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INHIBITION OF GROWTH AND EXPRESSION OF INFLAMMA1 ION
MEDIATORS IN HUMAN LEUKEMIC CELL LINE
U-937 BY A NUTRIENT MIXTURE

M.W. Roomi, T. Kalinovsky, N.W. Roomi, M. Rath, A. Niedzwiecki*
Dr. Rath Research Institute, Cancer Division, Santa Clara, CA, USA

Aim: A nutrient mixture (NM) containing ascorbic acid, lysine, proline and green tea extract has exhibited anticancer activity in vitro
and in vivo in a number of cancer cell lines. We investigated the effect of NM on human leukemic myeloid U-937 cells in vitro by mea-
suring: cell proliferation, MMP expression, invasion, apoptosis, and COX-2 and COX-1 protein expression. Methods: Human leu-
kemic cell line U-937 (ATCC) was cultured in RPMI medium supplemented with fetal bovine serum and antibiotics. After 24 h, the
cells were treated with NM at 0, 50, 100, 250, 500 and 1000 pg/ml, in triplicate at each dose. Phorbol 12-myristate 13-acetate
(PMA), 100 ng/ml was added to cells to induce MMP-9 secretion. Cell proliferation was evaluated by MTT assay, MMP expression
by gelatinase zymography, invasion through Matrigel, apoptosis by using live green caspase detection kit (Molecular Probe), and
COX-2 and COX-1 expression by Western blot. Results: NM had no effect on U-937 cell growth at a concentration of 250 pg/ml and
exhibited an antiproliferative effect at 500 pg/ml concentration. Zymography did not demonstrate MMP-2 or MMP-9 secretion
in normal cells; however, PMA strongly induced MMP-9, which was inhibited by NM in a dose-dependent manner. Cell penetration
through Matrigel was significantly reduced (by 95%) at 250 pg/ml NM and completely blocked at 500 pg/ml NM. NM induced slight
apoptosis at 100 pg/ml and moderate at 500 and 1000 pg/ml concentration. NM inhibited COX-2 expression in a dose-dependent
fashion and had no effect on COX-1 expression. Conclusions: Our results suggest that NM has potent inhibitory effects on U-937 cell

growth and expression of inflammatory mediators, significant parameters in AML progression.
Key Words: human leukemic myeloid cell line U-937, nutrient mixture, MMP-9, Matrigel invasion, COX-2, apoptosis.

Numerous studies document the effectiveness
of natural approaches using herbs, vitamins and other
nutrients in treating cancer and suggest that con-
sumption of a plant-based diet has preventive effects
on cancer development and its progression [1, 2]. Fur-
thermore, naturally occurring plant compounds have
shown significant potential for cancer prevention and
treatment in preclinical studies and clinical trials [3-5].
Focusing on common pathomechanisms of cancer
growth, invasion, and metastasis, Dr. Rath and Paul-
ing [6] developed a new approach to therapeutic use
of micronutrients to control cancer, by controlling
invasive parameters of cancer progression, such
as matrix metalloproteinase (MMP) and enhancing
the structural stability of the extracellular membrane
[6]. Utilizing the principle of synergy, we formulated
a combination of micronutrients (NM) including lysine,
proline, ascorbic acid, and green tea extract (GTE),
among others, which exhibited anti-tumor activity both
in vivo and in vitro against a broad spectrum of cancer
cell lines, including inhibition of tumor growth and
metastasis in vivo and modulation of cell proliferation,
MMP secretion, invasion, angiogenesis, and induction
of apoptosis [7, 8].

Our main objective was to study the antitumor
effects of nutrient mixture (NM) on human myeloid
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leukemia cell line U-937 in vitro by measuring: cell
proliferation, MMP expression, Matrigel invasion, and
apoptosis. We also studied the effect of NM on cyclo-
oxygenase (COX)-2 and COX-1 protein expression
by U-937 cells. The human cell line U-937, which
originated form the pleural fluid of a patient with dif-
fuse histiocytic lymphoma, was selected for our study,
since the cell line is homogenous and has proved
a useful model for cellular study of myeloid leukemia
parameters.

