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CREATINE KINASE ACTIVITY AND CARTILAGE ENERGY METABOLISM:
CREATINE KINASE-CREATINE PHOSPHATE CIRCUIT ACTIVITY AND

MACROMOLECULE SYNTHESIS

Abstract

Earlier studies showed that there is significant creatine
kinase activity in the epiphyseal growth cartilage, and there
is stage-specific isoform expression.  To further explore the
role of this enzyme in cartilage development, we disrupted
the creatine kinase - creatine phosphate (CK-CP) circuit
using the creatine analogue, cyclocreatine.  We found that
while cyclocreatine decreased creatine kinase activity, the
drug did not alter the energy status of the cell, nor did it
cause a significant loss in adenine nucleotides.  However,
we noted that the glycolytic pathway was very sensitive to
the drug.  At high concentrations, cyclocreatine reduced
glucose entry into the cell by 100%, and there was almost
complete suppression of lactate generation.  Surprisingly,
there were minimal changes in creatine phosphate con-
centrations.  Although cyclocreatine did not influence
mitochondrial energy generation, the possibility existed that
it could modulate other maturation-dependent activities of
the cell.  Indeed, we found that there was decreased
expression of type II and X collagen and osteopontin.
These results suggest that the circuit is primarily concerned
with the transduction of energy rather than the generation
or storage of high energy equivalents.  In this role, the circuit
would serve to facilitate nucleotide transport from sites of
generation to sites of utilization.
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Introduction

The process of endochondral bone formation re-
quires the presence of a secondary cartilage, the epiphyseal
growth plate.  During the short life span of the epiphyseal
chondrocyte, there are extensive changes in morphology
and gene expression.  Alterations in chondrocyte
phenotype are characterized by elevation in alkaline
phosphatase activity (Fell and Robison, 1929; Stocum et
al., 1979); increased expression of type X collagen mRNA
(Schmid and Linsenmayer, 1985; Horton and Machado,
1988; Leboy et al., 1989); down regulation of type II collagen
mRNA; increased osteopontin and osteonectin mRNA
(Oshima et al., 1989); and a raised level of transforming
growth factor-β (Thorp et al., 1992), c-myc (Farquharson
et al., 1992), and 1,25-dihydroxycholecalciferol receptors
(Suda et al., 1985).  Accompanying these developmental
changes, there are profound alterations in energy
metabolism, a hallmark of chondrocyte maturation.  For
example, in the resting and proliferating zones of the
cartilage, the cells exhibit significant oxidative activity,
whereas in the hypertrophic zone, the terminally
differentiated cells generate energy by processes that are
linked to non-oxidative metabolism.  Our previous
investigations have shown that chondrocytes in the
hypertrophic zone have an elevated NADH/nicotinamide
adenine dinucleotide (NAD) ratio (Kakuta et al., 1986), a
decreased adenosine triphosphate/adenosine diphosphate
(ATP/ADP) ratio (Shapiro et al., 1982), a low energy charge
ratio and utilize the creatine kinase - creatine phosphate (CK-
CP) circuit (Funanage et al., 1992; Shapiro et al., 1992).

Although the coupling between energy generation
and alterations in chondrocyte phenotype is poorly
understood, there is mounting evidence to support the view
that many genes are under stringent metabolic control
(Robin et al., 1984; Ausserer et al., 1994; Semenza et al.,
1994; Rajpurohit et al., 1996).  Other studies point to the
probability that there is tight coupling between the energy
needs of the cell and its functional requirements (Bessman
and Carpenter, 1985).  In most tissues, the CK-CP circuit
transfers energy-rich phosphoryl groups from intracellular
energy generating sites to more distant energy utilizing
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centers (Wallimann et al., 1992).  The reaction is catalyzed
reversibly by different isozymes of creatine kinase,
especially BB, which have been shown to be present in the
growth plate (Somjen et al., 1984; Shapiro et al., 1992).  The
transfer function of the CK-CP circuit can be summarized in
the following equations:

phosphocreatine + MgADP-2 → creatine + MgATP-2

MgATP-2 → MgADP-2 + Pi

The CK-CP circuit also functions as an energy buffer
that maintains the ATP/ADP ratio of the cell, especially when
there is elevated demand for energy ([ATP] low, [ADP] high).
In tissues adapted to a low oxygen tension, or where there
is a rapid change in metabolism, the circuit generates
metabolic energy to meet cellular needs.  From this
viewpoint, the growth plate provides an excellent tissue in
which to evaluate energy-coupled functional demands.

