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IN VIVO AND IN VITRO ANTITUMOR EFFECT OF A UNIQUE
NUTRIENT MIXTURE ON LUNG CANCER CELL LINE A-549

M. Waheed Roomi, Vadim Ivanov, Tatiana Kalinovsky, Aleksandra
Niedzwiecki, and Matthias Rath [ D»r Rath Research Institute,
Cancer Division, Santa Clara, California, USA

L The high incidence of lung cancer and ineffective toxic action of current mono and doublet
chemotherapy approaches result in poor patient survival. Further, matrix melalloproteinases
(MMPs) are implicated in neoplastic invasion and metastasis. Based on this, the authors inves-
tigated the effect of a dietary micronutrient mixture (NM) containing lysine, proline, arginine,
ascorbic acid, and green lea extract on the lumor growth of hwman lung carcinoma cell A-549
xenografls in athymic nude mice. Additionally, the authors tested the in vitro antitumor effect
of NM on lung carcinoma A-549 cells by measuring cell proliferation by MTT assay, MMP-2
and -9 secretion by gelatinase zymography, and cell invasion through Matrigel. Nulrient supple-
mentalion sirongly suppressed the growth of lumors without adverse effecls in nude mice; tumor
weight was reduced by 44% (P= .0001) and tumor burden was reduced by 47% (P <.0001)
with supplementation. Zymography demonstrated in vitro secretion of MMP-2 by uninduced
human lung carcinoma cells and both MMP-2 and -9 by phorbol 12-mysristate 13-acelatle
(PMA) (200 ng/ mL)-treated cells. NM inhibited the secretion of both MMPs in a dose-dependent
Sashion, with virtual total inhibition at 500ug/ mL concentration. The invasion of human lung
carcinoma cells through Matrigel was significantly reduced at 100pg/mL (64%) and lotally
inhibited at 500ug/ml concentration of NM (P = .01). Suppression of lung tumor growth in
nude mice and inhibition of MMP secretion and Matrigel invasion suggest NM may act as an
anlicancer agent and as such warrants further investigation.
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Lung cancer is the leading cause of cancerrelated death for both men
and women worldwide. For 2005, the American Cancer Society estimates
approximately 172,570 new cases of lung cancer in the United States [1].
Worldwide incidence of lung cancer has increased from one million in
1999 to 1.35 million new cases in 2002 [2]. Despite a shift in treatment
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strategy in the 1970s from radiotherapy to sequential chemoradiation to
concurrent chemoradiation, only marginal improvement in survival has
been seen; nearly 163,510 Americans will die from lung cancer this year
and 5-year survival is limited to 5% to 10% [3]. Average age at diagnosis
is 70 and the American Cancer Society estimates that nearly 6 out of 10
people with lung cancer will die within 1 year of diagnosis. Non-small-cell
lung cancer (NSCLC), a heterogeneous aggregate of histologies, com-
prising squamous, adenocarcinoma, and large-cell carcinoma, is the
dominant histology responsible for roughly 80% of all lung malignancies
[4]. Approximately 50% of NSCLC cases present with incurable meta-
static (stage IV) disease [5]. Not only does radiation therapy and adjunc-
tive chemotherapy fail to improve survival in NSCLC patients, but these
strategies are associated with dose-dependent toxicities due to nonselec-
tive damage to cancerous and normal cells. Cisplatin is associated with
severe nephrotoxicity [6]; vincristine, with dose-limiting neurotoxicity,
manifested mainly as peripheral neuropathy [7]; doxorubicin with cardi-
otoxicity, which can lead to acute and chronic heart failure [8, 9];
etoposide with bone marrow suppression and gastrointestinal toxicity
[10]; and cyclophosphamide with significant pulmonary toxicity [11].
Taken together, late diagnosis of lung cancer, high mortality, and the
ineffective and harmful effects of chemotherapy and radiotherapy
necessitate the adoption of novel treatment approaches that target and
arrest metastasis.

