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Effects of Zinc on Cell Proliferation and Proteoglycan
Characteristics of Epiphyseal Chondrocytes

J. Pablo RodrõÂguez* and GastoÂn Rosselot

Laboratorios de BiologõÂa Celular y BiologõÂa Molecular, INTA, Universidad de Chile, Casilla 138-11,
Santiago, Chile

Abstract Zinc has been postulated as an important nutritional factor involved in growth promotion; however, the
cellular mechanisms involved in the effects of zinc on linear growth remain to be elucidated. This study was conducted
to evaluate the effects of zinc on the proliferation rate of epiphyseal growth plate chondrocytes and on the structural
characteristics of the proteoglycans synthesized by these cells. For these purposes, hypertrophic and proliferating
chondrocytes were isolated from the tibiae of 1- and 5-week-old chickens, respectively. Chondrocytes were cultured
under serum-free conditions and primary cultures were used. The results showed that zinc stimulated proliferation by
40±50% above the baseline in the case of proliferating chondrocytes, but it had no effect on hypertrophic chondrocytes.
Zinc had neither any effects on mean charge density of proteoglycans synthesized by hypertrophic chondrocytes nor in
their hydrodynamic size. In contrast, zinc induced an increase in mean charge density and a decrease of hydrodynamic
size of proteoglycans synthesized by proliferating chondrocytes. In both cell types zinc had no effect on the composition
and hydrodynamic size of the glycosaminoglycan chains. The increased ability of proliferating chondrocytes cultured in
the presence of zinc to synthesize 30-phosphoadenosine 50-phosphosulfate (PAPS) could be explained by the induction
of enzymes participating in the sulfation pathway of proteoglycans. Therefore, the increase in mean charge density of
proteoglycans observed in this study may be explained by an increase of the degree of sulfation of proteoglycan
molecules. We speculate that the effect of zinc on linear growth may be explained at a cellular level by: a) an increase in
proliferation rates of proliferating chondrocytes, and b) increased synthesis of highly charged proteoglycan molecules
which decreases mineralization. J. Cell. Biochem. 82: 501±511, 2001. ß 2001 Wiley-Liss, Inc.
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Longitudinal growth is a highly regulated
physiological process, which occurs as a conse-
quence of cell proliferation and synthesis of
extracellular matrix components by the chon-
drocytes of the epiphyseal growth plate. The
control of this process involves endogenous and
systemic factors stimulating a sequence of
events that involve both cell proliferation and
differentiation, which eventually lead to chon-
drocyte hypertrophy and mineralization [Isaks-
son et al., 1987]. These cells respond to the
stimuli represented by hormones, growth fac-
tors, and nutrients by changing proliferation
rates, volume, and rate of collagen and proteo-
glycan (PG) synthesis; the net result is an
increase in linear growth [Allen, 1994; Price

et al., 1994]. Postnatal longitudinal growth ends
with the closure of the epiphyseal growth plate
[Ianotti, 1990], and gross abnormalities of the
growth plate result in severe impairment of
longitudinal growth [Leach and Nesheim, 1965;
Maroteaux et al., 1983; Boden et al., 1987]. Over
the past decades multiple studies have demon-
strated that zinc (Zn) is a key factor for normal
growth and development of skeletal tissue
[Hambidge et al., 1986; O'Dell and Reeves,
1988; Dorup and Clausen, 1991; Dorup et al.,
1991]. Zn-de®cient animals show a severe
reduction in growth rate, which can be reverted
by supplementation of the element in the diet
[Giugliano and Milward, 1984]. In humans, the
positive effects of Zn supplementation on long-
itudinal growth have been demonstrated in
numerous epidemiological and clinical inter-
ventional studies [Ronaghy et al., 1974; Cas-
tillo-DuraÂn et al., 1987; Gibson et al., 1989;
Allen, 1994]. Epidemiological and clinical evi-
dences have con®rmed the role of Zn as a
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determinant element in longitudinal growth of
children. Thus, zinc has been suggested as a
nutritional factor involved in stunted growth,
and the need for supplementation at early
stages of development has been proposed [Gib-
son et al., 1989; Favier, 1992; Walravens et al.,
1992; Ruz et al., 1997; Rivera et al., 1998;
Castillo-Duran and Cassorla, 1999]. However,
little is known about the molecular and cellular
mechanisms involved in the regulation of this
process. Moderate zinc de®ciencies have been
shown to be associated with impaired growth in
children. These de®ciencies do not appear to
alter Zn-dependent enzymes or gene-regulatory
elements. The growth impairment, however,
points to a pronounced effect of altered Zn meta-
bolism on bone formation [Koyano et al., 1996].