Our earlier studies have shown that there is signifi-
cant creatine kinase activity in the epiphyseal growth
cartilage and there is evidence of expression of specific
isoforms during development.  Thus, the MM isoform is
expressed in the resting and proliferating cartilage, while in
the hypertrophic zone, the MB and BB forms predominate
(Shapiro et al., 1992).  Inhibition of circuit activity impairs
the growth and development of cartilage in vivo, as well as
inhibiting the maturation of chondrocytes in vitro (Funange
et al., 1992).  Together, these observations indicate that
creatine kinase activity is of critical importance in the normal
development and function of the growth cartilage.  In the
present study, using maturing chondrocytes in culture, we
examined the mechanism by which the CK-CP circuit
influences chondrocyte function.  Using the creatine
analogue cyclocreatine, a compound which prevents ATP
regeneration (Walker, 1979), we evaluated the importance
of the CK-CP circuit in terms of its role in maintaining a
reserve of high energy equivalents and as a “spatial energy
buffer” facilitating “energy transport”.

Materials and Methods

Experimental design

A chondrocyte culture system was used that mimics
maturation events that are exhibited by cells in the growth
plate.  In earlier studies we reported that when cephalic
sternal chondrocytes are treated with low doses of retinoic
acid and ascorbic acid, the cells exhibit maturation-
dependent changes in phenotype (Leboy et al., 1989,
Iwamoto et al., 1993, Shapiro et al., 1994).  Using this system,
now we investigate the import of the CK-CP circuit on
chondrocyte function.  We treated the cells with selected
doses of the creatine analogue, cyclocreatine.  This agent

serves as a substrate for the creatine kinase isozymes, and
as it forms a stable non-metabolic phosphagen, the circuit
can be selectively interrupted without altering other
components of the cell’s energy generating systems.  A
concentration range of 0.07-7.0 mM was chosen as studies
by other workers have shown that cells are sensitive to this
cyclocreatine dose without development of toxicity (Martin
et al., 1994).  Following treatment, we assessed how the
drug modulated components of the CK-CP circuit, mitochon-
drial energy metabolism and glycolysis, and indicators of
chondrocyte maturation.  Finally, we examined the effect of
the inhibitor on de novo protein synthesis, and the
expression of type II and X collagen, and osteopontin.

Cell culture

Sternal chondrocytes from the cephalic portion of
14 day chick embryos were isolated according to the method
of Iwamoto et al (1993).  These cells were maintained in
primary culture for 4-5 days.  To minimize fibroblast
contamination, secondary cultures were re-plated in 35 mm2

12 well plates at a cell density of 0.28 x 106 cells per well in
Dulbecco’s modified high glucose Eagle’s medium
containing 10% Nuserum® (Becton Dickinson,
Collabarative Biomedicals, Bedford, MA), 2 mM L-glutamine
and 50 U/ml each of penicillin/streptomycin.  To facilitate
adhesion, cells were treated with 4 U/ml of hyaluronidase.
Chondrocytes also received 25 µg/ml ascorbic acid for the

initial 2 days; this value was increased to 50 µg/ml through
the rest of the culture period.  To activate the maturation
process, the medium was supplemented with 35 nM all trans-
retinoic acid dissolved in 95% ethanol.  In experiments de-
signed to measure mineral deposition, the medium contained
3 mM β-glycerophosphate.  When confluent, chondrocyte
cultures were treated with 0.07, 0.7 or 7.0 mM cyclocreatine
(2-imino-1-imidazolidineacetic acid), which was obtained
from Sigma Chemical Co. (St. Louis, MO).  The medium was
changed every day during the entire treatment period; cell
morphology was evaluated by phase contrast microscopy.

Biochemical assays

Medium was collected throughout the cyclocreatine
treatment period.  At the end of each treatment period, the
cell layer including the matrix was washed with cold
phosphate buffered saline (PBS), and extracted in 0.1% triton
X-100 in PBS and stored at -70°C until analyzed.  Creatine
kinase, was assayed by the method of Bergmeyer (1985).
Alkaline phosphatase activity was estimated by monitoring
the release of free p-nitrophenol at 410 nm according to the
method of Leboy et al (1989).  To measure creatine
phosphate, cells were extracted in 6% ice cold perchloric
acid and immediately frozen.  Following neutralization, the
samples were centrifuged at 14,000 x g and the supernatant
used for analysis according to Bergmeyer (1985).  DNA
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measurements were made by the Hoechst 33258 dye binding
method of Teixeira et al. (1995).  Fluorescence was measured
in a Photon Technology International spectrophotometer
with the excitation and emission wavelengths set at 365 and
460 nm respectively.  Protein levels were assayed by the
Biorad (Cambridge, MA) BCA method according to the
manufacturer’s protocol.  Medium glucose depletion
(Schon, 1965) and lactate generation was determined by
enzymatic analysis (Carroll et al., 1970).  Calcium was
measured in acid extracts of the cultures by the atomic
absorption spectrophotometry.

