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Abstract

Enhanced supplementation with certain naturally occurring nutrients and vitamins has been associated with

areduction in occurrence and progression of human cancer. The exact mechanisms of this action are still under
investigation. Extracellular matrix (ECM) plays a key role in the development of cancer. Therefore, we stud-
ied whether nutrients could exert anticancer effects through alteration of ECM biological properties. Confluent
cultures of normal human dermal fibroblasts were allowed to produce and deposit ECM during a 7 d incuba-
tion period in the presence of tested compounds. Subsequently, fibroblasts were removed and the growth rates
of freshly placed cultures of human osteosarcoma cells (lines U2-OS, MMNG, or SK.ES1) on pre-formed
ECM were assayed in plain cell growth medium. In addition, ECM was deposited by fibroblasts on the upper
surface of a porous plastic membrane and the subsequent migration of osteosarcoma cells to the other side was
assayed in non-supplemented medium. The results demonstrated that the ECM produced by normal fibroblasts
treated with a mixture of ascorbic acid, lysine, proline, arginine, cysteine, and green tea polyphenols signifi-
cantly reduced the growth rate and invasive activity of osteosarcoma cells in contrast to the non-supplemented
control. The changes in ECM properties were accompanied by significant changes in ECM protein and gly-
cosaminoglycan composition as assayed immunochemically. We conclude that anticancer effects of nutrients
involve beneficial changes in ECM biological properties. The role of ECM components in ECM-dependent

regulation of tumor cell activities is discussed.
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MMP-9.

Introduction

Osteosarcoma, the most common bone cancer and
the sixth most common cancer in children, demon-
strates aggressive, rapid growth and metastasis.
Approximately 20% of children diagnosed with
osteosarcoma have an advanced stage of osteosarcoma
that has metastasized to the lungs, brain, and other
bones (/). For decades, standard treatment for
osteosarcoma has consisted of surgery (amputation or
limb salvage surgery) and chemotherapy, which focus
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on cancer cell destruction, but do not address metasta-
sis. Radiation and chemotherapy have not only been
neffective in providing a cure, but also indiscrimi-
nately attack all cells—causing cellular damage and
destruction of the body’s connective tissue.

Cancer cells form tumors and spread by degrading
the extracellular matrix (ECM) through various
matrix metalloproteinases (MMPs). The activity of
these enzymes correlates with the aggressiveness of
tumor growth and invasiveness of the cancer. Rath and
Pauling (2) postulated that nutrients such as lysine and
ascorbic acid could act as natural inhibitors of ECM
proteolysis and, as such, have the potential to modu-
late tumor growth and expansion. These nutrients can
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exercise their antitumor effect through the inhibition
of MMPs, and, in addition, by strengthening of con-
nective tissue surrounding cancer cells through their
effect on collagen synthesis. These two processes are
essential for a tumor-encapsulating effect.

MMPs and constituents of ECM play a critical role
in neoplastic invasion and metastasis. In previous stud-
ies, a unique combination of nutrients (NM) demon-
strated anti invasive effects on osteosarcoma cell lines
MNNG-HOS, U-20S, and Ewings sarcoma in vitro
(3). We followed this with an in vivo investigation of
the effect of a diet supplemented with NM (0.5%) on
the growth of tumors induced by implanting human
osteosarcoma MNNG xenografts in athymic nude
mice (4). We found that not only did NM inhibit the
growth of tumors in nude mice, but that histological
evaluation revealed decreased mitotic index, MMP-9,
and VEGF secretion in the supplemented tumor tissues
when compared to control group tissues. Structural
changes in the ECM are necessary for cell migration
during tissue remodeling. Recent studies have investi-
gated the role of cell surface integrins interacting with
tumor cells, mediating migration and invasion of these
cells (5). It was demonstrated that structure and com-
position of the ECM affect tumor cell adhesion, motil-
ity, and invasion through the ECM. This prompted us
to investigate if NM had any effect on ECM composi-
tion and biological properties.