MATERIALS AND METHODS

Cancer cell line and culture. Human leukemia
cell line U-937 was obtained from ATCC (American
Type Culture Collection, Rockville, MD). U-937 cells
were cultured in RPMI medium supplemented with
10% fetal bovine serum, 100 U/ml penicillin and
100 ug/ml streptomycin. The media and sera used
were obtained from ATCC, and antibiotics (penicillin
and streptomycin) were from Gibco BRL, Long Island,
NY. Cells were seeded at a concentration of 10¢ cells/
ml and cultured in the presence of 40 ng/ml phorbol
12-myristate 13-acetate (PMA) at 37 "C in a tissue cul-
ture incubator equilibrated with 95% air and 5% CO..
After 48 hincubation, the cells were gently washed and
treated with the NM, dissolved in medium and tested
at 0, 10, 50, 100, 500, and 1000 pg/ml in triplicate
at each dose. The plates were then returned to the
incubator. This procedure was adopted for subsequent
analyses: MTT, gelatinase zymography, Matrigel inva-
sion, apoptosis, and western blot. PMA, 100 ng/ml,
was added to cells to induce MMP-9 secretion.

Composition of the NM. The NM was com-
posed of the following in the ratio indicated: vitamin
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C (as ascorbic acid and as Mg, Ca, and palmitate
ascorbate) 700 mg; L-lysine 1000 mg; L-proline
750 mg; L-arginine 500 mg; N-acetyl cysteine 200 mg;
standardized GTE (derived from green tea leaves, was
obtained from US Pharma Lab; the certificate of analy-
sis indicated the following characteristics: total poly-
phenol 80%, catechins 60%, epigallocatechin gallate
(EGCQG) 35%, and caffeine 1.0%); 1000 mg; selenium
30 ug; copper 2 mg; manganese 1 mg.

MTT assay. Cell viability was evaluated by MTT
assay, a colorimetric assay based on the ability of vi-
able cells to reduce a soluble yellow tetrazolium salt
[3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium
bromide] (MTT) to a blue formazan crystal by mito-
chondrial succinate dehydrogenase activity of viable
cells. This test is a good index of mitochondrial activity
and thus of cell viability. After 24 h incubation, the cells
were washed with phosphate buffered saline (PBS) and
500 ul of MTT (Sigma #M-2128) 0.5 mg/ml in media
was added to each well. After MTT addition (0.5 mg/mil)
the plates were covered and returned to the 37 °C in-
cubator for 2 h, the optimal time for formazan product
formation. Following incubation, the supernatant
was carefully removed from the wells, the formazan
productwas dissolved in 1 ml DMSO, and absorbance
was measured at 570 nm in Bio Spec 1601, Shimadzu
spectrometer. The ODs;, of the DMSO solutionin each
well was considered to be proportional to the number
of cells. The ODs;, of the control (treatment without
supplement) was considered 100%.

Gelatinase zymography. Gelatinase zymog-
raphy was performed in 10% Novex Pre-Cast SDS
Polyacrylamide Gel (Invitrogen Corporation) in the
presence of 0.1% gelatin under non-reducing condi-
tions. Culture media (20 mL) were mixed with sample
buffer and loaded for SDS-PAGE with tris glycine SDS
buffer, as suggested by the manufacturer (Novex).
Samples were not boiled before electrophoresis. Fol-
lowing electrophoresis the gels were washed twice
in 2.5% Triton X-100 for 30 minutes at room tempera-
ture to remove SDS. The gels were then incubated
at 37 °C overnight in substrate buffer containing 50mM
Tris-HCIl and 10mM CaClI2 at pH 8.0 and stained with
0.5% Coomassie Blue R250 in 50% methanol and 10%
glacial acetic acid for 30 minutes and destained. Upon
renaturation of the enzyme, the gelatinases digested
the gelatin in the gel, producing clear bands against
an intensely stained background. Protein standards
were run concurrently and approximate molecular
weights were determined by plotting the relative mo-
bilities of known proteins. Luminescence of gel bands
was obtained using Photoshop histogram analysis.