Nucleotide analyses

The chondrocyte monolayer was washed with ice
cold phosphate buffered saline, suspended in cold 2%
perchloric acid and frozen at -70°C until analyzed.  The pH
of the extract was adjusted to 6.0 with 10 M KOH and
centrifuged.  The supernatant was filtered through a 10,000
MW cut off ultrafree MC filter (Millipore, Bedford, MA).
The nucleotides present in the filtrate were separated and
analyzed by high performance liquid chromatography
(HPLC) using a C18 µ Bondapak reverse phase column (3.9
mm x 300 mm).  Elution was achieved using a linear gradient
generated by 0.1 M potassium phosphate buffer pH 6.0 and
0.1 M potassium phosphate buffer pH 6.0 with 10%
methanol and detected at 254 nm (Stocchi et al., 1985).  The
energy charge was calculated from the formula:

Energy charge ratio =

[ATP + (1/2) ADP] /(ATP + ADP + AMP)

L-[35S]-methionine incorporation

Following 7 day treatment with cyclocreatine, cells
were labelled with [35S]-methionine (25 µCi/ml) in a low
methionine medium for 1 hour.  The medium was removed
and the cells were washed thoroughly with cold PBS.  The
cell layer including the surrounding matrix was then
extracted with 0.1% Triton-X 100.  Equal amounts of protein
(70 µg) was solubilized in Laemmli’s (1970) sample buffer
and resolved on a 10% sodium dodecyl sulphate (SDS)-
polyacrylamide gel under reducing conditions.  The gel was
stained with coomassie blue for protein visualization, and
the autoradiogram was developed after over night exposure
at -70°C.  Radiolabelled methionine incorporation was
measured in aliquots of protein from the cell extracts after
precipitation with 5% ice-cold trichloroacetic acid.  The
pellet was washed twice with 5% cold trichloroacetic acid
and once with cold ethanol in the presence of carrier bovine
serum albumin (1.0 mg).  The pellet was dried after the final
wash, solubilized in 5 ml of scintillation fluid and counted.
The [35S]-methionine incorporation was expressed as cpm
per µg protein.

Western blot analysis

After electrophoresis the proteins in the SDS-poly-
acrylamide gel were transblotted onto a nitrocellulose
membrane.  The proteins were blocked with low fat milk,
and then exposed to a polyclonal rabbit antibody against
chick type X collagen.  Antibody binding was localized
using peroxidase-conjugated goat anti-rabbit IgG and the
color reagent 3,3'-diaminobenzidine was used as a substrate
to visualize the protein.

Northern analysis

Total RNA was extracted from chondrocyte cultures
treated with 0-7 mM cyclocreatine using TRIzol reagent
(GibcoBRL, Grand Island, NY) according to the manu-
facturer’s instructions.  The RNA sample was denatured
with formaldehyde and electrophoresed on a 1% agarose
gel, each lane containing 15 µg total RNA.  The RNA was
then transferred to a maximum strength NYTRAN membrane
(Scheicher and Schuell, Keene, NH) using a turboblotter.

Figure 1.  Effect of cyclocreatine on alkaline phosphatase
activity and calcium accumulation by sternal chondrocytes.
Chick embryonic cephalic sternal chondrocytes were
maintained in culture until confluent and then treated with
35 nM all-trans retinoic acid and increasing doses of
cyclocreatine for 7 days.  Medium was supplemented daily
with 3 mM β-glycerophosphate.  The alkaline phosphatase
activity and calcium content of the cultures were then
determined and expressed per µg DNA.  Values shown are
mean ± standard error of mean (SEM); n = 3.  Asterisks
indicate a significant difference from untreated (0) control;
*p < 0.05, ***p < 0.001.
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Hybridization was performed at 45°C in 5x Denhart’s

solution, 6x SSPE, 2% SDS, 100 µg/ml of sonicated salmon
sperm DNA and 50% formamide.  The membranes were
washed with 1x SSC and 0.25x SSC twice consecutively with
each buffer and exposed to Kodak film at -70°C for 1-3 days.
The plasmids used were the chick type II collagen cDNA
pCs2 (Young et al., 1984) type X collagen pDLr10 (Leboy
et al., 1986), osteopontin cDNA MMPP2 (Moore et al., 1991)
and a 556 bp cDNA fragment from chick β-actin cDNA plas-
mid (Engel et al., 1982).