Methods

Cultured Cells and Materials

Normal human dermal fibroblasts were supplied
by ATCC, maintained in Dulbecco’s minimum
essential medium (DMEM) supplemented with 5%
fetal bovine serum (FBS) and used in the experi-
ments at passages 10th to 12th. Human osteosar-
coma cells, lines SK-ES1, U20S, and MNNG, were
supplied by ATCC and maintained in 5% FBS-sup-
plemented MEM. All cell culture reagents were from
Gibco and ATCC, cell culture plastic ware was from
Becton Dickinson, nutrient mixture and green tea
extract (80% phenolics ) were produced and sup-
plied by Vitatech (Hayward, CA). All other reagents
were from Sigma or as specified.

Osteosarcoma Cell Growth

Osteosarcoma cell proliferation was assayed by
[*H]thymidine incorporation into cellular genetic
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material. Cells were plated in 24-well plates at a den-
sity of 10,000 cells per cm? in 0.5 mL of MEM sup-
plemented with 2% FBS. The attached cells were
supplied every 24 h with fresh growth medium plus
additions, as specified in the protocols. Test agents
included the nutrient mixture (NM) and individual
components. A stock solution of the nutrient mixture
was prepared daily immediately before addition to
cell cultures by solving in MEM to a concentration of
10 mg/mL, vigorously vortexed for 1 min, and filtered
through a 0.2 pm sterile filter. Cell proliferation was
measured 3 d later by the addition of 1 pCi/mL
[*H]thymidine (MP Biomedicals) to the cell culture
for the last 24 h of the experiment. Cells were washed
three times with cold phosphate-buffered saline
(PBS), pH 7.2, incubated with 10% trichloroacetic
acid for 15 min at 4°C, washed with cold ethanol, air-
dried, solubilized in 0.5 N sodium hydroxide, and then
neutralized with hydrochloric acid. Samples were
mixed with scintillation fluid and counted using a lig-
uid scintillation counter (model 6500 LS, Beckman
Instruments, USA). Cellular DNA-incorporated
radioactivity was expressed as d/min per well.

Osteosarcoma Cell Growth
on Fibroblast-Produced ECM

Fibroblasts were grown on collagen type I-coated
culture plates to confluency in DMEM supplemented
with 5% FBS. The fibroblast cultures were supple-
mented with NM for 8 d in the growth medium
changed daily. Fibroblasts were removed from the
ECM surface, exposing the fibroblast-produced ECM
by treatment with 25 mM NH4;OH/0.5% Triton X-
100 as described previously (6). Osteosarcoma cells
were seeded at a density of 10,000 cells per cm? and
allowed to grow on the surface of the fibroblast-pro-
duced ECM in unsupplemented MEM/2% FBS for 3
d. Cell growth rate was measured with [>H]thymidine
incorporation assay as described above.

Osteosarcoma Invasion Through
Fibroblast-Produced ECM

Normal human dermal fibroblasts were plated and
grown to confluency onto plastic porous (3 pum
pores) membranes covered with collagen type T gel.
Cells were then supplied with NM in DMEM/5%
FBS for 7 d to allow for production of and deposition
of extracellular matrix, as described above. Human
osteosarcoma cells were grown in a culture flask in
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the presence of 0.5 pCi/ml [*H] thymidine for 24 h
(label incorporated into cellular DNA). Cancer cells
were then washed of non-incorporated label, sus-
pended in serum-free cell culture medium, and
plated onto the fibroblast extracellular matrix layer
in the absence of NM. Cancer cell invasion through
the porous membrane covered with cell-ECM layer
was stimulated by placing 5% FBS in the lower
chamber. After 24 h incubation, the number of
invaded cancer cells was estimated by measuring
radioactivity on the other side of membrane.

Osteosarcoma Attachment to Various Surfaces

For coincubation attachment assay, metabolically
prelabeled MNNG and U20S cells (as described
above) were seeded on plastic, collagen type 1 or
fibroblast-produced ECM at the density of 10,000
cells/cm? and incubated for 30 min at 37°C in serum-
free medium supplemented with 250 UM ascorbate,
250 pg/mL NM, or none. Cell attachment was esti-
mated according to surface-bound radioactivity
recovered after unbound cell removal by washing
with PBS. For preincubation attachment assay,
MNNG cells were pre-incubated for 3 d with 250
UM ascorbate or 250 pg/mL NM or control media.
Cell attachment to collagen I substrate was assayed
in plain serum-free medium, as described above.