Mineral deposition is essential for proper
bone formation, which occurs in the extracel-
lular matrix and is mediated by proteins and
other components. Zinc has long been known to
play an important role in the mineralization of
skeletal tissues, but the mechanisms of Zn
action are not well understood [Kirsch et al.,
2000]. Experimental Zn de®ciencies have been
demonstrated to result in abnormal cartilage
development and irregular and increased carti-
lage mineralization, resulting in bone deformi-
ties [Westmoreland and Hoekstra, 1969]. On
the other hand, increased levels of Zn are asso-
ciated with decreased mineralization [Kirsch
et al., 2000]. PG are major components of the
growth plate extracellular matrix that interact
with collagen, cell membranes, and tissue-
speci®c proteins [Farquharson et al., 1994].
Several studies have shown that the concentra-
tion of PG within the growth plate plays an
important role in calci®cation, the sulfate con-
tent being low in calci®ed cartilage [Boyd and
Shapiro, 1980]. Studies on the brachymorphic
mouse, which lacks the enzyme responsible
for glycosaminoglycan sulfation (GAG) suggest
that the decreased sulfation facilitates the onset
of mineralization [Sugahara and Schwartz,
1982a].

Different studies have also analyzed the
effects of Zn on the metabolism of growth plate
chondrocytes [Koyano et al., 1996; Litch®eld
etal., 1998].Thesestudiesexaminedtheeffect of
this trace metal on the cell protein, alkaline
phosphatase activity, and the synthesis of some
extracellular matrix components produced
by growth plate and articular chondrocytes
under different culture conditions. It has been

hypothesized that Zn may serve as a regulator
of chondrocyte matrix protein turnover acting
through an as of yet unde®ned mechanism
[Koyano et al., 1996].

It is know also that growth plate chondrocytes
are responsible for the earliest stages of bone
formation and are thus critical to the under-
standing of the way in which essential and toxic
metal ions may in¯uence overall skeletal devel-
opment. For these reasons, the main objective
of this study was to evaluate the effects of
Zn on proliferation rates and metabolic activity
of the cells responsible for longitudinal growth;
i.e., epiphyseal growth plate chondrocytes.
For this purpose, avian proliferating and hy-
pertrophic chondrocytes were cultured under
serum-free conditions, and primary cultures
were used to determine cell proliferation and
synthesis of PG in response to different concen-
trations of zinc.

MATERIALS AND METHODS

Avian chodrocytes were used in this study
since they have been shown to be a suitable and
practical experimental model for the study of
the endocrine and metabolic regulatory mecha-
nisms underlying longitudinal growth regula-
tion [Rosselot et al., 1992, 1994].

Chondrocyte Isolation and Cell Cultures

Proliferating chondrocytes were isolated from
the epiphyseal growth plate as previously
described [Rosselot et al., 1992]. Brie¯y, 5-
week-old chicken were killed by cervical dis-
location, the epiphyseal growth plates from the
tibia were aseptically removed, and treated
with a 0.2% collagenase solution for 2 h at
378C. Cells liberated by this treatment were
washed three times with Dulbecco's Modi®ed
Eagle medium (DME) (Sigma, St Louis, MO).
Cells were cultured in DME medium supple-
mented with 10% of fetal calf serum (FCS), 100
mg/ml streptomycin, and 100 U/ml penicillin, at
378C in a humidi®ed atmosphere of 5% CO2.
Cells were plated in culture dishes (multiwells,
96 wells, Nunc) at a density of 7� 104 cells/well.
The medium was changed every 4 days. Hyper-
trophic chondrocytes were isolated similarly
from one-week-old chickens [Rosselot et al.,
1992]. The tibias were removed, hypertrophic
zones were dissected, and any remaining soft
tissue was removed and discarded. The hyper-
trophic tissue was incubated with 3 ml of a 0.2%
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collagenase solution (type I, Worthington, Free-
hold, NJ) for 10 min at 378C. Cells liberated by
this treatment, mainly red blood cells and
damaged cells, were discarded. The remaining
tissue was incubated again with the collagenase
solution for 2 h at 378C. Cells liberated by this
second enzymatic treatment were washed three
times with DME medium and cultured in DME
medium supplemented with 10% FCS, 100 mg/
ml streptomycin, and 100 U/ml penicillin, at
378C in a humidi®ed atmosphere of 5% CO2.
Cells were plated in culture dishes (multiwells,
96 wells, Nunc, Naperville, IL) at a density of
7� 104 cells/well. The medium was changed
every fourth day. After one week of culture,
proliferating and hypertrophic chondrocytes
were cultured for an additional 4 days in a
serum-free de®ned medium (MWM) contain-
ing aminoacids, lactalbumin, transferrin, and
growth factors (IGF-I, FGF) [Rosselot et al.,
1992], and supplemented with ZnCl2 at differ-
ent concentrations (0, 0.05, 0.1, 0.2, 0.5, 1, 10,
50, and 100 mM).

