 7.2 as at
pH 9.9. It persisted in culture for at least 3 days with only a small diminution in its speed of action, and still actively destroyed
arginine after 6 days, since arginine supplementation failed to rescue viable cells.

Addition of L-norvaline, an inhibitor of arginase, rescued cells from arginase-induced deprivation. Its efficacy at low con-
centrations was short-lived (probably < 1 day), while at higher concentrations it did not appear to inhibit completely the en-
zyme. However, L-norvaline at these same levels also slowed the growth of positive non-enzyme treated controls receiving
the normal arginine level. Thus the difference in this growth indicated that arginase was more inhibitory than cursory exami-
nation of initial kinetic data suggested. It also agreed with the inhibition of arginase in the ornithine assay used to measure
biochemically enzyme activity. We conclude that norvaline partially but not completely antagonises arginase activity, which
allows cell rescue in a dose-dependent manner between 0.4 and 4 mM, but cannot be used above about 2 mM without exhib-
iting a general non-specific interference of cell growth of its own, although no evidence of cell toxicity was observed in either
AFM or arginine-containing medium. L-ornithine, the product of arginase that inhibits the enzyme by a feedback mechanism,

had no inhibitory effect on arginase over a similar concentration range. (Mol Cell Biochem 244: 177-185, 2003)

Key words: cancer, arginine, arginase, norvaline, ornithine, deprivation, catabolism, cell proliferation, cell death

Introduction

A major aim of our work has been to lower arginine levels in
vitro and in vivo to arrest the growth of normal cells, and se-
lectively bring about the death of cells of malignant pheno-
type [1]. On balance, the evidence shows that most types of
tumour cells can be killed by this strategy, even if it fails to
destroy every tumour cell. Lowering arginine levels is not
difficult in culture, the choice being either formulating a
deficient medium that contains dialysed serum, or degradation
of arginine in situ with an enzyme such as arginase, which has
been used in a number of investigations over nearly 50 years.
The first was arginase treatment of fibroblasts and Jensen
sarcoma cells in culture by Bach and Simon-Reuss [2], who
showed that it inhibited mitosis. Subsequently Bach and
Swaine [3] treated rats bearing Walker carcinoma 256 with
arginase and obtained 30-70% reduction in relative growth

of tumours compared with untreated controls within 3—4 days.
This is a remarkably rapid effect, but few studies have been
able to emulate these findings, although in vitro work has
continued to show good growth arrest of many malignant cell
types (e.g. 4-6). Equally interesting, liver extracts were also
known to have strong growth inhibitory effects on tumour cell
growth that not unexpectedly was due to their high arginase
content [7]. It should be noted that there is a big difference
between an agent that simply inhibits growth and one that
causes cell death. In our earlier work, it was stressed that
arginine deprivation arrested normal cells in G1 (GO0), but
since most tumour cell lines do not have this ‘luxury’ because
they remain in cycle, the consequence is that their growth
becomes unbalanced and the cells die relatively quickly, the
exact mechanism(s) is (are) not being fully understood [8].
Our objective has been to lower free arginine levels in vitro
to at least < 5 uM, and preferably to < 1 uM, for a sufficient
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period of time to induce cell death in malignant cells [1, 8].
The present in vitro experiments were designed to give fur-
ther insight into the use of arginase as opposed to AFM in
order that we might eventually improve its application in the
treatment of cancer-bearing animals and ultimately human
cancer patients, but if possible to gain more control over the
enzyme through the use of a specific inhibitor.