Determination of ECM Composition

Human dermal fibroblasts were seeded in a 96-
well plate covered with collagen type I in 5%
FBS/DMEM. After reaching confluence cells were
supplemented with 100 pg/mL nutrient mixture or
corresponding amounts of ascorbic acid (100 uM) or
green tea extract (20 pg/mL) for 8 d with media
change every other day. Extracellular matrix was
exposed by cell removal with NH4OH/Triton X-100
treatment as described before. Sandwich-type
immunoassay was applied to determine changes in
component accumulation in exposed ECM. Primary
antibodies were rabbit polyclonal for collagen type
IV, fibronectin and laminin (Rockland Immuno-
chemicals), monoclonal for collagen type I, elastin,
chondroitin sulfate (Sigma), and heparan sulfate
{Chemicon), and biotin-conjugated hyaluronic acid
binding protein (US Biological) was used for
hyaluronic acid assay. Primary antibody was incu-
bated with ECM for 2 h at room temperature in 1%
bovine serum albumin (BSA) in PBS followed by
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washing with 0.1% BSA/PBS and incubation with
corresponding secondary antibody labeled with
horseradish peroxidase (all from Rockland) for 1.5 h
at room temperature. Streptovidin—peroxidase con-
jugate (Rockland) was used for hyaluronic acid
assay. TMB substrate (Rockland) was used for
detecting ECM-bound peroxidase after second
washing cycle. Data are presented as average optical
density values at 450 nm for four repetitions after
correction for cell-free control and expressed as per-
centage to supplementation-free controls.

Composition of the Nutrient Mixture (NM)

Stock solution of the nutrient mixture (total weight
4.2 g) is composed of the following: vitamin C (as
ascorbic acid and as Mg, Ca, and palmitate ascorbate)
700 mg; L-lysine 1000 mg; L-proline 750 mg; L-argi-
nine 500 mg; N-acetyl cysteine 200 mg; standardized
green tea extract 1000 mg (green tea extract derived
from green tea leaves was obtained from US Pharma
Lab; the certificate of analysis indicates the following
characteristics: total polyphenol 80%, catechins 60%,
EGCG 35%, and caffeine 1.0%); selenium 30 pg;
copper 2 mg; manganese 1 mg.

NM was formulated based on targeting different
stages of cancer progression and metastasis. For
example, the ECM integrity is dependent on ade-
quate collagen formation; the amino acids lysine and
proline are necessary for formation of collagen
chains and ascorbic acid is essential for the hydrox-
ylation reaction. Manganese and copper are also
essential for collagen formation. Ascorbic acid has
also been shown to inhibit cell division and growth
through production of hydrogen peroxide (7). Green
tea extract has shown to be a promising agent in con-
trolling angiogenesis, metastasis, and other aspects
of cancer progression (8). N-acetyl cysteine has been
observed to inhibit MMP-9 activity (9) and invasive
activities of tumor cells (/0). Selenium has been
shown to interfere with MMP secretion and tumor
invasion (11), as well as migration of endothelial
cells through ECM (10). Because arginine is a pre-
cursor of nitric oxide (NO), any deficiency of argi-
nine can limit the production of NO, which has been
shown to predominantly act as an inducer of apopto-
sis, as in breast cancer cells (12).

Based on the evidence available in the literature
and our own research, we hypothesized that a combi-
nation of ascorbic acid, lysine, proline, green tea
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extract, arginine, N-acetyl cysteine, selenium, copper,
and manganese would work synergistically. For
example, we found that a combination of ascorbic
acid, lysine, and proline used with EGCG enhanced
the anti-invasive activity of 20 ug/mL EGCG to that
of 50 ug/mL (13). Thus, by including nutrients like N-
acetyl cysteine, arginine, selenium, manganese, and
copper in addition to ascorbic acid, proline, lysine,
and EGCG, we could obtain significant reduction in
cell invasion at a much lower concentration of EGCG.

Statistical Analysis

The results were expressed as means = SD for the
groups. Data were analyzed by independent sample
“t” test. Correlation coefficients were determined
using MedCalc Software (Mariakerke, Belgium).