Characterization of Proliferating and
Hypertrophic Chondrocytes: Expression

of Type II and Type X Collagens

Cells were incubated for 7 days in DME
medium. The medium was removed, a fresh
medium containing ascorbic acid (50 mg/ml), b-
aminopropionitrile (100 mg/ml), and 14C-proline
(5 mCi/ml) was added, and incubation continued
for 24 h. After incubation with 14C-proline the
medium was removed and a stock of protease
inhibitors was added to the medium to yield a
®nal concentration of 5 mM EDTA, 0.2 mM
phenylmethyl-sulfonyl¯uoride, 5 mM N-ethyl-
maleimide, and 1 mM p-aminobenzamidine
hydrocloride. Medium was exhaustively dia-
lyzed at 48C against 0.15 mM NaCl and 50 mM
Tris±HCl buffer containing the above mixture
of protease inhibitors. Each sample was
digested with 100 mg/ml pepsin in 0.5 M acetic
acid for 6 h at 158C to convert the procollagens to
collagens and remove their noncollagenous
domains. The digested samples were dialyzed
at 48C against 0.15 mM NaCl and 50 mM Tris±
HCl containing protease inhibitors and an
aliquot was used for electrophoresis. The sam-
ples were examined by sodium dodecyl sulfate±
polyacrylamide gel electrophoresis under redu-
cing conditions. After electrophoresis, the gels
were processed for ¯uorography as described
previously [Rosselot et al., 1992].

Cell Proliferation

3H-thymidine incorporation has been shown
to be a good indicator of chondrocyte prolif-
eration by Rosselot et al. [1994]. For this,
chondrocytes were plated into 96-well plates
at 1� 105 cell/cm2 and cultured in MWM
[Rosselot et al., 1994] containing the various
ZnCl2 concentrations. The medium was supple-
mented with 1 mCi/ml of 3H-thymidine (2.0 Ci/
mM, ICN, Irvine, CA), and cells were incubated
for 8 h. After the labeling period, cells were
liberated from the culture dishes by a mild
treatment with pronase (0.2%, 10 min, 378C),
and collected by ®ltration [Rosselot et al., 1994].
Filters were exhaustively washed with distill-
ed water, and the radioactivity retained was
measured.

Proteoglycans Synthesis

Chondrocytes were cultured in MWM con-
taining the different ZnCl2 concentrations
studied. The medium was supplemented with
20 mCi/ml sodium 35S-sulfate (ICN, 43 Ci/mg S)
as a glycosaminoglycan radioactive precursor,
and cells were incubated for 8 h at 378C. At
the end of the labeling period, the culture
medium was removed and the cell layer was
washed twice with phosphate-saline buffer
(PBS). The washes were combined with the
culture medium (culture medium fraction) and
0.4 g/ml solid guanidine-HCl, 1.25 mg/ml N-
ethylmaleimide, and 0.18 mg/ml phenylmethyl-
sulfonyl¯uoride were added [RodrõÂguez et al.,
1998].

To remove unincorporated 35SO4, and guani-
dine±HCl, the culture medium fractions were
applied into a Sephadex G-50 column (0.8� 15
cm) equilibrated with a buffer containing 8 M
urea, 0.05 M sodium acetate, 0.15 M sodium
chloride, and 0.5% Triton X-100, at pH 7.0
(buffer A).

Ion-Exchange Chromatography

Fractions containing the excluded material
(Vo) from Sephadex G-50 were pooled and
loaded into a DEAE-Sephacel column (0.6� 10
cm) equilibrated and washed with buffer A. The
retained material was eluted with a linear
gradient of sodium chloride (0.15±0.8 M) pre-
pared in buffer A. Fractions (0.8 ml) were
collected and aliquots measured for radioactiv-
ity and sodium chloride content [RodrõÂguez,
1995].
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Molecular Sieve Chromatography

To analyze the hydrodynamic size of intact
PG and their GAG chains, the species eluted
from the DEAE-Sephacel column were pooled,
dialyzed exhaustively against distilled water,
lyophilized to dryness and reconstituted in a
solution containing 4 M guanidine±HCl, 0.05 M
sodium acetate, 0.5% Triton X-100, at pH 6.0
(buffer B); it was then applied to a Sepharose
CL-6B column. Fractions (0.45 ml) were col-
lected and aliquots taken for radioactivity
measurements [RodrõÂguez et al., 1995].