Proteolytic degradation of the extracellular matrix (ECM) is necessary
for cancer cells to invade and metastasize. Matrix metalloproteinases
(MMPs) are zinc-dependent endopeptidases implicated in facilitating
tumor invasion and metastasis through perforation of physical barriers to
invasion by degradation of ECM macromolecules and modulation of cell
adhesion and activation of ECM components to expose hidden biologic
activities. Due to this, recent research efforts have focused on the role of
MMP inhibitors in the modulation of tumor invasion, metastasis, and
angiogenesis. Rath and Pauling proposed that natural inhibitors, such as
lysine and ascorbic acid, have the potential to inhibit tumor growth and
expansion through the modulation of ECM proteolysis and optimization
of connective tissue integrity [12]. Our earlier work based on this concept
led to the development of a nutrient composition (NM) that has shown to
be effective in achieving a complete inhibition of ECM invasion of several
cancer cell lines in vitro, strong antimetastatic effects in animal models [13,
14], and demonstrated significant antiangiogenic and proapoptotic effects
[15, 16].

In this report we investigated the antitumor potential of this NM-con-
taining ascorbic acid, lysine, proline, arginine, and green tea extract on
human lung carcinoma cells A-549 in vivo and in vitro.
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MATERIALS AND METHODS
Cancer Cell Line and Culture

Human lung cancer cells A-549 obtained from ATCC (American Type
Culture Collection, Rockville, MD) were maintained in Ham FI12K
medium, supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin. The media and sera used were obtained from
ATCC, and antibiotics (penicillin and streptomycin) were from Gibco BRL,
Long Island, NY.

Composition of Nutrient Mixture

Stock solution of the NM was composed of the following in the ratio
indicated: vitamin C (as ascorbic acid and as Mg, Ca, and palmitate ascor-
bate) 700mg; t-dysine 1000mg; vr-proline 750 mg; r-arginine 500 mg;
N-acetylcysteine 200 mg; standardized green tea extract (80% polyphenol)
1000 mg; selenium 30 pg; copper 2 mg; manganese 1 mg.

The NM was formulated based on targeting different physiological
processes involved in cancer progression and metastasis at the cellular level.
For example, the ECM integrity is dependent upon adequate collagen for-
mation and its stability. In this aspect ascorbic acid and the amino acids
lysine and proline are necessary for the formation and optimum structure
of collagen fibers. Manganese and copper are also essential cofactors in col-
lagen formation process. Collagen stability can be controlled by lysine [12]
and also by Nacetylcysteine through its inhibitory effect on MMP-9 activity
[17] and invasive activities of tumor cells [18]. Also, selenium has been
shown to interfere with MMP expression and tumor invasion [19], as well
as migration of endothelial cells through ECM [18]. Ascorbic acid, in
addition to its critical role in ECM structure, has been shown to inhibit can-
cer cell division and growth through production of hydrogen peroxide,
especially when applied in high doses [20, 21]. Green tea extract has shown
to be a promising agent in controlling angiogenesis, metastasis, and other
aspects of cancer progression [22]. Because arginine is a precursor of nitric
oxide (NO), any deficiency of arginine can limit the production of NO,
which has been shown to predominantly act as an inducer of apoptosis,
as in the case of breast cancer cells [23].

Based on our own research and published data, we postulated that
metabolic effects of a combination of ascorbic acid, lysine, proline, green
tea extract, arginine, N-acetylcysteine, selenium, copper, and manganese
would result from their synergy. For example, we found that a combination
of ascorbic acid, lysine and proline used with epigallocatechin gallate
(EGCG) enhanced the anti-invasive activity of 20 pg/mL EGCG to that of
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50 pg/mL [24]. Thus by including nutrients such as Nacetylcysteine, argi-
nine, selenium, manganese, and copper in addition to ascorbic acid, pro-
line, lysine, and EGCG, we could obtain significant reduction in cell
invasion at a much lower concentration of EGCG.

In Vivo Studies

Animals

Male athymic nude mice (NCr-nu/nu), approximately 6 weeks of age
on arrival, were purchased from Simonsen Laboratories, Gilroy, CA, and
maintained in microinsulator cages under pathogen-free conditions on a
12-hour light/12-hour dark schedule for a week. All animals were cared
for in accordance with institutional guidelines for the care and use of
experimental animals.