Results

Effect of the Nutrient Mixture
on Osteosarcoma Cell Growth

NM significantly inhibited osteosarcoma cell
growth. In SK-ES1 cells, proliferation was reduced
compared to the control by 85.7% (p = 0.0002) at 25
pg/mL NM, by 95.8% (p < 0.0001) at 50 pg/mL
NM, and by 96.2% (p < 0.0001) at 100 pg/mlL. NM
(Fig. 1A). Similarly, in U20S cells, NM reduced
proliferation over the control by 49% (p = 0.0067) at
10 pg/mL NM, 84% (p = 0.0005) at 25 pg/mL NM,
and 99.4% (p = 0.0002) at 100 pug/mL NM (Fig. 1B).
With MNNG-HOS cells, dose-dependent inhibition
was also seen; antiproliferative effect of NM was
22.4% (p =0.03) at 25 pg/mL., 40% (p = 0.003) at 50
pg/mL, and 66.9% (p = 0.0002) at 100 pg/mL con-
centration (Fig. 1C).

Effect of ECM-Mediated Effects
of NM on Osteosarcoma Growth

The ECM produced by normal fibroblasts treated
with NM 100 pg/mL reduced the growth rate of
osteosarcoma cells in contrast to the non-supple-
mented control. Although the results were not statis-
tically significant, MNNG osteosarcoma cell growth
(Fig. 2A) was reduced by 11.6% (p =0.5) and U20S
osteosarcoma cell growth (Fig. 2B) by 15.2% (p =
0.38). ECM-mediated reduction of SK.ES-1
osteosarcoma cell growth (Fig. 2C) reached statisti-
cal significance (17.8%, p = 0.037).
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Fig. 1. Effect of NM on human osteosarcoma cell
growth. Proliferating osteosarcoma cultures were incu-
bated with indicated amounts of the nutrient mixture for
72 h. Cell growth rate was evaluated by incorporation of
[3H]-thymidine into cellular DNA during last 24 h of the
experiment; (A) SK.ES-1 osteosarcoma cell growth; (B)
U20S osteosarcoma cell growth; (C) MNNG-HOS
osteosarcoma cell growth.

Osteosarcoma Invasion Through Fibroblast
(FB)-produced ECM

The ECM produced by normal fibroblasts treated
with the nutrient mixture significantly reduced the
invasion of osteosarcoma cells in a dose-dependent
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Fig. 2. Effects of NM on osteosarcoma cell growth on
HDF-produced ECM. ECM production for 8 days,
osteosarcoma cell growth 72h. Cell growth rate was eval-
uated by incorporation of [*H]thymidine into cellular
DNA during last 24 h of the experiment; (A) MNNG
osteosarcoma cell growth; (B) U20S osteosarcoma cell
growth; (C) SK.ES-1 osteosarcoma cell growth.

manner (r = -0.628, p = 0.029), with 33% inhibition
at 100 pug/mL NM, as shown in Fig. 3.

Effects of NM on Osteosarcoma Cell
Attachment to Various Substrates

Osteosarcoma U20S attachment to collagen was
greater than to plastic (by 35%, p = 0.02) and greater
still to Matrigel than to plastic (by 128%, p =
0.0006), as shown in Fig. 4. Coincubation with
ascorbate decreased osteosarcoma U20S cell attach-
ment to plastic by 25% (p = 0.05), as shown in Fig.

Medical Oncology

213
140
o 120
& 100 -
2 g0 -
T 60-
®
S 40-
&
= 20-
0- :
0 pg/mi Zﬁgxglml 50pglml 100 pg/m!

Fig. 3. Effect of NM on U20S cell invasion through
fibroblast-produced ECM. U20S cells were plated on top
of fibroblast-produced ECM. Cell migration was initiated
by addition of 10% FBS to the lower chamber. Cell inva-
sion was estimated in 24 h by counting cells migrated to
the other side of the membrane and expressed as % of
unsupplemented control
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Fig. 4. U20S cell attachment to different surfaces in
control media.