Matrigel invasion. Invasion studies were conduct-
ed using Matrigel (Becton Dickinson) inserts in 24-well
plates. Suspended in medium, U-937 cellswere supple-
mented 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. The plates with the inserts were
then incubated in a culture incubator equilibrated with

95% airand 5% CO, for 24 h. After incubation, the media
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 surface of the
Matrigel were stained with hematoxylin and eosin and
visually counted under the microscope.

Apoptosis. At near confluence, U-937 cells were
challenged with NM dissolved in media at 0, 50,100,
250, 500, and 1000 pg/ml and incubated for 24 h.
The cell culture was washed with PBS and treated
with the caspase reagent as specified in the manu-
facturer’s protocol (Molecular Probes Image-IT™ Live
Green Poly Caspases Detection Kit 135104, Invitro-
gen). The cells were photographed under a fluores-
cence microscope and counted. Green-colored cells
represent viable cells, while yellow orange represents
early apoptosis and red late apoptosis.

COX activity. COX-1 and -2 proteins were de-
termined by Western blot analysis using polyclonal
antibodies against COX-1 and -2 (Santa Cruz Bio-
technology, Inc, Santa Cruz, CA). Briefly, U-937 cells
were grown, challenged with NM dissolved in media
at0, 50, 100, 250, 500, and 1000 pg/ml and incubated
for 24 h. The cells were then lysed for 30 minin ice cold
radioimmunoprecipitation (RIPA) buffer (50 mM Tris-
HCI, pH7.5, 10% Triton X-100, 1.0% Na-deoxycholate,
150 mM NaCl, 2 mM EDTA) (Teknova) with 1TmM acti-
vated orthovanadate, and 1x Complete Mini Protease
Inhibitor Cocktail tablet (Roche). Clarified cell lysates
were denatured and equal proteins loaded and frac-
tionated by SDS-polyacrylamide gel electrophoresis.
After electrophoresis, the proteins were transferred
to nitrocellulose membrane. The membranes were
then incubated with the respective antibodies and de-
veloped by the enhanced chemiluminescence system
(ECL, Amersham Pharmacia Biotech). Densitometry
of COX-2 bands was obtained using Imaged (National
Institute of Health, Bethesda, Maryland), and relative
band densities were graphed as percent of Control.

Statistical analysis. The results were expressed
as means + SD, as indicated in the results, for the
groups. Data was analyzed by independent sample
t-test. Pearson’s correlation coefficients were deter-
mined for invasion correlation to NM concentration
using MedCalc Software (Markakerke, Belgium).

RESULTS

Cell proliferation. NM exhibited no effect
on growth of U-937 cells in vitro at concentra-
tions of 250 ug/ml and below, but exhibited 42%
(p=0.001) inhibition of cellular growth over control
at 500 pg/ml and 55% (p=0.0007) at 1000 ug/ml,
as shown in Fig. 1.

Gelatinase zymography. Zymogra-
phy demonstrated no expression of MMP-2 or
-9 by untreated U-937 cells and strong induction
of MMP-9 with PMA treatment. NM inhibited secre-
tion of MMP-9 in a dose-dependent fashion, with 17%



182

Experimental Oncology 35, 180-186, 2013 (September)

and 58% reduction of MMP-9 compared to control
at 500 and 1000 ug/ml NM, as shown in Fig. 2.
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Fig. 1. Effect of NM on viability of U-937 cells: MTT assay 48h
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Fig. 2. Effect of NM on expression of MMP-9 by PMA (100 ng/ml)
-treated U937 cells (2A) Gelatinase zymogram and (2B) Densi-
tometry analysis of PMA-treated U937 cells. Legend: 1: Control,

2-6: NM 50, 100, 250, 500, 1000 ug/mi
Matrigel invasion. NM significantly inhibited
U-937 cell penetration through Matrigel in a dose-
dependent manner, with 68% (p=0.0001) inhibition
at 100 pg/ml, 97.6% (p<0.0001) at 250 pg/mland 100%
(p< 0.0001) at 500 ug/ml, as shown in Fig. 3 and Fig. 4,
a—d. There was significant negative correlation between
NM concentration and number of U-937 cells that in-
vaded/migrated through Matrigel: r=-0.973, p<0.0001.
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Fig. 3. Effect of NM on invasion of U-937 cells though Matrigel (*
indicates significance of at least p=0.0001 with respect to control)