After housing for a week, the mice were inoculated subcutaneously with
3 x 10° human lung cancer cells in 0.2mL of phosphate-buffered saline
(PBS) and 0.1 mL of Matrigel (BD Bioscience, Bedford, MA). After injec-
tion, the mice were randomly divided into 2 groups, A and B. Six mice were
allocated to each group. From day 1, mice from group A were fed a regular
diet and those in group B were fed a regular diet supplemented with
0.5% NM (w/w). During the study, the mice consumed, on the average,
4 g of their respective diets per day. (Thus, the supplemented mice received
approximately 20 mg of NM per day.) After 4 weeks, mice were sacrificed;
tumors were excised, weighed, and measured. Dimensions [length
(L) x width (W)] of the tumors were measured with a pair of digital cali-
pers, and the tumor burden was calculated using the following formula:
1/2 x LxW. Tumors were then fixed in 10% (v/v) buffered formalin
and processed for histology.

Histology

Tissue samples were fixed in 10% buffered formalin. All tissues were
embedded in paraffin and cut at 4 to 5 microns. Sections were deparaffi-
nized through xylene and graduated alcohol series to water, and incubated
for 5 minutes in aqueous 3% hydrogen peroxide to block endogenous
peroxidase. Histological sections were stained with hematoxylin and eosin
(H&E) for evaluation using a standard light microscope.

In Vitro Studies

Cell Culture

At near confluence, the lung carcinoma A549 cells were treated with
the NM, dissolved in medium and tested at 0, 10, 50, 100, 500, and
1000 pg/mL in triplicate at each dose. Cells were also treated with
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200 ng/mL of phorbol 12-mysristate 13-acetate (PMA). Five microliters of a
40 pg/mL solution of PMA was added to 0.5mL of medium. The plates
were then returned to the incubator.

MTT Assay

Cell proliferation was evaluated by MTT [3-(4,5-dimethylthiazol-2-yl)
2,5-diphenyl tetrazolium bromide] assay 24 hours following incubation with
test reagents. The MTT assay is a colorimetric assay based on the ability of
viable cells to reduce a soluble yellow tetrazolium salt (MTT) to a blue for-
mazan crystal by mitochondrial succinate dehydrogenase activity of viable
cells. This test is a good index of mitochondrial activity and thus of cell
viability. The cells were washed with PBS and 500 pL of MTT (Sigma catalog
number M-2128), 0.5 u/mL in medium, was added to each well. After MTT
addition, the plates were covered and returned to the 37°C incubator for
2 hours, the optimal time for formazan product formation. Following incu-
bation, the supernatant was carefully removed from the wells, the formazan
product was dissolved in 1 mL DMSO, and absorbance was measured at
570 nm in Bio Spec 1601, Shimadzu spectrometer. The ODj354 of the DMSO
solution in each well was considered to be proportional to the number of

cells. The ODs7¢ of the control (treatment without supplement) was con-
sidered 100%.

Gelatinase Zymography

MMP secretion in conditioned medium was determined by gelatinase
zymography. Gelatinase zymography was performed in 10% Novex precast
sodium dodecyl sulfate (SDS)-polyacrylamide gel (Invitrogen Corporation)
in the presence of 0.1% gelatin under nonreduced conditions. Culture
medium (20 pL) mixed with sample buffer was loaded and SDS-PAGE
was performed with Tris glycine SDS buffer as described by the manufac-
turer (Novex). Samples were not boiled before electrophoresis. Following
electrophoresis the gels were washed twice in 2.5% Triton X-100 for 30 min-
utes at room temperature to remove SDS. The gels were then incubated at
37°C overnight in substrate buffer containing 50 mM Tris-HCI and 10 mM
CaCls at pH 8.0, stained with 0.5% Coomassie Blue R250 in 50% methanol
and 10% glacial acetic acid for 30 minutes, and destained. Protein stan-
dards were run concurrently and approximate molecular weights were
determined by plotting the relative mobilities of known proteins.