Characterization of
Glycosaminoglycan Chains

To further characterize the PG molecules
synthesized by proliferating and hypertrophic
chondrocytes, glycosaminoglycan (GAG) chains
were released from the core protein and ana-
lyzed by ion-exchange and molecular sieve
chromatography, and their sensitivity to enzy-
matic treatment was studied. For these pur-
poses, PG were treated with 0.1M sodium
hydroxide in the presence of sodium borohy-
dride (75.5 mg/ml) for 48 h at 458C, to release
the GAG chains from the core protein [RodrõÂ-
guez et al., 1998]. To analyze the hydrodynamic
size of GAG chains, the released chains were
applied to a Sepharose CL-4B column, equili-
brated in buffer B. GAG chains were subjected
to chondroitinase ABC treatment [Minguell and
Tavassoli, 1989]. The extent of the enzymatic
digestion was detected by the appearance of
low-molecular weight-labeled species after
Sephadex G-25 chromatography [Keller et al.,
1989].

Synthesis of 30-Phosphoadenosine 50-
Phosphosulfate (PAPS)

To analyze whether changes in the incorpora-
tion of 35SO4 into PG molecules could be due to
changes in enzymatic activities in the sulfation
pathway of PG, we measured the ability of chon-
drocyte homogenates to synthesize an inter-
mediary of the sulfation pathway, PAPS.

Proliferating chondrocytes cultured in the
presence of different concentrations of ZnCl2
during 4 days, were removed by trypsination,
collected by centrifugation, washed three times
with 50 mM Tris±HCl buffer and subjected to
sonication for 5 min.

The incorporation of 35SO4 into PAPS was me-
asured in a reaction mixture containing 50 mM

Tris±HCl buffer (pH 7.0), 5 mM ATP, 5 mM
MgCl2, 0.1 M NaF, 10 mCi 35SO4 and an aliquot
of the cell homogenate. The reaction mixture
was incubated for 90 min at 378C. After in-
cubation, NaOH to a 0.5 N ®nal concentration,
to favor the stability of PAPS, and 0.1 mg of
unlabeled PAPS, used as a carrier, were added
to the reaction mixture. Synthesized PAPS was
separated by paper chromatography using satu-
rated ammonium sulfated solution:0.1 M amm-
onium acetate:isopropanol (79:19:2) as solvent.
The presence of PAPS was evaluated in a U.V.
transilluminator and quantitated by measuring
the radioactivity associated with the carrier.

RESULTS

Cell Proliferation

Cell proliferation was evaluated by the incor-
poration de 3H-thymidine into DNA of prolifer-
ating and hypertrophic chondrocytes.

The phenotypic expression of the cells, as
proliferating and hypertrophic chondrocytes,
was con®rmed through analyses of collagen
type released to the culture media [Rosselot
et al., 1992]. As shown in Figure 1, proliferating

Fig. 1. Electrophoretic analysis of collagen synthesis by
proliferating and hypertrophic chondrocytes. Lane 1 corre-
sponds to the collagen produced by proliferating chondrocytes,
and lane 2 to the collagen produced by hypertrophic
chondrocytes.
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chondrocytes produce type II collagen, and the
hypertrophic chondrocytes synthesized both
type II collagen and type X collagen. Type II
collagen is the most abundant of the collagens in
the growth plate, and since it is found almost
exclusively in cartilage it is a speci®c phenotypic
marker for chondrocytes. The synthesis of type
X collagen has been associated with chondro-
cytes hypertrophy.

Figure 2 shows that ZnCl2 present in the
culture medium exhibits a differential effect on
the proliferation rate of hypertrophic and pro-
liferating chondrocytes. Low concentrations of
ZnCl2 (up to 0.5 mM) stimulated (40±50%) the
incorporation of 3H-thymidine into DNA from
proliferating chondrocytes, with maximum sti-
mulation at a concentration of 0.2 mM. This
stimulatory effect was speci®c for proliferating
chondrocytes, since at the same range of ZnCl2
concentrations, no effect was observed in the
proliferation rate of hypertrophic chondrocytes.
At ZnCl2 concentrations above 1 mM, there was
increasing inhibition of the incorporation of 3H-
thymidine into DNA in both proliferating and
hypertrophic chondrocytes. This suggests that
higher concentrations of ZnCl2 (up to 10 mM)

appear to stop completely the proliferation of
proliferative chondrocytes, which may be inter-
preted as a possible cytotoxic effect of zinc in the
proliferating as well as hypertrophic chondro-
cytes. More speci®c studies are necessary to
perform to evaluate a possible cytotoxic effect of
zinc.