Reducing arginine to the required level is more difficult
to accomplish and maintain irn vivo than in culture, because
the normal healthy body responds by switching on a power-
ful homeostatic mechanism to restore free amino acid levels
in the blood. The main pathway is the release of free amino
acids from skeletal muscle breakdown. In culture, amino acid
deprivation will also release arginine from ‘luxury’ proteins
at the expense of vital house-keeping proteins [9, 10], as well
as from dying cells. This aspect of the in vitro exercise has
been only cursorily addressed, and the little we know is that
arginine reutilisation is less efficient than that of other essen-
tial amino acids such as leucine under otherwise similar dep-
rivation conditions [8]. Thus the use of a catabolic enzyme
may have advantages in that any scavengable arginine re-
leased during increased protein turnover in the deficient
state should be pre-emptorily destroyed, ostensibly produc-
ing better deprivation.

Here, we examine cultures made arginine-free by enzy-
matic means in comparison with our medium formulation
procedure omitting arginine (AFM). Once arginase has been
added to cultures, its fate has been largely unknown in pre-
vious work, but it is a relatively stable enzyme at 37°C as well
as being heat-stable at 55-60°C; indeed 10-20 min at this
temperature is supposed to fully activate it [11]. It is simpler
to make medium deficient in arginine by adding a catabolic
enzyme to complete medium than to prepare deficient me-
dium, especially now that biological supply companies are
reluctant to provide such ‘customised media’ except at con-
siderable expense.

Once arginase has been added to medium, however, it is
difficult to curtail its continued action because of its stabil-
ity without physically removing it, hence the interested in an
inhibitor of arginase to manipulate its activity. Chang et al.
[12] have reported that L-norvaline inhibits arginase, and the
presentation below includes some of our new data with this
agent.

Materials and methods

Cell culture

L1210 cells were maintained in flasks at between 0.1 and 2
x 10° cells/ml in exponential phase growth (generation time

~ 15 h) in RPMI 1640 medium (Life Technologies, Paisley,
Scotland, UK) at 37°C in a humidified atmosphere of 5%

CO,. For experiment, they were set out in 2 ml of culture
medium at 5 x 10* cells/ml in 12-well plates. HeLa cells and
human diploid fibroblasts were seeded at 50,000 per ml in
flasks or plates in a similar manner (previously described in
ref. [1]).

Basic RPMI 1640 medium (Sigma, Poole, Dorset, UK)
lacking the following supplements was prepared by the ad-
dition of these compounds to the stated final concentrations:
4 mM L-glutamine, 0.4 mM L-arginine, 0.2 mM L-cystine,
11.1 mM D-glucose, 0.2 mM I-inositol, 0.38 mM L-leucine,
0.1 mM L-methionine. 10% foetal calf serum (Harlan, Crawley
Down, UK) was added for stock growth, but 5% dialysed
serum was used in experimental plates. Arginine-free medium
(AFM) was made by omitting L-arginine in the final formu-
lation of the medium added to experimental cultures.

Cells were counted electronically with a Coulter Counter.
Nearly all experiments involved not less than 3 samples per
time-point and the average values have been plotted with one
standard deviation (S.D.) of the mean in the bars on the Fig-
ures. The probability of differences being significant was
taken at 5%, and in many cases the S.D. bars were tight, such
that they will often be found within the symbols for the data-
points. Significance was tested by the chi-squared test at
appropriate points in the time-course of the experiments,
p < 0.05 being taken as significant.

Enzyme preparations

Arginase

Bovine liver arginase, with an given activity of 150-250
units/mg (Sigma), and a lot number of 128H 7027 was al-
most exclusively in these experiments. However, each sepa-
rate ampoule was nevertheless subject to enzyme assay (see
below) to obtain its precise specific activity before use. Prior
to use, the enzyme was initially heat-activated at 55-60°C for
10 min. The recovered enzyme was adjusted to 100 units
per ml, filtered through a 0.2 um filter (Nalgene, Nalge Co.,
Rochester, NY, USA) to sterilise, and stored at 0—4°C for use.
A stock solution of 200 mM MnCl was prepared to provide
a 100 times concentration of the co-factor for addition at the
same time as the enzyme. The inhibitors, L-norvaline and L-
ornithine, were prepared in PBS at 200 mM, sterilised by
filtration, and diluted appropriately to treat cultures.