Matrigel Invasion Studies

Invasion studies were conducted using Matrigel (Becton Dickinson)
inserts in 24-well plates. Suspended in medium, human lung cancer
A-549 cells were supplemented with nutrients, as specified in the design
of the experiment and seeded on the insert in the well. Thus both the
medium on the insert and in the well contained the same supplements.



446 M. W. Roomi et al.

The plates with the inserts were then incubated in a culture incubator equi-
librated with 95% air and 5% CQOs for 24 hours. After incubation, the
medium from the wells were withdrawn. The cells on the upper surface
of the inserts were gently scrubbed away with cotton swabs. The cells that
had penetrated the Matrigel membrane and migrated onto the lower sur-
face of the Matrigel were stained with Hematoxylin and Eosin and visually
counted under the microscope.

Statistical Analysis

The results were expressed as means & SD or SEM, as indicated in the
results, for the groups. Data was analyzed by independent-sample ¢ test.

RESULTS
In Vivo Studies

Tumor Growth

Nude mice supplemented for 4 weeks with NM in their diets, developed
significantly smaller tumors than did the control nude mice. Tumors
developed in NM supplemented mice demonstrated lower weight (by
44%, P=.0001, as shown in Figure 14) and tumor burden (by 47%,
P <.0001, as shown in Figure 1B) compared to those developed by the
control group of mice. Nude mice from both groups showed no body
weight loss over the study period. The initial mean weight of mice was
20.6 £ 0.7 g; the mean post treatment weight of the control group of mice
was 23.2 &= 1.02 g and of the supplemented group was 21.3 =1.02g.

Histology

Sections from irregularly round, focally invasive subcutaneous masses of
the control group of mice were composed of nests and sheets of irregularly
round to cuboidal epithelioid cells with irregularly round nuclei and vari-
ably vacuolated cytoplasm consistent with a carcinoma. Bluish staining
material, probably mucin, was occasionally seen in the interstitial tissue
of tumors. Mitotic figures averaged about 1 per high-power field. Foci of
tumor necrosis infiltrated with neutrophils were variably disseminated in
the tumor, involving about 10% of the masses. Tumor masses were sur-
rounded by fibroblasts and a moderate mixed inflammatory cell infiltrate.
The histology of masses from the supplemented group were similar to the
control group, except the necrosis involved about 20% of the tumor masses
and the inflammatory cell response surrounding the tumors consisted
primarily of macrophages.
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FIGURE 1 Effect of nutrient suplementation (NM 0.5% diet) on mean tumor weight (A) and mean
tumor burden (B) in male nude mice (6 in each group) 4 weeks post inoculation with human lung can-
cer A-549 cell xenografts. Nutrient supplementation reduced tumor weight by 44% (P = .0001) and
mean tumor burden by 47% (P <.0001). Error bars on graphs represent SEM. Tumor burden was
calculated as 1/2 x L xW,

In Vitro Studies

Cell Proliferation Study

The nutrient mixture applied at lower concentrations (up to
500 pg/ml) did not show any significant effect on lung carcinoma cell
growth. Cell proliferation increased to 144% (P = .002) over the control
at NM 500 pg/mL. However, at 1000 pg/mL, NM inhibited growth to 80%
of the control (P = .008), as shown in Figure 2. It is difficult to explain the
sudden decrease in cell proliferation from 500 to 1000 pg/mL. It is possible
that the cells were not washed properly and that the residual NM interfered
with the assay. However, current studies in progress have demonstrated
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FIGURE 2 Effect of the nutrient mixture (NM) on cell proliferation of lung cancer A-549 cell line: MTT
assay 24 h. NM showed minimal stimulation of A-5349 cells up to 500 pg/mL, increased cell proliferation
by 40% at 500 pg/mL, and reduction in cell growth to 80% of the control at 1000 pg/mL. Error bars
represent SD.

increased apoptosis of A549 cells with higher NM concentration, especially
at 500 and 1000 pg/mL.

Gelatinase Zymography Study

Zymography assays have shown that uninduced human lung carcinoma
cells secrete only MMP-2 (Figure 3A), whereas PMA treatment (200 ng/mlL)
results in secretion of both MMP-2 and -9 (Figure 3B). Exposure of cells
to NM resulted in inhibition of the secretion of both MMPs in a dose-
dependent fashion, with virtual total inhibition at 500 pg/mL concentration.