Proteoglycan Synthesis

Both, proliferating and hypertrophic chon-
drocytes in culture actively synthesize and
release PG to the culture medium.

Proliferating chondrocytes cultured in the
presence of low concentrations of ZnCl2 (up to
1.0mM) incorporate 2 to 6 times more 35S-sulfate
into PG than chondrocytes cultured in the
absence of ZnCl2 (Fig. 3). At the same time,
ZnCl2 (up to 1 mM) showed no effect on the
incorporation of 35S-sulfate into PG molecules
produced by hypertrophic chondrocytes. At
concentrations of ZnCl2 higher than 10 mM,
the incorporation of 35S-sulfate was inhibited in
both proliferating and hypertrophic chondro-
cytes.

It is interesting to note that proliferating
chondrocytes, either in the absence or in the

Fig. 2. Incorporation of 3H-Thymidine. Proliferating (�-�) and
hypertrophic (�-�) chondrocytes proliferation was evaluated by
the incorporation of 3H-thymidine into DNA molecules.
Chondrocytes were cultured in MWM containing different
ZnCl2 concentrations, and supplemented with 1 mCi/ml of 3H-
thymidine. Cells were incubated for 8 h, liberated from the
culture dishes by a mild treatment with pronase (0.2%, 10 min,
378C), and collected by ®ltration. Filters were washed
exhaustively with distilled water, and the radioactivity retained
was measured. The results, at each concentration of ZnCl2, were
expressed as the relative incorporation of 3H-thymidine respect
to the incorporation at 0 mM ZnCl2. Each experiment was
performed in triplicate and results are expressed as mean� SD.

Fig. 3. Incorporation of 35S-sulfate into proteoglycans. Hyper-
trophic (�-�) and proliferating (�-�) chondrocytes were cultured
in MWM containing different ZnCl2 concentrations (up to 100
mM), and supplemented with 20 mCi/ml sodium 35S-sulfate.
Cells were incubated for 8 h at 378C. For each concentration of
ZnCl2, the culture media from four different wells were
removed, pooled and applied into a Sephadex G-50 column
(see Materials and Methods) to remove the unincorporated
35SO4, guanidine-HCl, and other chemicals. The incorporation
of 35S-sulfate into proteoglycans, at each concentration of
ZnCl2, were expressed in a relative manner respect the
incorporation at 0 mM ZnCl2.
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presence of ZnCl2, incorporate more 35S-sulfate
into PG than hypertrophic chondrocytes (data
not shown). Thus, in the absence of zinc,
proliferating chondrocytes incorporate 1.5±2
times more 35S-sulfate than hypertrophic chon-
drocytes. This difference is more evident when
chondrocytes were cultured in the presence of
increasing concentrations of ZnCl2.

PG Characterization

Ion-Exchange Chromatography. After labeling
with 35S-sulfate, the different fractions of
culture medium were prepared as described in
Materials and Methods and applied into a
DEAE-Sephacel column. Analysis by ion-exch-
ange chromatography of PG released to the
culture medium revealed the presence of a
single component in proliferating as well as
hypertrophic chondrocytes, but eluting from
the DEAE-Sephacel columns at different salt
concentrations: 0.36 and 0.47 M NaCl, respec-
tively (Fig. 4A and D). The PG synthesized by
hypertrophic chondrocytes cultured in the pre-
sence of 1 mM ZnCl2 eluted from the DEAE-
Sephacel column at the same concentration
of sodium chloride than the control (0.47 M)
(Fig. 4D). However, the PG synthesized by
proliferating chondrocytes showed a shift of
the elution peak of the DEAE-Sephacel from
0.36±0.45 M NaCl, depending on whether the

cells were cultured in the presence or the
absence of ZnCl2; this effect depends of the
concentration of zinc (Fig. 4A). Thus, PG
produced by proliferating chondrocytes cul-
tured in the absence of ZnCl2 eluted from the
DEAE-Sephacel column at 0.36 M NaCl. When
chondrocytes were cultured in the presence of
0.1 or 1 mM ZnCl2 the PG synthesized eluted
from the DEAE-Sephacel column at 0.4 M and
0.45 M NaCl, respectively (Fig. 4A).