Apoptosis (live green caspases detection kit).
Using the live green caspase kit, dose-dependent
apoptosis of U-937 cells was evident with NM chal-
lenge, as shown in Fig. 5, a—f. Approximately 17%
of cells exposed to 100 ug/ml NM were apoptotic;
the number of apoptotic cells increased significantly
with increased NM concentration. Quantitative analy-
sis of live, early and late apoptotic cells is shown
in Fig. 6. At 100 pg/ml NM, 83% of cells were viable,
11% in early apoptosis and 6% in late apoptosis and
at 250 ug/miNM, 55% of cells were viable, 18% in early
apoptosis, and 27% in late apoptosis. Virtually all cells
exposed to 500 ug/ml NM were in late apoptosis: 3%
viable, 3% in early apoptosis and 94% in late apoptosis.

COX-1 and COX-2 activity. NM inhibited
COX-2 expression in a dose-dependent fashion, with
20% inhibition at 100 ug/ml, 43% at 500 ug/ml and
54% at 1000 ug/ml, but had no effect on COX-1 ex-
pression (Fig. 7).

DISCUSSION

In reviewing the potential roles of MMPs in acute
myeloid leukemia, Hatfield et al. [9] stated thatin these
cells, constitutive release of several MMPs and che-
mokines occurs, and there seems to be a crosstalk
between the MMP system and the chemokine network.
This crosstalk includes common regulation at the
transcriptional level of MMPs (MMP-1 and -9) and
constitutive release of several chemokines by AML
cells, MMP-mediated structural alteration and release
of chemokines involved in AML cell migration at the
molecular level, and interaction at the functional level
since both chemokines and MMPs play similar roles
in such physiological processes as AML cell prolifera-
tion, migration and local regulation of angiogenesis [9].
MMP-9 has been shown to be expressed by human
AML cells and elevated MMP-9 levels were observed
in serum and on the cell surface in the monocytic form
of AML, suggesting the capacity of MMP-9 to regulate
the invasive activity of monocytic leukemia [10]. In our
study, PMA-induced secretion of MMP-9 by U-937 cells
was inhibited in a dose-dependent fashion, with 17%
and 58% reduction of MMP-9 compared to control
at 500 and 1000 pg/ml NM. Furthermore, NM sig-
nificantly inhibited U-937 cell penetration through
Matrigel in a dose-dependent manner, with 68%
inhibition at 100 ug/ml, 97.6 at 250 ug/ml and 100%
at 500 pg/ml.

Acritical process in neoplastic growth and progres-
sion in solid and hematological cancer is angiogenesis
[11]. The inducible enzyme COX-2 is an important
mediator of both angiogenesis and tumor growth
[12]. Overexpression of COX-2 has been reported
in hematological cancer models such as RAJI
(Burkitt’s lymphoma) and U937 (acute promonocytic
leukemia) [13, 14]. COX-2 modulation is a promising
field investigated by many research groups. Giles
et al reported significantly higher COX-2 levels in my-
eloid leukemic patients than in normal controls and
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Fig. 4. Photomicrographs of U937 Matrigel invasion: a) control; b) NM 50 pg/ml; ¢) NM 100 pg/ml; d) NM 250 pg/ml

correlation ofincreased COX-2 levels with significantly
shorter survival [15].