MMP-9
MMP-2

(b)

FIGURE 3 Effect of the nutrient mixture (NM) on lung carcinoma A-549 MMP-2 and MMP-9 secretion
(A) and on PMA (200 ng/mL)-treated lung carcinoma A-549 MMP-2 and MMP-9 secretion (B). Lane 1,
markers; lane 2, control; lanes 3-7, NM 10, 50, 100, 500, 1000 pg/mL. Zymography demonstrated
secretion of MMP-2 and PMA-induced MMP-9 secretion. NM inhibited the secretion of both MMPs
in a dose-dependent fashion with total inhibition at 500 pg/mL.
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FIGURE 4 Effect of the nutrient mixture (NM) on lung cancer A-549 Matrigel invasion. NM inhibited
Matrigel invasion of A-549 cells by 64% at 100 pg/mL and totally blocked it at 500 pg/mL NM(P < .001).
Error bars represent SD.

Invasion Study

The invasion of human lung carcinoma cells through Matrigel was
significantly reduced at 100pg/mL (64%) and totally inhibited at
500 pg/mL concentration of the nutrient mixture (P=.01), as shown in
Figure 4.

DISCUSSION

Matrix metalloproteinases are involved in tumor growth, angiogenesis,
invasion, and metastasis. Tumor growth depends upon the generation of
new blood vessels to sustain survival and proliferation. Growing tumors
become hypoxic and acidotic beyond the size of 2 mm and secrete several
growth factors to stimulate local blood vessels to sprout branches. Acti-
vation of endothelial cells give rise to the production of matrix metallopro-
teinases, allowing for the decomposition of the surrounding extracellular
matrix and eventual development into new blood vessels.

The results of this in vivo study of human lung cancer cell xenografts in
immune impaired (athymic) male nude mice demonstrated significant sup-
pression of lung tumor growth (44% reduction in tumor weight and 47%
reduction in tumor burden) with nutrient supplementation (NM 0.5%).
In a previous study we showed that NM caused a significant (P <.05)
reduction in basic fibroblast growth factor (bFGF)-induced angiogenesis
in a chorioallantoic membrane (CAM) assay in chick embryos at a
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concentration of 250 pg/mlL, as well as decreased human osteosarcoma
U20S cell expression of Vascular endothelial growth factor (VEGF), angio-
poietin-2, bFGF, Platelet-derived growth factor (PDGF), and transforming
growth factor (TGF)--1 [15]. Though the results from the cellular prolifer-
ation study were questionable due to the large difference between the
effect at 500 and 1000 pg/mL, it is only one of the parameters involved
in tumor growth, as indicated above. Furthermore, studies in progress indi-
cate that NM causes increased apoptosis in lung cancer A549 cells with
higher doses, especially at NM 500 and 1000 pg/mL. In addition, a study
on the effects of this nutrient mixture on human T-lymphocytic virus
(HTLV)-1-positive (HuT-102 and C9-PL) and-negative (CEM and Jurkat)
cells revealed that this combination of nutrients significantly increased
apoptotic cells in the preG; phase, secondary to up-regulation of pb3,
p21, and Bax protein levels and down-regulation of Bcl-2x protein
expression [16].

Control of proteolytic activity of ECM provides an opportunity of
addressing common mechanism of metastasis, angiogenesis and tumor
growth. Research has shown that highly metastatic lung cancer and other
cancer cells secrete higher amounts of MMPs than do poorly metastatic
cells. Therefore, prevention of ECM degradation through the inhibition
of MMP activity, specifically MMP-2 (gelatinase A) and MMP-9 (gelatinase
B) has been shown to be a promising therapeutic target in blocking tumor
progression. Rath and Pauling postulated [12] that cancer growth and met-
astasis can be controlled through a natural approach, targeting the stability
of the connective tissue surrounding cancer and therefore contributing to
tumor “encapsulating” effect, using nutritional components, such as lysine
and lysine analogues. Lysine interferes with the activation of plasminogen
into plasmin by tissue plasminogen activator (tPA) by binding to plasmin-
ogen active sites, and consequently affecting the plasmin-induced MMP
activation cascade [12]. A recent study demonstrated 7-fold reduction in
metastasis of mammary cancer in plasmin deficient transgenic mice [25].
Lysine-mediated effects on the ECM include increased connective tissue
strength and stability. It is well known that optimization of synthesis and
structure of collagen fibrils depends upon hydroxylation of proline and
lysine residues in collagen fibers catalyzed by ascorbic acid. Suboptimal
levels of ascorbic acid and lysine are possible in various pathological
stages and in deficient diets as these nutrients are not produced in the
human body.