Enzyme activity

Enzyme activity under culture condition was analysed in vitro
over time at 37°C in a humidified atmosphere of 5% CO,.
Arginase was added to basic RPMI medium (without foetal
calf serum) with L-arginine at 0.4 mM in order to be in ac-
cord with our previous experimental work [1, 8]. The reac-
tion was stopped at selected time-points by the addition of
10% sulphosalicyclic acid (Sigma), which precipitated the



protein at 4°C for 30 min. The resulting samples were cen-
trifuged at 13,000 rpm for 10 min in a microcentrifuge and
the supernatant filtered through a MillexR-GV 0.22 pm fil-
ter (Millipore, Bedford, MA, USA). Arginine and ornithine
was measured using a Biochrome 20 Amino Acid Analyser
(Amersham Pharmacia Biotech, Cambridge, UK). Enzyme
activity was calculated in units, I unit being the amount of
enzyme catabolising 1 umole of arginine to ornithine (and
urea) per min.

Ornithine assay

Our biochemical assay of arginase activity employed the
method of Ochoa et al. [13]. It was carried out at pH 9.9 [14],
with the arginine being present in excess at 4 mM. For the
purpose of comparison with the activity in culture media, as
described above, the same biochemical test was carried out
at pH 7.2 in phosphate buffered saline instead of bicarbonate
buffer. The specific activity of arginase was defined as the
amount of ornithine in umoles per min per mg protein. Orni-
thine concentrations were determined against known stand-
ards from 10 to 100 uM [15].

Protein

An adaptation of the Lowry method [16] was used in con-
junction with the above ornithine assay to determine the pro-
tein concentrations of samples, and the specific activity of
the different preparations of the enzymes.

Results
Comparison of arginase with AFM on the cell cultures

Arginase was as effective as AFM in reducing cell growth and
causing cell death in both HeLa and L1210 cultures (Figs 1a
and 1b). The continued presence of the enzyme throughout
ensured that no arginine could be scavenged by any remain-
ing viable cells throughout this time, which meant that cell
death should have been more complete in HeLa cultures by
this time than in AFM cultures, but if any difference existed
it was marginal.

Arginase at 1 unit per ml lowered arginine to micromolar
levels within 60 min of addition to culture medium at 37°C,
50% being destroyed within ~ 20 min (Fig. 2); higher con-
centrations to 5 units per ml led to almost complete degra-
dation in < 10 min (see below), with ornithine remaining
asymptotic over the ensuing incubation period at slightly
lower than the stoichiometrically obverse level of arginine
(see Discussion). Addition of fresh boluses of arginine to
bring the medium concentration immediately back to 400 uM
at daily intervals produced a step-wise rapid degradation of
arginine, with about 80-90% of the initial step being seen in
20 min following addition after the first day, and about 60—
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Fig. 1. (a) Growth kinetics of HeLa cells in (M) arginine containing me-
dium (positive controls), (O) arginine-free medium (AFM), and (O) ar-
ginine-containing medium plus 1 unit per ml arginase. The total number of
cells in each of 3 wells was averaged at each time-point, and the bars give
1 S.D. around the mean. The significance of the difference between ()
and (O) is very highly significant (p < 0.001), but the difference between
(0O) and (O) is not significant. (b) Growth kinetics as in (a), but for L1210
cells with a much faster generation time of ~ 15 h. The symbols of the nega-
tive control and the arginase-treated cultures superimpose of each other and
the error bars are often within the symbols.

70% after day 2, although subsequently the degradation of
arginine went to completion. Hence enzyme activity was only
slightly reduced over 3 days of incubation of the cell cultures,
and its action remained probably considerably longer for
other reasons given below.