Results

Figure 1 shows the alkaline phosphatase activity of
confluent embryonic chick sternal chondrocytes treated
with 35 nM retinoic acid in the presence of different doses
of cyclocreatine.  In the absence of cyclocreatine a
significant increase in alkaline phosphatase activity is seen
by 7 days, the phosphatase activity has increased 20 fold.
Confirming our earlier studies, a parallel increase in calcium
accumulation by the cultured chondrocytes is also seen
(Shapiro et al., 1994).  Cyclocreatine significantly inhibits

the retinoic acid-dependent rise in alkaline phosphatase
activity in a dose-dependant manner.  Thus, the
phosphatase activity is decreased by 75% when the medium
contains 0.7 mM cyclocreatine; activity is inhibited by 93%
at 7.0 mM.  Addition of creatine or creatine phosphate to
the medium had a minimal effect on the alkaline phosphatase
activity (data not shown).  In the presence of cyclocreatine
at concentrations of 0.7 and 7.0 mM, there is a failure to
accumulate calcium.  Microscopic evaluation of the culture
throughout the treatment period indicates that the cells
maintain their polygonal shape and there was no evidence
of cell death.

As expected, after 7 day treatment with cyclocrea-
tine, the creatine kinase activity is decreased in a dose-
dependent manner (Fig. 2).  Activity is inhibited over 80%
at the lowest dose of cyclocreatine (0.07 mM).  The
cyclocreatine-dependent decrease in creatine kinase
activity, however is not accompanied by a fall in creatine
phosphate levels.  Figure 2 shows that up to 0.7 mM
cyclocreatine, the concentration of creatine phosphate is
held constant.  Indeed, when the concentration is raised to
7.0 mM, while the mean creatine phosphate levels fall, the
decrease is not significantly different from the values seen
in control (untreated) cells.

To assess the role of the CK-CP circuit in maturing
chondrocytes, we treated cells with the inhibitor and
measured selected parameters of chondrocyte function.  As
a first indicator of energy metabolism, we measured glucose
depletion and lactate generation by cells treated with
cyclocreatine.  Figure 3A shows that the rate of glucose
consumption increases linearly for the first 4 days in culture.
From day 4 to 7, the rate is maximal at 5.5 µM glucose
consumed/ml medium/24 hours.  In the presence of
cyclocreatine, there is a progressive decrease in both the
initial and maximal uptake rates.  Indeed, at the highest
cyclocreatine concentration, the rate of glucose uptake fell
progressively through the culture period to a low of 1.5 µM
glucose consumed/ml medium/24 hours.  Changes in
glucose depletion are matched by concomitant changes in
the rate of lactate generation.  Figure 3B indicates that
untreated cells exhibit an initial 4 day linear increase in
lactate generation and then the rate becomes maximal at 18
µM lactate/ml medium/24 hours.  In line with the glucose
values, the presence of cyclocreatine causes a decrease in
initial and maximal lactate synthesis rates.  Again, at the
highest inhibitor levels, the rate of lactate generation is low
throughout the culture period, and at 7 days, the lactate
concentration is 4 fold lower than the control (no inhibitor)
levels.

To study the interaction of the CK-CP circuit with
mitochondrial energy status of the chondrocytes, we in-
hibited creatine phosphate generation with the highest
concentration of the inhibitor (7.0 mM) for 7 days and

Figure 2.  Creatine kinase activity and creatine phosphate
levels in chondrocytes treated with cyclocreatine.  Con-
fluent 14 day sternal chondrocytes were treated with 35 nM
retinoic acid and increasing doses of cyclocreatine for 7
days.  Cells were extracted with 0.1% triton-X 100 or 6%
perchloric acid.  The creatine kinase activity or the creatine
phosphate concentration was then determined.  Values are
mean ± SEM; n = 3.  Asterisks indicate a significant
difference from untreated (0) cells; *p < 0.05, **p < 0.01.
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determined individual and total cellular adenine nucleotides
by HPLC.  We noted that in the presence of the inhibitor,
there is little change in the total nucleotide level (Fig. 4A).
In terms of individual nucleotides, there is a 23% decrease
in ATP levels, and a two and four fold elevation in ADP and
AMP levels, respectively (Fig. 4B).  However, when
expressed as total nucleotides or as the energy charge ratio,
the values are virtually unaltered (Fig. 4A).

In concert with the energetic measurements, we also
evaluated how cyclocreatine altered critical functions such

as cellular proliferation and protein synthesis.  Exposure of
the chondrocyte culture to 0.07-7.0 mM cyclocreatine for 7
days did not cause any alterations in DNA levels, indicating
that the drug did not influence cell proliferation (Fig. 5).
Since there is also little change in lactate dehydrogenase
activity throughout the treatment period, the results suggest
that there is minimum drug toxicity (not shown).  However,
at doses of 0.7 mM and 7.0 mM, the total protein content is
decreased by 18 and 42% respectively.  We also examined
[35S]-methionine incorporation into chondrocyte proteins,
and found that inhibition of creatine kinase activity has a
dramatic effect on the rate of protein synthesis.  Thus, the
rate of incorporation of [35S]-methionine into newly

Figure 3.  Glucose consumption and lactate generation by
chondrocytes treated with cyclocreatine.  Confluent
embryonic chondrocytes were treated with 35 nM retinoic
acid and increasing doses of cyclocreatine for 7 days.
Medium was collected for analysis every 24 hours
throughout the entire duration of the experiment; (A)
glucose, (B) lactate.  Each point is an average of 3 sets of
determinations.