5. Coincubation with NM further decreased U20S
cell attachment by 61% (p = 0.001). Similarly, coin-
cubation with ascorbate and NM reduced osteosar-
coma U20S cell attachment to collagen I, as shown
in Fig. 6. Coincubation with ascorbate 250 uM
resulted in 17.7% (p = 0.04) decreased osteosarcoma
MNNG-HOS cell attachment to collagen I; further-
more, coincubation with NM 250 pg/mL resulted in
46.6% (p = 0.0001) inhibition of osteosarcoma
MNNG-HOS cell attachment to collagen I (Fig. 7).
Preincubation of osteosarcoma MNNG-HOS cells

Volume 24, 2007



214

007
0.06 -
0.05 4
0.04 ~
0.03

000 ' T I . l

0.02 -
0.01

No Co- Ascorbic NM 250
Treatment acid 250 yM  pg/ml

MTT OD 550
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Fig. 6. Effect of co-treatment with NM or ascorbic
acid on U20S cell attachment to collagen I.

with ascorbic acid had no significant effect on colla-
gen | attachment. However, pre-treatment with NM
250 pg/mL resulted in significant reduction (57.9%,
p =0.0002) in osteosarcoma cell attachment to col-
lagen I (Fig. 8). Significant correlation was observed
between fibroblast-mediated extracellular matrix
components, as shown in Table 1.

Effects of the Nutrients

on Fibroblast-Produced ECM Composition
Incorporation of collagen types I and IV into the

ECM by fibroblasts was dramatically increased over

that in the control ECM with exposure to ascorbic
acid (1315% and 389%, respectively), but reduced
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Fig. 7. Effect of co-treatment with NM or ascorbic
acid on MNNG cell attachment to collagen 1.
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Fig. 8. Effects of pre-incubation with 250 pM ascorbic
acid or 250 ug/mL NM on MNNG HOS osteosarcoma
cell attachment to collagen 1.

significantly with exposure to the nutrient mixture
(by 37% for collagen I and 80% for collagen IV), as
shown in Table 2. Exposure of fibroblasts to the nutri-
ent mixture resulted in greater inhibition of incorpo-
ration of both collagens into the fibroblast-mediated
ECM than did exposure of fibroblasts to green tea
extract alone, which resulted in 25% reduction of col-
lagen type I and 72% reduction of collagen type IV
when compared to the control ECM. Elastin and
heparan sulfate incorporation into the ECM exposed
to 100 pg/mL of the nutrient mixture decreased sig-
nificantly over the control ECM, by 51% and 68%,
respectively. Elastin was not significantly affected by
ascorbic acid and green tea extract. Heparan sulfate
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Table 1
Correlation Between Fibroblast-Mediated Extracellular Matrix Components

Collagen type 1 Collagen type IV Heparan sulfate

Collagen type IV r =0.9856

p=0.0144
Heparan sulfate r=0.9611 r=0.9926

p =0.0389 p =0.0074
Hyaluronic acid r=0.9858 r=0.9712 r=0.9607

p =0.0020 p =0.0058 p =0.0093

Table 2

Effect of Nutrients on Composition of Fibroblast-Mediated Extracellular Matrix

No additions NM Ascorbic Acid Green Tea Extract
100 pg/mL 100 pM 20 pug/mL

Collagen type 1 100.0 (15.5) 63.3 (12.5)* 1315.2 (164.4)** 75.0 (22.6)
Collagen type IV 100.0 (17.2) 20.4 (13.9)** 389.2 (35.8)** 28.3 (5.6)**
Fibronectin 100.0 (11.3) 90.0 (5.9) 114.3 (19.5) 116.7 (17.3)
Laminin 100.0 (5.2) 88.9 (5.3)* 93.2 (11.5) 95.0 (11.8)
Elastin 100.0 (17.9) 49.0 (8.9)** 104.4 (27.2) 86.3 (33.7)
Chondroitin Sulfate 100.0 (5.7) 99.6 (7.5) 118.0 (15.7) 149.7 (4.9)**
Heparan Sulfate 100.0 (22.1) 32.2 (16.2)** 291.5 (21.6)** 11.5 (20.8)**
Hyaluronic Acid 100.0 (12.2) 108.5 (16.0) 238.5 (78.9)* 79.5 (9.9)

*p<0.05; ** p <0.01.

was significantly increased in the presence of ascor-
bic acid and significantly decreased in the presence of
green tea extract. However, the nutrient mixture did
not significantly affect fibronectin, chondroitin sul-
fate, and hyaluronic acid incorporation.