Prior heat activation of the enzyme at 5-60°C for 10 or 20
min made little difference to these kinetics at 37°C (data
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Fig. 2. (a) Degradation of 400 uM in 2 ml culture medium at 37°C, meas-
ured by the ornithine assay. In ~ 60 min all arginine had been converted to
ornithine by 1 unit per ml arginase and none was detectable in the medium.
Ornithine rose to a final concentration at 1000 min (arrow) of 360 uM, but
the assay usually gave ~ 10% difference from the arginine value (which was
probably due to technical difficulties with the slight colouration changes
in the background). The data, however, were typical of all such test, and
was taken as evidence that the reaction had gone to completion. (b) Similar
data to (a), but at the times immediately prior to each step, 400 uM of fresh
arginine were added to the ongoing incubation. Over 2 days, arginine was
converted to ornithine within about 60 min each time, but the plateau lev-
els were slightly reduced at each step (see text for more detail).

therefore not shown), and this procedure was omitted from
the protocol thereafter. Similarly, further supplementation of
Mn?* up to 20 uM made no significant difference compared
with omitting it altogether (data therefore not shown), from
which we presume that the manganous sulphate included in
the Sigma preparation is more than adequate to sustain opti-
mal enzyme activity.
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Fig. 3. (a) Biochemical assay of ornithine (ref. [13]) at pH 9.9 in bicarbo-
nate buffer, showing incubation of 1 unit arginase per ml in tests containing
4 mM arginine (excess) per sample. After ~ 100 min, ornithine production
has plateaued (H). The relatively high background of this assay is seen in
the lower trace (O) where no enzyme was added may account for the dis-
crepancy in not apparently attaining complete conversion of arginine to
ornithine in Fig. 2a. (b) As for (a), but with 2.5 units arginase per ml in
phosphate buffer pH 7.2 (O) or bicarbonate buffer (M) with similar data
for 5 units per ml arginase, (A) and (A), respectively. Backgrounds in both
buffers where no arginase was present are shown with diamond symbols. The
reactions have usually reached close to their asymptotic values in 10 min.

Arginase assayed biochemically by the method of Ochoa
et al. [13] involved using an excess of arginine (4 mM), but
the conditions were alkaline (pH 9.9) and therefore did not
allow comparison with the kinetics observed under the physi-
ological (culture) conditions of Fig. 2. In the assay, the usual
incubation period is 10 min, but if the reaction is allowed to
go to completion as in Fig. 3, the quite small volume used



meant that the arginine represented only a small number of
micromoles which was completely degraded in ~ 120 min at
37°C at 1 unit per ml, ornithine rising stoichiometrically in
near obverse proportion (Fig. 3a). At 2.5 and 5.0 units per
ml, this arginine was mostly catabolised within the first 10—
15 min. But more interestingly and contrary to the data on pH
sensitivity of the enzyme reported by Roholt and Greenberg
[13], degradation of arginine occurred as fast as (sometimes
marginally faster) in phosphate buffered saline at pH 7.2 than
in recommended bicarbonate buffer at pH 9.9 (Fig. 3b; see
Discussion). From the kinetics, one can also calculate that in
the 2 ml culture medium usually set out in 12 well-plates,
almost all of the 0.8 micromoles of arginine initially present
(at 400 uM) should be converted into ornithine in about 10
min at 1 unit of enzyme per ml, which agrees well with the
observed rates in culture above.

Rescue from arginase treatment

Addition of arginine

Restoring arginine failed to rescue cultures at any time dur-
ing a 6-day exposure to arginase, indicating that the enzyme
was still capable of keeping arginine lower than that required
for cell growth (i.e. well below 40 pM; see ref. [8]). Resto-
ration of arginine to AFM cultures also gave the recovery ex-
pected from previous studies [8], (Fig. 4). The recovery of
arginase-treated cultures by the addition of arginine only
occurred when the enzyme was removed first, thus requir-
ing a complete medium change. Under these circumstances,
recovery was limited to cultures treated for 1-4 days before
reversal, and not those that had had 6 days or more days of
exposure, much in the same manner as AFM-treated cultures,
except that in the latter a medium change was not necessary.