Figure 4.  Adenine nucleotide values of chondrocytes
treated with cyclocreatine.  Chondrocytes were treated with
35 nM retinoic acid and 7.0 mM cyclocreatine for 7 days.
The cells were washed with phosphate-buffered saline and
extracted with 2.0% ice cold perchloric acid for analysis by
HPLC.  (A).  Total adenine nucleotides and energy charge
ratio (ECR); (B) ATP, ADP and AMP levels.  Values are mean
± SEM; n = 3.
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synthesized proteins fell by 19% at 0.07 mM and by 80% at
7.0 mM cyclocreatine.

To ascertain if inhibition of the circuit resulted in a
decrease in specific proteins, we resolved the radiolabelled
proteins extracted from the cyclocreatine-treated
chondrocytes on a 10% SDS-polyacrylamide gel under re-
ducing conditions.  Figure 6 shows that with increasing
concentration of cyclocreatine, there is a proportional
decrease in [35S]-methionine incorporation; there is no
obvious change in any particular low or high molecular
weight component.  However, Western blot analysis
indicated that when the cyclocreatine concentration is
between 0.7-7.0 mM, the expression of type X collagen is
almost totally inhibited.

To verify whether the effect on type X collagen syn-
thesis was specific, or whether the inhibitor affected other
extracellular matrix components, we examined the expression
of type II and X collagen and osteopontin by Northern
analysis.  Figure 7 shows that cyclocreatine inhibits the

expression of type II and X collagen and osteopontin in a
dose-dependant manner.

Discussion

The role of the CK-CP circuit in cartilage function
has received limited study and its role in endochondral bone
growth is unknown.  While there are grounds for linking
circuit activity to a unique aspect of the chondrocyte
maturation process, a specific function has yet to be
delineated.  Nevertheless, in line with what is known of
circuit function in other tissues, it is plausible to consider
that the circuit could serve to conserve energy and provide
a mechanism to shuttle energy equivalents to intracellular
compartments that are sites of high energy use.  The results
of the present study provide strong evidence that CK-CP
shuttle is required for functions linked to chondrocyte
maturation and energy transport, and not a priori to energy
conservation.  We showed that in the presence of
cyclocreatine, a drug that alters the efficiency of the circuit,
there was inhibition of markers associated with chondrocyte
maturation (low alkaline phosphatase activity, decreased
calcium accumulation, low level expression of type II and X
and osteopontin messages and decreased protein
synthesis) with no change in cell morphology or number.
Direct measurement of creatine phosphate levels indicated
that the actual concentration of the phosphagen was low
when compared with adenine nucleotides, little influenced
by changes in creatine kinase activity and relatively unre-
sponsive to alterations in the glycolytic rate.  Thus, from
an energetic perspective, we conclude that the shuttle
functions in chondrocytes as a transducer of energy, rather
than serving as an energy store or buffer.  As such, the
circuit responds to immediate energy demands, and
interference with the circuit, influences events linked to
energy use, not storage.

We used cyclocreatine to probe the import of the
circuit in relationship to chondrocyte function during
maturation.  Cyclocreatine is a creatine analogue that serves
as a substrate for creatine kinase forming a phosphorylated
compound; as the phosphocyclocreatine is stable, it inhibits
regeneration of ATP through the CK-CP circuit (LoPresti
and Cohn, 1989).  That cyclocreatine disrupted the
chondrocyte circuit was supported by the observation that
when cells were treated with the analogue there was
decreased creatine kinase activity. However, the changes
in creatine kinase activity were not accompanied by a parallel
fall in the concentration of creatine phosphate.  One
explanation for the maintenance of creatine phosphate levels
is that cyclocreatine may change both the rate of synthesis
of creatine phosphate as well as its breakdown.  As a result,
the steady-state phosphagen levels would not be expected
to change.  It is also possible that at sites of energy

Figure 5.  DNA, total protein and L-[35S]-methionine
incorporation in chondrocytes treated with cyclocreatine.
Confluent chondrocytes were treated with 35 nM retinoic
acid and increasing concentrations of cyclocreatine for 7
days.  On the final day of the experiment, medium was
supplemented with [35S]-methionine for one hour.  The cell
layer was extracted with 5% trichloroacetic acid and the
radioactivity of the precipitated protein determined.  Values
are mean ± SEM; n = 3.  Values for the radiolabelled
methionine incorporation are average of two experiments.
Asterisks indicate a significant difference from untreated
(0) cells ; ***p < 0.001.
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utilization, the isozyme responsible for regeneration of ATP
from creatine phosphate is selectively inhibited by
cyclocreatine.