As mentioned previously, MMPs, especially MMP-2 and MMP-9, are also
involved in tumor metastasis. Currently there is no effective treatment to
blocking lung metastasis, and discovery of antimetastatic agents, especially
nontoxic ones, would dramatically improve lung cancer prognosis. Invasion
of host tissues is a hallmark of metastasis, a process dependent on tumor
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cell adhesion, cell migration, and proteolytic degradation of the ECM by
MMPs [26]. The results from our in vitro study of human lung cancer cells
demonstrated potent, significant suppression of MMP secretion and Matri-
gel invasion and migration of A-549 cells at 500 pig/mL. These results cor-
roborate with our earlier data obtained with various types of cancer cell
lines, indicating that NM affects mechanisms involved in cellular invasion
that are universal for various types of cancers rather than being cancer
specific [13-16].

The inhibitory effects of the individual nutrients tested have been
reported in both clinical and experimental studies. Ascorbic acid has been
reported to exert cytotoxic and antimetastatic actions on malignant cell
lines [21, 27-30]; in addition, low levels of ascorbic acid have been
reported in cancer patients [31, 32]. Green tea extract is a potent antican-
cer agent that has been reported to have antimetastatic and anti-angiogenic
effects against human cancer cell lines; however, its effects were observed at
much higher doses than available in food sources [33-35]. In this aspect,
our previous studies indicated that the inhibitory effect of ascorbic acid,
proline, lysine, and EGCG on several cancer cell lines in tissue culture stu-
dies was greater than that of the individual nutrients, allowing for obtaining
maximum effects using lower doses of individual components [24].

Over the years, cancer therapy has witnessed many exciting develop-
ments, but a cure for cancer still remains to be found, because therapeutic
approaches have relied mainly on killing tumors, without fully realizing the
mechanisms controlling cancer cell death. Shifting research directions
towards controlling cancer cell invasiveness in the tissues and their growth
opens up a possibility of finding effective controls of this disease. Appli-
cation of natural components in mixtures, not individually, can assure
enhanced effectiveness on multiple targets.

Furthermore, in contrast to the toxic side effects of current mono and
doublet chemotherapy, the nutrient mixture has been shown to be safe
therapeutic agent. In a previous in vivo study addressing safety issues, we
found that gavaging adult female ODS rats (weighing 250 to 300g) with
the nutrient mixture (at 30, 90, or 150 mg per day for 7 days), had neither
adverse effects on vital organs (heart, liver, and kidney), nor on the associa-
ted functional serum enzymes, indicating that this mixture is safe to use
even at these high doses, which far exceed the normal equivalent dosage
of the nutrient [36]. Specifically, no difference was observed in liver serum
levels of protein, albumin (A), globulin (G), A/G ratio, alkaline phospha-
tase, and aspartate aminotransferase (AST) between treated and control
groups. However, alanine aminotransferase slowly decreased with increased
dose of NM. In regard to heart serum levels, lactate dehydrogenase, cre-
atine kinase, and AST in test groups did not differ from control groups.
In regard to renal function, creatinine content (C) was the same for the test
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and control groups, and blood urea nitrogen (BUN) (B) showed a
decrease, as did the B/C ratio, with an increased concentration of NM. Fur-
thermore, in regard to lipid levels, in the NM groups, both cholesterol and
triglyceride levels decreased compared to control groups. There was no dif-
ference in the histopathology of liver, kidney, heart, and lung compared to
control groups and amongst test groups.
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