Citrulline and ornithine

Figure 4 shows that citrulline was fully capable of prevent-
ing AFM-treated cultures from arresting growth and the cells
dying off when added from the outset, and in complete con-
trast to arginine this also took place in the continued pres-
ence of arginase (see Discussion). Ornithine failed on every
occasion with both HeLa and L1210 cultures to prevent the
effects of arginine deprivation due to arginase treatment (Fig.
4), just as it had no effect on AFM cultures, as previously
noted [8].

Norvaline

Norvaline abrogated the effects of arginase on the cells, the
experiments being controlled by cultures receiving AFM
treatment (negative controls) as well as cultures given ar-
ginine but no enzyme along with the inhibitor (positive con-
trols). The enzyme remained active and kept cultures free of
arginine in the absence of norvaline, but in its presence a
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Fig. 4. (a) Effect of ornithine and citrulline on HeLa cell cultures inhib-
ited by arginase. At time zero, the cultures received ornithine at 400 pM
ornithine (O) or a placebo supplement of saline (O). Similarly treated cul-
tures given 400 pM arginine (@) failed to thrive, whereas those given 400
uM citrulline (O) at time zero grew almost as well as positive control cul-
tures in AFM given 400 uM arginine back at the start (M), and significant
difference was detected at any time-point. (b) As for (a), but L1210 cells
were incubated here in parallel cultures with arginase at 1 unit per ml. Again
400 pM ornithine (O) failed to rescue growth, and 400 uM arginine was
equally ineffective (). Here the growth of cultures given 400 uM citrul-
line (@) recovered in the presence of the enzyme to almost the same extent
as AFM-treated cultures similarly supplemented with 400 pM citrulline (O),
the difference at 5 days not being significant. (Not all the data for the dif-
ferent controls and treatment of both AFM and arginase-treated cultures has
been plotted here in order to avoid confusion of lines and points.)

dose-dependent effect was seen, reaching a maximum at the
highest concentration (1.6 mM) used in this experiment (Fig.
5a). Although 1.6 mM or higher levels does not restore nor-
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mal growth to arginase-treated cells, it should be noted that
the analogue amino acid produced up to a 35% inhibition of
growth in arginine-containing (positive) controls that had not
received arginase (Fig. 5b). Taking this into account, the in-
complete restoration of growth in the presence of the enzyme
with 1.6 mM norvaline matches more closely with the growth
level in cultures to which norvaline had been added on its own
and suppressed growth by a mechanism (or mechanisms)
other than a direct action on arginase (see Discussion). In the
negative controls, L-norvaline did not exacerbated the ar-
ginine-free conditions (Fig. 5¢).

In biochemically assaying of arginase activity, the presence
of L-norvaline at 5 and 10 times the level of arginine brought
down ornithine production by 45 and 65%, respectively (Fig.
6). Measurements were made up to 4 mM norvaline, which
inhibited arginase more strongly than 1.6 mM, but the asso-
ciated considerably greater arrest of positive (non-enzyme-
treated) controls indicated that this level was too high to work
with because of non-specific inhibition, and therefore we
deemed that use above 2.0 mM was reasonable in these ex-
perimental circumstances. It is worth noting, however, that
despite the growth suppression due to 1-4 mM norvaline,
both positive and negative control cells remained perfectly
viable and healthy in its presence, demonstrating very clearly
that suppression of growth was not associated with any cy-
totoxicity of norvaline.