In terms of the energy economy of the cell, we were
surprised to find that cyclocreatine did not alter mito-
chondrial function.  Experimentally, we noted that the drug
was ineffective in disrupting the energy status of the cell,
as evidenced by the unaltered energy charge ratio, nor did
it cause significant loss in adenine nucleotides.  From this
perspective, our results indicated that creatine kinase
activity is unlikely to be coupled with mitochondrial
function.  This point of view is consistent with results of
earlier studies of chondrocyte energy metabolism.  Thus,
we have shown that chondrocytes, especially those that
have been treated with agents that promote hypertrophy,
generate much of their metabolic energy through glycolysis
and there is minimal reliance on mitochondrial oxidative
phosphorylation (Shapiro et al., 1994).  Indeed, even when
treated with uncoupling agents, chondrocytes remain viable

and still maintain their phenotype (unpublished results).  In
terms of the circuit itself, in an earlier study we demonstrated
that there was stage specific expression of the MM and BB
isozymes (Shapiro et al., 1992), but there was no evidence
of mitochondrial isozymes.  For this reason, in this
communication, we suggest that creatine kinase activity is
extra-mitochondrial and limited to the delivery of creatine
phosphate/ATP to energy consuming processes in the cell.

We examined the relationship between glycolysis
and the CK-CP circuit by treating chondrocytes with cy-
clocreatine and then determining glucose uptake and lac-
tate generation.  In contrast to mitochondrial function, we
noted that the glycolytic pathway was very sensitive to
the drug.  At 0.7 mM, cyclocreatine reduced glucose entry
into the cell by 100%, while at the highest drug
concentration (7 mM), glucose uptake was below basal
levels.  Perusal of Figures 3A and 3B indicates that the
changes in glucose and lactate levels occur in concert with
each other.  However, since the magnitude of change in

Figure 6.  Autoradiogram and western blot of L-[35S]-methionine labelled proteins.  Chondrocytes were treated with retinoic
acid (35 nM) and increasing doses of cyclocreatine for 7 days.  Protein was extracted with Laemmli’s buffer and equal amounts
of protein (70 µg) were resolved on 10% SDS-polyacrylamide gel.  After electrophoresis the proteins were transferred to
nitrocellulose and probed with an antibody to type X collagen.  Lane 1, control; lane 2, 0.07 mM; lane 3, 0.7 mM; lane 4, 7.0
mM cyclocreatine respectively.
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lactate levels is greater than that of glucose, it is likely that
the drug inhibited utilization of substrates other than
glucose.  Indeed, if it is assumed that each mole of glucose
can be converted to two moles of lactate (Rajpurohit et al.,
1996), then other substrates are being degraded by the cells
and used as a source of metabolic fuel.

While cyclocreatine did not influence mitochondrial
energy status, as measured by the adenylate energy charge
ratio, the possibility existed that it could modulate other
maturation-dependant functions of the cell.  Indeed we
observed that a number of cellular activities (type X collagen
protein biosynthesis, type II and X collagen and
osteopontin gene expression; alkaline phosphatase activity
and calcium accumulation) were compromised by
cyclocreatine.  These observations confirm an earlier report
that noted that following inhibition of creatine kinase there
was inhibition of protein and lipid synthesis (Carpenter et
al., 1983).  Accordingly, it is likely that the CK-CP circuit is
required for chondrocyte maturation.  In terms of

mechanisms, since the cyclocreatine does not change the
energy status of the cell, any attenuation in chondrocyte
function, probably reflects a change in the availability of
high energy compounds at sites of macromolecule
synthesis.  From this point of view, the possibility exists
that in chondrocytes, the primary function of the circuit is
to transduce energy rather than generate or store high
energy equivalents.

Acknowledgments

This work was supported by NIH grant AR-41525,
DE-09684, DE-10875.  The authors wish to gratefully
acknowledge Dr. Rocky Tuan, Thomas Jefferson University,
Philadelphia and Drs. Vicki Funanage and Grace Hobson
AI DuPont Institute, Wilmington, Delaware, for helpful
discussions.

References

Ausserer WA, Bourrat-Floeck B, Green CJ, Laderoute
KR, Sutherland RM (1994) Regulation of C-jun expression
during hypoxic and low-glucose stress. Mol. Cell Biol. 14:
5032-5042.

Bergmeyer HU (1985) Methods of Enzymatic
Analysis, 3rd Ed. Vol III, Enzymes: Oxidoreductases,
Transferases, Chap. 74. Creatine kinase. Verlag Chemie,
Germany, pp. 508-510.

Bessman SP, Carpenter CL (1985) The Creatine -
Creatine phosphate energy shuttle. Ann. Rev. Biochem. 54:
831-862.