Molecular Sieve Chromatography. To further
analyze the structural characteristics of PG
synthesized by hypertrophic and proliferating
chondrocytes, PG were examined by molecular
sieve chromatography in Sepharose CL-4B
columns. Hypertrophic chondrocytes cultured
in the presence or absence of 1 mM ZnCl2
synthesized a PG eluting from the column as a
single and well de®ned peak with a Kav� 0.38
(Fig. 5). GAG chains released from the PG
synthesized in the presence or in the absence of
ZnCl2, eluted from the column as a single peak
with a Kav� 0.54.

Conversely, proliferating chondrocytes
synthesized PG molecules with different hydro-
dynamic sizes when cells were cultured in the
absence or in the presence of 1mM ZnCl2 (Fig. 6).
In the absence of ZnCl2, proliferating chondro-
cytes synthesized a PG specie eluting from the
Sepharose CL-4B column with a Kav� 0.4. In

Fig. 4. DEAE-Sephacel chromatography of proteoglycans
produced by proliferating chondrocytes (A, B, C) in the presence
of different ZnCl2 concentration (0, 0.1, and 1 mM, respectively)
and hypertrophic chondrocytes (D, E, F) in the presence of
different ZnCl2 concentration (0, 0.1, and 1 mM, respectively).
Radioactive material (see Materials and Methods) from chon-
drocytesin culture, was applied to the DEAE-Sephacel column.
Retained material was eluted with a linear gradient of sodium
chloride (0.15±0.8 M), and aliquots taken for measurements of
radioactivity and salt concentration.

Fig. 5. Sepharose CL-4B chromatography of proteoglycans
produced by hypertrophic chondrocytes in the absence (�-�) and
in the presence of 1mM ZnCl2 (�-�). Aliquots of the column
fractions were taken for measurement of radioactivity. Arrows
indicate Kav values.
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the presence of 1 mM ZnCl2 these cells synthe-
sized a PG specie with a smaller hydrodynamic
size than the control, (Kav� 0.6). However, the
analysis of GAG chains revealed the same
hydrodynamic size for GAG chains released
from PG synthesized in the presence or in the
absence of ZnCl2 (Kav� 0.64).

Characterization of GAG Chains. To investi-
gate whether ZnCl2 induces changes in the
composition of the GAG chains associated with
the PG synthesized by proliferating and hyper-
trophic chondrocytes, PG were subjected to
chondroitinase ABC and ACII treatments.
Between 85±90% of the radioactivity associated
to the GAG chains of PG synthesized by
proliferating chondrocytes, in the absence or
in the presence of ZnCl2, are sensitive to
chondroitinase ABC treatment. At the same
time, 80±85% of the GAG chains derived from
PG synthesized by hypertrophic chondrocytes,
cultured in the presence or in the absence of
ZnCl2, are sensitive to chondroitinase ABC
treatment. These results suggest that addition
of 1 mM of ZnCl2 to the culture medium does not
modify the proportion of chondroitin sulfate
GAG chains associated with the core protein of
PG synthesized by either proliferating or hyper-
trophic chondrocytes.

The remaining radioactivity (10±20%) that
was not sensitive to the enzymatic treatment,
presumably corresponds to keratan sulfate, the
other GAG chains found in cartilage PG, as
described previously [Carney and Muir, 1988].

Synthesis of PAPS

Analysis by ion-exchange chromatography of
PG synthesized by proliferating chondrocytes
cultured in the presence of ZnCl2 revealed that
these cells synthesized PG molecules with a
higher mean charge density as compared with
the PG synthesized by proliferating chondro-
cytes cultured in the absence of ZnCl2. To
determine whether the observed changes in
mean charge density correlate with changes in
the activity of some enzymes involved in the
sulfation pathway of PG, we measured the
capacity of these cells to synthesize PAPS.

The cell homogenate prepared from prolifer-
ating chondrocytes catalyzed the incorporation
of 35S-sulfate into PAPS, a metabolic intermedi-
ary of the sulfation pathway (Fig. 7). The ability
of the homogenate derived from proliferating
chondrocytes to catalyze the incorporation of
labeled sulfate into PAPS was associated with
the different concentrations of ZnCl2 in the
culture medium during the culturing period.
Thus, the amount of PAPS produced by prolif-
erating chondrocytes cultured in the presence of
1 mM ZnCl2 was higher than that produced by
chondrocytes cultured in a culture medium
supplemented with 0.1 mM ZnCl2; it was also
higher than the amounts of PAPS synthesized

Fig. 6. Sepharose CL-4B chromatography of proteoglycans
produced by proliferating chondrocytes in the absence (�-�) and
in the presence of 1 mM ZnCl2 (�-�). Aliquots of the column
fractions were taken for measurement of radioactivity. Arrows
indicate Kav values.