Discussion

Arginase is a good enzyme to use to degrade arginine in cul-
ture because its product is ornithine, which cannot be recy-
cled to arginine because the urea cycle is incomplete in most
cultured cells. Our studies with that commercial preparations

<

Fig. 5. (a) In this panel, the controls received arginase at 1 unit per ml in
arginine-containing medium, but no norvaline (O). The top curve (H) re-
lates to positive control cells that received no arginase and had arginine
present. The intermediate curves are for cultures like the arginase control
given arginine, but they also received at the start norvaline at 0.4 mM (@),
0.8 mM (A) and 1.6 mM (A), respectively. Recovery was seen in all, but
fell back again at 0.4 mM, was small but continuing at 0.8 mM, and 55—
60% effective in restoring growth at 1.6 mM. p > 0.001 for 1.6 mM group
vs. its control given no norvaline. (b) Effect of norvaline on L1210 cells.
This panel includes the responses of L1210 cells over two days of treatment
in AFM to which 0.4 mM arginine was restored in all the groups. The posi-
tive controls (M) received no norvaline, whereas the other groups received
norvaline at 0.4 mM (@), 0.8 mM (A) and 1.6 mM (A), respectively, each
progressively suppressing the control cell growth rate. (c) In the final panel,
the negative control which received AFM and arginase is shown (O), and
the three other superimposed curves were the same but with norvaline added
at 0.4 mM (@), 0.8 mM (A) and 1.6 mM (A), respectively, showing no fur-
ther deleterious effects of norvaline upon deprived cells. A positive con-
trol is also included which received AFM and arginine at 0.4 mM (H).
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Fig. 6. (a) Depression of growth of L1210 cells in normal medium con-
taining 0.4 mM arginine after incubation for 3 days in increasing concen-
trations of norvaline. (b) Two curves of the effect of increasing norvaline
concentration on arginase in the Ochoa assay [13] where it is competing
against 500 pM arginine at pH 7.2. The incubation time was 1 h. Norvaline
has to be used at considerable excess (8-fold) to be effective, which sug-
gests it is not a strong competitive inhibitor.

of the enzyme of the same enzyme as used by Bach’s group
[2, 3], i.e. bovine liver arginase, had similar effects on can-
cer cells. However, the Sigma preparations have a lower spe-
cific activity (by as much as an order of magnitude) than some
preparations, such as human recombinant arginase expressed
within transfected E. coli [17]. Nevertheless on a unit per ml
basis, the conversion of arginine to ornithine was precisely
that given by the producers and as estimated from our own
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assays [13, 18]. Mn? availability being an integral part of the
Sigma preparation meant that no further supplement was
needed. Arginase is a remarkably heat-resistant enzyme, with
a very long life on storage at 4°C in lyophilised form, but less
so in solution, although it can be kept for 1-2 months before
its activity falls < 50%. Once in solution and kept frozen, most
of its activity will be retained for many months or years, but
freeze-thawing cycle quickly diminishes its efficacy. The one
feature not in keeping with previous experience related to its
pH sensitivity. According to Roholt and Greenberg [14], ar-
ginase shows maximal activity at pH 9.9, falling steeply ei-
ther side of this value. Our data (Fig. 3) shows unequivocally
that it is as active, and occasionally marginally more active,
at pH 7.2 than at pH 9.9. We can only suggest that the incu-
bation conditions used by Roholt and Greenberg affected the
conformation of the molecule, whereas in the Ochoa assay
[13], it makes little difference whether the assay is carried out
at pH 9.9 or 7.2. It also makes much greater sense that argi-
nase released from the liver in the body is probably going to
be selected to operate around neutral pH because few cells
or tissues tolerate high pH. But this is important in our in-
vestigation of the catabolism of arginine, especially in situ
in the body, because poor activity at pH 7.2 would have
quickly eliminated the choice of this enzyme.