Carpenter CL, Mohan C, Bessman SP (1983) Inhi-
bition of protein and lipid synthesis in muscle by 2,4-
dinitrofluorobenzene, an inhibitor of creatine phospho-
kinase. Biochem. Biophys. Res. Commun. 111: 884-889.

Carroll JJ, Smith N, Babson AL (1970) A colorimetric
serum glucose determination using hexokinase and glucose-
6-phosphate dehydrogenase. Biochem. Med. 4: 171-180.

Engel J, Gunning P, Kedes L (1982) Human cyto-
plasmic actin proteins are encoded by a multigene family.
Mol. Cell. Biol. 2: 674-684.

Farquharson C, Hesketh JE, Loveridge N (1992) The
proto-oncogene c-myc is involved in cell differentiation as
well as cell proliferation: Studies on growth plate
chondrocytes in situ. J. Cell. Physiol. 152: 135-144.

Fell HB, Robison R (1929) The growth, development
and phosphatase activity of embryonic avian femora and
limb-buds cultivated in vitro. Biochem. J. 23: 767-784.

Funanage V, Carango P, Shapiro IM, Tokouka T, Tuan
RS (1992) Creatine kinase activity is required for mineral
deposition and matrix synthesis in endochondral growth
cartilage. Bone Miner. 17: 228-236.

Horton WA, Machado MM (1988) Extracellular ma-

Figure 7.  Northern analysis of Type II and X collagens,
osteopontin and β-actin expression in chondrocytes treated

with increasing doses of cyclocreatine for 7 days.  15 µg of
total RNA was loaded in each lane and electrophoresed on
a 1% agarose gel.  The RNA was transblotted and hybridized
with the respective probes and exposed to Kodak film at
-70°C for 1-3 days.  Lane 1, control; lane 2, 0.07 mM; lane 3,
0.7 mM; lane 4, 7.0 mM cyclocreatine respectively.



Creatine kinase inhibition of chondrocyte function

81

trix alterations during endochondral ossifications in
humans. J. Orthopaed. Res. 6: 793-803.

Iwamoto M, Shapiro IM, Yagami K, Boskey AL,
Leboy PS, Adams S, Pacifici M (1993) Retinoic acid induces
rapid mineralization and expression of mineralization-related
genes in chondrocytes. Exp. Cell Res. 207: 413-420.

Kakuta S, Golub EE, Haselgrove JC, Chance B,
Frasca P, Shapiro IM (1986) Redox studies of the epiphyseal
growth cartilage: Pyridine nucleotide metabolism and the
development of mineralization. J. Bone Miner. Res. 1: 433-
440.

Laemmli UK (1970) Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature. 227: 680-685.

Leboy PS, Vaias L, Uschmann B, Golub E, Adams
SL, Pacifici M (1989) Ascorbic acid induces alkaline
phosphatase, type X collagen and calcium deposition in
cultured chick chondrocytes. J. Biol. Chem. 264: 17281-
17286.

Leboy PS, Shapiro IM, Uschmann BD, Oshima O,
Lin D (1986) Gene expression in mineralizing chick
epiphyseal cartilage. J. Biol. Chem. 263: 8515-8520.

LoPresti P, Cohn M (1989) Direct determination of
creatine kinase equilibrium constants with creatine or
cyclocreatine substrate. Biochim. Biophys. Acta 998: 317-
320.

Martin KJ, Chen SF, Clark GM, Degen D, Wajima M,
Von Hoff DD, Kaddurah-Daouk R (1994) Evaluation of
creatine analogues as a new class of anticancer agents using
freshly explanted human tumor cells. J. Natl. Cancer Inst.
86: 608-613.

Moore MA, Gotoh Y, Rafidi K, Gerstenfeld LC (1991)
Characterization of a cDNA for chicken osteopontin:
Expression during bone development, osteoblast
differentiation and tissue distribution. Biochemistry 30:
2501-2508.

Oshima O, Leboy PS, McDonald SA, Tuan RS,
Shapiro IM (1989) Developmental expression of genes in
chick growth cartilage detected by in situ hybridization.
Calcif. Tissue Int. 45: 182-192.

Rajpurohit R, Koch CJ, Tao Z, Teixeira CM, Shapiro
IM (1996) Adaptation of chondrocytes to low oxygen
tension: Relationship between hypoxia and cellular
metabolism. J. Cell. Physiol. 168: 424-432.

Robin ED, Murphy BJ, Theodore J (1984) Coordi-
nate regulation of glycolysis by hypoxia in mammalian cells.
J. Cell. Physiol. 118: 287-290.

Schmid TM, Linsenmayer TF (1985) Immunohisto-
chemical localization of short chain collagen (type X) in
avian tissue. J Cell Biol. 100: 598-605.

Schon R (1965) A simple and sensitive enzymatic
method for determination of L(+)-lactic acid. Anal. Biochem.
12: 413-420.