Fig. 7. Synthesis of 30-phosphoadenosine 50-phosphosulfate
(PAPS). Proliferating chondrocytes were cultured in the pre-
sence of different concentrations of ZnCl2 for 4 days. For each
concentration of ZnCl2, the cells from four different wells were
removed by tripsinization, collected by centrifugation, pooled
and subjected to sonication for 5 min. PAPS synthesized was
separated by a paper chromatography using unlabeled PAPS
(0.1 mg) as carrier. The presence of PAPS was evaluated in an
U.V. transilluminator and quanti®ed measuring the radioactivity
associated with the carrier.
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by proliferating chondrocytes cultured in the
absence of ZnCl2 (Fig. 7).

Incorporation of sulfate into PAPS by the cell
homogenates from proliferating chondrocytes
was dependent on the concentration of ZnCl2 in
the culture medium.

Addition of 1 mM ZnCl2 directly to the reaction
mixture did not increase the incorporation of
35S-sulfate into PAPS (data not shown). This
suggests that the effect of ZnCl2 on sulfation is
not mediated by an increase in the activity of
enzymes involved in the sulfation pathway, but
to an increased level of some of these enzymes,
modifying the rate of synthesis and/or degrada-
tion of enzymes of the sulfation pathway.

DISCUSSION

The physiological functions of Zn are mostly
explained by the activity of several enzymes in
which zinc is an essential component in their
structure, and which participate in different
metabolic pathways [Williams, 1989]. Zn is
required for the activity of DNA polymerase,
and it is an important component of several
nuclear proteins [Chesters, 1989], which bind to
distinct sequences in the promoter region of
speci®c genes regulating transcription rates
[Chesters, 1992].

Several endocrine factors regulate chondro-
cyte activity in the epiphyseal growth plate
[Rosselot et al., 1992; Nilsson et al., 1994;
Rosselot et al., 1994]. Growth hormone (GH)
and insulin-like growth factor I (IGF-I), toge-
ther with ®broblast growth factor (FGF) are the
main regulatory factors of cellular activity in
the epiphyseal growth plate [Rosselot et al.,
1992; Nilsson et al., 1994; Luan et al., 1996].

It is possible to speculate that Zn may modify
longitudinal growth through local stimulation
of gene expression in cells of the epiphyseal
growth plate. This could be mediated by chan-
ges in the transcription rates of the genes
encoding for IGF-I and its receptor, GH recep-
tor, and IGF-II and/or FGF and their receptors.
Increased expression of one or several of these
genes in response to Zn, would explain the
stimulating effect of this micronutrient on
longitudinal growth. In addition, the effects of
Zn on the synthesis and activity of hormones
and growth factors should be considered
[Favier, 1992; Droke et al., 1993].

The effect of Zn on reversing or preventing
growth stunting could be explained by the direct

stimulation of proliferative and metabolic act-
ivity of the cells responsible for longitudinal
growth: proliferating chondrocytes, and by the
production of extracellular matrix favoring the
persistence of unmineralized tissues.

Our results show that zinc speci®cally incr-
eases the proliferation rate of proliferating
chondrocytes in culture, since no effect was
observed in hypertrophic chondrocytes. Thus,
the number of proliferating chondrocytes incr-
eased by 40±50% when cells were cultured with
low concentrations of zinc (up to 0.5 mM), but no
effect was observed in hypertrophic chondro-
cytes when cultured using the same concentra-
tions of zinc (Fig. 2). We also observed that zinc
(0.1 and 1 mM) markedly increased the incor-
poration of 35S±SO4 into PG molecules (5±6
times as compared to controls) in proliferating
chondrocytes, but no effect was found in sulfate
incorporation into PG molecules produced by
hypertrophic chondrocytes. Elution pro®les in
ion-exchange chromatography showed an incr-
ease in mean charge density of PG synthesized
by proliferating chondrocytes cultured in the
presence of ZnCl2 (Fig. 4A) as compared with
chondrocytes cultured in the absence of zinc. No
changes in mean charge density of the PG
synthesized by hypertrophic chondrocytes were
observed in the presence or absence of zinc
(Fig. 4D). The addition of zinc changed the
hydrodynamic size of PG produced by prolifer-
ating (Fig. 6) as opposed to hypertrophic chon-
drocytes in culture (Fig. 5).