Discussion

The interaction of neoplastic cells with the under-
lying extracellular matrix is a central component of
cancer development, including tumor growth and
ECM degradation by proteases leading to invasion
and angiogenesis. In this study we investigated
whether nutrients could exert anticancer effects
through alteration of ECM biological properties.
The results demonstrated that the ECM produced by
normal fibroblasts treated with a mixture of ascorbic
acid, lysine, proline, arginine, cysteine, and green
tea polyphenols significantly reduced the growth
rate and invasive activity of osteosarcoma cells in
contrast to the non-supplemented control. Tumor
cell adhesion to the ECM also plays a part in mod-
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ulating cancer progression. We demonstrated that
coincubation, as well as preincubation of osteosar-
coma cells with the nutrient mixture, inhibited adhe-
sion of osteosarcoma cells to various substrates,
including collagen type 1.

Matrix invasion can be controlled by inhibition of
MMP activity, as well as by strengthening and stabi-
lizing the connective tissue. Many cancers often
demonstrate fragmentary basement membranes in
contrast to the continuous basement membrane
found in their benign counterparts (/4). Thus, a
reduced capacity of cancer cells to synthesize an
optimal intact basement membrane may also play a
role in tumor cell invasion. The change in ECM
composition with cancer progression has not been
studied in depth, and there are conflicting results
with matrix proteins associated with cancer. Some
gastrointestinal cancer cell lines were found to be
unable to produce laminin (/5), while in malignant
melanoma patients, laminin, hyaluronan, tenascin-C,
and collagen type IV levels were seen to increase
over that found in healthy individuals (16).
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In our study, exposure of fibroblasts to the nutrient
mixture resulted in an ECM with significantly
decreased collagen, elastin, and heparan sulfate lev-
els, compared to control ECM, resulting in increased
stability of the ECM, as evidenced by inhibition of
osteosarcoma cells through the fibroblast-produced
ECM. Thus, the ECM strength in inhibiting invasion
was increased with exposure to NM, with a corre-
sponding decrease in production of matrix proteins,
suggesting that the inhibition was not due to mechan-
ical blocking secondary to increased ECM thickness,
but due to other mechanisms, such as decreasing sus-
ceptibility to integrin interaction with the ECM. For
example, the significant reduction of laminin,
through which integrins are reported to bind, would
lead to fewer binding sites. In addition, the significant
reduction in production of heparan sulfate, which has
been shown to be a binding agent for growth factors,
would result in reduction of storage of growth factors
available for cell growth stimulation, and thus would
explain the reduction observed in osteosarcoma cell
proliferation in cells exposed to NM. As mentioned
previously, in earlier studies NM demonstrated anti
invasive effects on osteosarcoma cell lines MNNG-
HOS, U-208, and Ewing’s sarcoma in vitro (3), as
well as in vivo, where diet supplementation with NM
(0.5%) significantly inhibited the growth of tumors
induced by implanting human osteosarcoma MNNG
xenografts in athymic nude mice (4).

Optimization of synthesis and structure of colla-
gen fibrils depends on hydroxylation of proline and
lysine residues in collagen fibers. It is well known
that ascorbic acid is essential for the hydroxylation
of these amino acids, as well as for collagen synthe-
sis. Lysine is the most abundant amino acid in colla-
gen. Both ascorbic acid and lysine are not produced
in the human body; therefore, suboptimal levels of
these nutrients are possible in various pathological
stages and through deficient diets. In addition to
suppressing tumor growth and MMP secretion,
green tea extract components have also been shown
to increase cell stability and decrease cell adhesion,
cell spreading, and protease binding (17,18).

Conclusion

The ECM synthesized by normal fibroblasts
treated with NM demonstrated increased stability
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and significantly reduced the osteosarcoma cell
growth rate, invasive activity, and adhesion to colla-
gen I and other substrates. While clinical studies are
necessary to better determine the efficacy of nutrient
therapy in both cancer prevention and treatment, the
results of this study and our previous studies on
osteosarcoma suggest the nutrient mixture contain-
ing lysine, proline, arginine, ascorbic acid, and green
tea extract has potential therapeutic use in the treat-
ment of the highly aggressive osteosarcoma cancer,
by beneficially modulating ECM biological proper-
ties, suppressing tumor growth independent of
immune system function, and inhibiting critical
steps in cancer metastasis, such as MMP secretion
and invasion.
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