Semenza GL, Roth PH, Fang HM, Wang GL (1994)
Transcriptional regulation of genes encoding glycolytic
enzymes by hypoxia-inducible factor 1. J. Biol. Chem. 269:
23757-23763.

Shapiro IM, Golub EE, Haselgrove JC, Havery J,
Chance B, Frasca P (1982) Initiation of endochondral
calcification is related to changes in the redox state of
hypertrophic chondrocytes. Science. 217: 950-952.

Shapiro IM, DeBolt K, Funanage VL, Smith SM, Tuan
RS (1992) Developmental regulation of creatine kinase
activity in cells of the epiphyseal growth cartilage. J. Bone
Miner. Res. 7: 493-500.

Shapiro IM, DeBolt K, Hatori M, Iwamoto M, Pacifici
M (1994) Retinoic acid induces a shift in the energetic state
of hypertrophic chondrocytes. J. Bone Miner. Res. 9: 1229-
1237.

Somjen D, Kaye AM, Binderman I (1984) 24R, 25-
dihydroxy-vitamin D stimulates creatine kinase BB activity
in chick cartilage cells in culture. FEBS Lett. 167: 281-284.

Stocchi V, Cuccttiarni L, Magnani M, Chiarantini L,
Palma P, Crescentini G (1985) Simultaneous extraction and
reverse-phase high-performance liquid chromatographic
determination of adenine and pyridine nucleotides in human
red blood cells. Anal. Biochem. 146: 118-124.

Stocum DL, Davis RM, Legar M, Conrad HE (1979)
Development of the tibiotarsus in the chick embryo:
Biosynthetic activities of histologically distinct regions. J.
Embryol. Exp. Morphol. 54: 155-170.

Suda S, Takahashi N, Shinki T, Horuichi N,
Yamaguchi A, Yoshiki S, Enomoto S, Suda T (1985) 1, Alpha-
25-dihydroxyvitamin D

3
 receptors and their action in

embryonic chick chondrocytes. Calcif. Tissue Int. 37: 82-
90.

Teixeira CC, Hatori M, Leboy PS, Pacifici M, Shapiro
IM (1995) A rapid and ultrasensitive method for
measurement of DNA, calcium and protein content and al-
kaline phosphatase activity of chondrocytes cultures.
Calcif. Tissue Int. 56: 252-256.

Thorp BH, Anderson I, Jakolew SB (1992) Trans-
forming growth factor β1, -β2 and -β3 in cartilage and bone
cells during endochondral ossification in the chick.
Development 114: 907-911.

Walker JB (1979) Creatine: Biosynthesis, regulation
and function. Adv. Enzymol. 50: 177-241.

Wallimann T, Wyss M, Brdiczka D, Klaas N,
Eppenberger HM (1992) Intracellular compartmentation,
structure and function of creatine kinase isoenzymes in
tissues with high fluctuating energy demands: The “phos-
phocreatine circuit” for cellular energy homeostasis.
Biochem. J. 281: 21-40.

Young MF, Vogeli G, Nunez AM, Fernandez MP,
Sullivan ME (1984) Isolation of cDNA and genomic DNA
clones encoding type II collagen. Nucleic Acid Res. 12:
4207-4227.



82

R. Rajpurohit et al.

Discussion with Reviewers

Reviewer V:  While the authors have evaluated the im-
portance of the CK-CP shuttle in terms of chondrocyte
energy metabolism and biosynthetic reactions they have
not delineated a role for the system in the maturation
process.  Based on their own work or work emanating from
other laboratories, would the authors like to speculate on a
function of this interesting enzyme system?
Authors:  First, we need to comment that findings from the
study clearly show that contrary to most other tissues, the
CP-CK shuttle does not contribute in a significant way to
the energetic status of chondrocytes during the maturation
process.  Moreover, chondrocytes appear to be unique in
that they do not have a mitochondrial energy generating
system that utilizes the CP-CK circuit.  However, if the circuit
is blocked, although the energy charge is still maintained,
there is marked inhibition in protein synthesis and a
reduction in the expression of a number of key extracellular
matrix proteins.  How CP or CK can influence gene
expression or the translational process is unknown.
However, a very exciting paper indicates that creatine
phosphate may serve as a cofactor in splicing reactions
involved in RNA processing (Hirose and Manley, 1997).
Indeed, other phosphagens that were used in this study
were found to be far less efficient than CP.  Thus, the
possibility exists that the CP-CK shuttle regulates gene
expression at an earlier stage than initially presumed.  We
now propose to examine the role of CP in chondrocyte pre-
mRNA synthesis.
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Hirose Y, Manley JL (1997) Creatine phosphate, not
ATP, is required for 3’end cleavage of mammalian pre-mRNA
in vitro. J. Biol. Chem. 272: 29636-29642.