Change in sulfate concentrations may re¯ect
either changes in total proteoglycan content or
alterations in their composition. Undoubtedly,
the latter possibility is important, as the degree
of sulfation has been shown to in¯uence hydro-
xyapatite formation [Chen et al., 1984].

Our results strongly suggest that zinc induces
changes in the extracellular matrix synthesiz-
ed by proliferating chondrocytes. The matrix
contains smaller PG with a higher degree of
sulfation than those synthesized in the absence
of zinc. Synthesis of PG with a high degree of
sulfation would favor the persistence of unmi-
neralized matrix and as a result, the growth of
tissue. The role of PG in endochondral calci®ca-
tion has been object of considerable controversy.
It has been suggested recently that PG interact
with calcium, inhibiting calcium phosphate
formation in vitro [Dziewiatkowski and Majz-
nerski, 1985] and the growth of hydroxyapatite
crystals [Chen et al., 1984]. Together, these
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observations have led to the conclusions that a
decrease in PG concentration is a prerequisite
for calci®cation to occur.

The observation that PG decrease at the onset
of the mineralization process supports this
concept [Lohmander and Hjerpe, 1975]. How-
ever, other studies have shown preservation of
PG during calci®cation [Poole et al., 1982]. A
likely explanation for these observations are
that PG are structurally modi®ed rather than
removed before and/or during calci®cation
[Hagiwara et al., 1995]. Alternatively, since
PG are highly negative-charged molecules, it
has been proposed that the sulfate groups of PG
may provide the anionic groups responsible for
localized calcium ion binding which initiates
nucleation [Addadi et al., 1987]. It has also been
reported that PG may be responsible for
changes in the morphology of calcite crystals
[Wu et al., 1994].

The extracellular matrix produced by cells of
the growth plate is in a constant state of
remodeling. Thus, it requires the rapid synth-
esis of its components, incorporation into the
matrix and breakdown. At present, little is
known about the metabolism of PG in the
growth plate. The growth of long bones occurs
after proliferation, differentiation, hypertrop-
hy, and calci®cation of the cartilage matrix in
the epiphyseal growth plate, followed by repla-
cement of the calci®ed cartilage by bone [Tian
et al., 1986]. It has been postulated that changes
of PG sulfation may play an important role in
inducing and/or promoting calci®cation in
growth plate cartilage [Hagiwara et al., 1995].

Numerous evidence shows that an impair-
ment in enzymatic activity of the sulfation
pathway, or of sulfate transport determines
undersulfation of proteoglycans in the cartilage
and an increased rate of matrix calci®cation
[Schwartz et al., 1978; Sugahara and Schwartz,
1979; Sugahara and Schwartz, 1982a, 1982b;
Rossi et al., 1996]. It has been recently demon-
strated that addition of Zn to cultures of growth
plate chondrocytes decreases mineralization
in a dose-dependent manner [Litch®eld et al.,
1998; Kirsch et al., 2000]. Our results like the
observations just mentioned allow us to spec-
ulate that the effect of Zn in promoting long-
itudinal growth may occur through stimulation
of proliferation of the cells responsible for
longitudinal growth, proliferating chondro-
cytes, and of stimulation of the synthesis of
non-mineralizing extracellular matrix, with a

higher content of PG with a high degree of
sulfation.

On the other hand, the results of this study
also show that zinc at concentrations higher
than 10 mM interrupts almost completely the
incorporation of 3H-thymidine on both prolifer-
ating and hypertrophic chondrocytes. These
results may be interpreted as meaning that
zinc interrupts the proliferation of these cells or
that it may have potential cytotoxic effects.
Whatever be the explanation, these results
indicate the need for conducting human studies
to determine the potential adverse effects of
excess zinc on linear growth in children. It is
very important to de®ne the optimal amounts of
zinc that must be used as supplementation at
early stages of development to promote linear
growth.

In summary, the results presented here
strongly suggest that the direct activity that
zinc exerts on the cells of the growth plate
may explain, in part, its effects on longitudinal
growth. The response to Zn is greater in
proliferating chondrocytes that cause longitu-
dinal growth, as opposed to its effect on
hypertrophic chondrocytes. The results pre-
sented in this study provide further explanation
about the stimulatory effect of Zn on long-
itudinal growth, and suggest a direct stimula-
tory regulation at the cellular level in the target
tissue.
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