In our study, NM inhibited COX-2 expression
in a dose-dependent fashion, with 20% inhibition
at 100 ug/ml, 43% at 500 ug/ml and 54% at 1000 ug/mi,
while having no effect on COX-1 expression. Further-
more, in a previous study, NM demonstrated significant
antiangiogenic activity, as demonstrated in vivo by the
chorioallantoic membrane (CAM) assay in chick embry-
os and by basic fibroblast factor (bFGF)-induced vessel
growth in mouse Matrigel plug assay [16]. In addition,
invitro, NM decreased the expression of pro-angiogenic
factors, such as VEGF, angiopoietin-2, bFGF, platelet-
derived growth factor (PDGF) and transforming growth
factor (TGFB-1 by U20S osteosarcoma cells in in vitro
assay [16]. U-937 cells are of the myeloid lineage and
so secrete a large number of cytokines and chemokines
either constitutively or in response to soluble stimuli.
In a previous study on lipopolysaccharide-induced
cytokine secretion in cultured U-937 macrophages,
a combination of micronutrients was shown to inhibit
COX-2 enzymatic activity and expression of pro-in-
flammatory cytokine proteins were down regulated
by the nutrients at a transcription level complementing
a blockade in NFkB activation [17].

U-937 cell growth and apoptosis were also potently
modulated by NM. The results of U-937 cell growth
showed increased antiproliferative activity with NM dose,
exhibiting 42% inhibition of cell growth at 500 and 55%

at 1000 ug/mi NM. Inhibition of cell growth was associ-
ated with apoptotic cell death. NM induced apoptosis
of U-937 cells with 17% of cells apoptotic at 100 pg/ml,
45% at 250 pg/ml and 100% at 500 pg/ml.

The NM was formulated by selecting nutrients that
act on critical physiological targets in cancer progres-
sion and metastasis. Adequate supplies of ascorbic acid
and the amino acids lysine and proline, are essential for
optimal ECM formation and structure as these nutrients
ensure proper synthesis and hydroxylation of col-
lagen fibers. Lysine also contributes to ECM stability
as a natural inhibitor of plasmin-induced proteolysis
[6, 18]. Manganese and copper are also essential for
collagen formation. GTE has been shown to modulate
cancer cell growth, metastasis, angiogenesis, and
other aspects of cancer progression [19-27]. N-acetyl
cysteine and selenium have been observed to inhibit
MMP-9 and invasive activities of tumor cells, as well
as migration of endothelial cells through ECM [28-30].
Ascorbic acid has been demonstrated to inhibit tumor
growth via antiangiogenic activity [31] and to inhibit cell
division and growth in vitro through production of hy-
drogen peroxide [32]. In a recent in vivo study of the
effect of ascorbic acid supplementation on mice unable
to synthesize ascorbic acid (Gulo KO mice) injected
with melanoma B16 cells, ascorbate supplementation
significantly reduced tumor growth and inflammatory
cytokine secretion as well as enhanced encapsulation
of tumors elicited by melanoma challenge in scorbutic
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Fig. 5. Effect of NM on U937 cell apoptosis: photomicrographs a) control; 5) NM 50 ug/ml; ¢) NM 100 ug/ml; d) NM 250 ug/ml; e)

NM 500 pg/ml; f) NM1000 pg/mi
mice [33]. 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 in-
ducer of apoptosis, as in breast cancer cells [34].
Furthermore, we demonstrated that the combi-
nation of micronutrients in NM conferred superior
anticancer effects than did equimolar concentration
of EGCG found in NM [35]. Investigation of the com-
parative effects of NM, GTE and EGCG on untreated
and PMA-treated cancer cell lines (fibrosarcoma,
hepatocellular carcinoma, glioblastoma and leimyo-
sarcoma) with different patterns of MMP-2 and
MMP-9 expression, demonstrated the superior inhibi-

tory action of NM over GTE and EGCG on modulation
of MMPs [35]. The superior potency of NM over GTE
and EGCG can be understood from the more compre-
hensive treatment offered by the combination of nu-
trients in NM over individual components of NM since
MMP-2 and MMP-9 are mediated by differential
pathways and suggests the importance of nutrients
working in cooperation to more effectively treat com-
plex biochemical pathways.

CONCLUSION
Current treatment methods for AML are generally
ineffective and toxic. Thus, there is a need for develop-
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ment of effective therapeutic agents for these cancers
with minimal toxicity. Our studies demonstrated that
NM significantly inhibited U-937 cell line MMP-9 se-
cretion and Matrigel invasion, COX-2 expression, and
cell growth and induced cell apoptosis, significant
parameters in AML progression.
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Fig. 6. Quantitative analysis of U-937 apoptosis in the pres-
ence of NM
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