We conclude that arginase has given some highly encour-
aging results in vivo as well as in vitro, which clearly dem-
onstrates its efficacy in both situations, its very rapid and
considerable capacity to degrade significant quantities of
substrate, its production of ornithine rather than (for exam-
ple) citrulline as a direct product, and the fact that the former
product requires more metabolic steps to be recycled to ar-
ginine. Cultured cells cannot normally use ornithine to substi-
tute for arginine (Figs 4a and 4b). We are therefore surprised
that the potential of arginase has not been more systemati-
cally explored and exploited following the original findings
of Bach’s group [2, 3]. Equally, we find it odd that much
greater current interest is being shown in arginine deaminase
[19, 20], whose product is the readily recyclable citrulline that
rescues cells not only from AFM, but also from arginase-
induced deficiency (Figs 4 and 5). On these grounds alone,
arginase is a more logical and superior choice (see also be-
low). In culture, we can add arginine back to AFM to rescue
living cells, but this is ineffective when active arginase is
present since it continues to destroy arginine for a long time,
and fast enough, to prevent significant uptake and recovery
of the deprived cells. Although this needs in depth analysis,
itis atleast 3 days and probably longer than 6 before the level
of arginase given as a bolus at the start of the experiment falls
below that which would permit sufficient arginine to per-
sist for long enough to at least keep some of the cells alive.
Clearly this does not happen (Figs 4 and 5).

We also know from Tanaka et al. [21] that arginine deami-
nase must remain active for at least 8 days in the murine body,
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and therefore arginine catabolising enzymes seem to be re-
markably resilient to degradation. Since it is also known that
pegylation of arginase further increases its stability [22],
future work will compare the efficacy of the non-pegylated
and pegylated forms. This is not as important with commer-
cial arginase of relatively low specific activity as with re-
combinant human arginase prepared from E. coli, where the
specific activity is likely to be about an order of magnitude
greater. Increased stability coupled with greater specific ac-
tivity means that much less protein (enzyme) is needed that
will for longer in vitro and seemingly in vivo [21], provided
that pegylation does not seriously diminish its activity. An-
other benefit is that human arginase is likely to be much less
immunogenic than a bovine preparation.

Arginase-induced arginine deprivation was circumvented
by the addition of citrulline, giving full recovery without the
need to remove the enzyme. If we had to stop the action of
the enzyme in circumstances where its physically removed
was difficult, e.g. in vivo, inhibitors that can prevent arginine
from being further catabolised will be of considerable impor-
tance in control. An arginine-deficient state in vivo is poten-
tially life threatening because of the widespread involvement
of arginine in metabolic pathways of vital importance to nor-
mal physiological functioning [23]. Norvaline may at first
sight look less than adequate because considerable quanti-
ties were required for its action to be manifest (up to 1-4 mM).
However, the higher millimolar levels also curb normal cell
growth, possibly by non-specific interference with amino
acid uptake. Thus the recovery seen with 1.6 mM norvaline
in arginase-treated cultures must have more completely ab-
rogated the action of arginase than would appear at first
sight, because the amount of growth was quite closely in
accord with the positive controls not receiving arginase but
given 4 mM norvaline (Fig. 5). This is one of the more im-
portant issue emerging from these studies, since we have need
of greater control over arginase in culture and in the body
when the enzyme remains on the scene, and where rescue of
normal cells from arrest is needed, even though tumour cells
are by that time no longer recoverable. We are also encour-
aged by the fact that, although the positive control cells given
norvaline simply grew relatively more slowly (Fig. 6a), the
cells remained healthy and showed no signs of damage, as
did the negative controls, which would have succumbed far
faster in the presence of a cytotoxic agent. L-norvaline seems
to be a safe amino acid analogue to use in culture, and there-
fore may also be non-toxic in the body. Furthermore, the fact
that it seems to inhibit normal cell growth in a non-specific
manner does not preclude its use at much higher concentra-
tion in the body to inhibit arginase activity since initially the
cells will be suppressed from growing by the arginine defi-
cient conditions induced by the enzyme. Its effect was much
the same as seen after another straight-chained amino acid
had been added to normal growing cells, i.e. norleucine [8],

but which had no inhibitory action on arginase activity (data
not shown).

Despite the fact that there are now hundreds of analogues
and derivatives of arginine arising from the general interest
in nitric oxide synthase, we have not so far come across any
which is as active as L-norvaline in inhibiting arginase, al-
though systematic has only just begun.
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