
Abstract. Aberrant glycosylation is a universal feature of
cancer cells, and certain glycan structures are well-known
markers for tumor progression. Availability and composition of
sugars in the microenvironment may affect cell glycosylation.
Recent studies of human breast tumor cell lines indicate
their ability to take up and utilize fructose. Here we tested the
hypothesis that adding fructose to culture as a carbon source
induces phenotypic changes in cultured human breast tumor
cells that are associated with metastatic disease. MDA-MB-468
cells were adapted to culture media in which fructose was sub-
stituted for glucose. Changes in cell surface glycan structures,
expression of genes related to glycan assembly, cytoskeleton
F-actin, migration, adhesion and invasion were determined.
Cells cultured in fructose expressed distinct cell-surface
glycans. The addition of fructose affected sialylation and
fucosylation patterns. Fructose feeding also increased binding
of leukoagglutinating Phaseolus vulgaris isolectin, suggesting
a possible rise in expression of branching ß-1, 6 GlcNAc
structures. Rhodamine-phalloidin staining revealed an altered
F-actin cytoskeletal system. Fructose accelerated cellular
migration and increased invasion. These data suggest that
changing the carbon source of the less aggressive MDA-
MB-468 cell line induced characteristics associated with more

aggressive phenotypes. These data could be of fundamental
importance due to the markedly increased consumption of
sweeteners containing free fructose in recent years, as they
suggest that the presence of fructose in nutritional micro-
environment of tumor cells may negatively affect the outcome
for some breast cancer patients.

Introduction

Tumor initiation and progression are associated with modi-
fications in the structures of glycans covalently attached to
glycoproteins and glycolipids present at the cell surface
(1). Changes in glycosylation patterns affect the functional
characteristics of glycoproteins and proteoglycans, leading to
changes in the behavior of tumor cells. It is well recognized
that aberrant carbohydrate expression is relevant to tumor
metastasis and poor prognosis in cancer patients (2-5). Since
cell surface carbohydrates are critical in many interactions
between tumor cells and their microenvironment, it is timely
to focus on factors that may affect glycan composition or
structure but have not been explored rigorously. 

It has been proposed that dietary sugars have regulatory
roles in enzymatic glycosylation reactions in humans (6).
In vitro studies in normal cells have consistently shown that
exogenous sugars affect cell differentiation and cell-surface
glycan structures (7-9). Fructose has emerged as such an
important component of human diets that increasing attention
is directed to its consequences in health and disease. Over-
expression of the high affinity fructose transport protein is
observed in human breast tumor cells (10-12). In animal
models there is evidence that fructose-fed rodents had a
higher incidence of tumors and an increased frequency of
metastases than controls (13-15). This indicates the possibility
that increased uptake of fructose can modify the surface
glycomic profile of tumor cells, leading to the emergence of
more metastatic phenotypes. 

MDA-MB-468 human breast tumor cells are able to import
fructose (11,16) and fructose-feeding has been shown to
increase tumor metastases in an animal model (13-15). These
findings led us to develop the hypothesis that introducing
fructose as a carbon source in the microenvironment of
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mammary tumor cells modifies cell surface carbohydrate
structures and affects tumor cell phenotype. Our data suggest
that using fructose as a carbon source in tissue culture is
associated with phenotypic changes in this prototypic basal-
like human breast tumor cell MDA-MB-468 that are
consistent with selection for an aggressive phenotype. As
MDA-MB-468 is a basal-like tumor cell line derived from an
African American women (17,18) and fructose sources are
prominent in the diet of African Americans (19), it can be
speculated that high intake of fructose might exacerbate an
aggressive tumor cell phenotype which is a therapeutic
challenge for this special population (20).

Materials and methods

Reagents and supplies. DMEM culture medium, Dulbecco's
PBS and other cell culture supplies were purchased from
Cellgro Mediatech, Inc. (Herndon, VA). Fetal bovine serum
was obtained from Atlas Biologicals (Fort Collins, CO).
Invitrolon polyvinylidene difluoride (PVDF) membranes
and Bis-Tris NuPAGE gels were obtained from Invitrogen
(Carlsbad, CA). Vimentin and E-cadherin antibodies were
purchased from R&D Systems (Minneapolis, MN). HRP-
conjugated polyclonal anti goat immunoglobulins were ordered
from Dako (Carpinteria, CA). ECL Plus reagent was obtained
from GE Healthcare (Piscataway, NJ). Pierce Biotechnology
(Rockford, IL) was the source of the M-Per lysis buffer. Roche
complete protease inhibitor cocktail was obtained from Roche
Applied Sciences (Indianapolis, IN). Human umbilical vein
endothelial cells (HUVECs) and endothelial cell basal medium
were purchased from Cambrex Bio Science Walkersville,
Inc. (Walkersville, MD). TNF-·, hexoses and BCA assay kits
were obtained from Sigma-Aldrich (St. Louis, MO). Calcein
AM was purchased from Molecular Probes, Inc. (Eugene,
OR). Transwells and cell culture plates were bought from
Fisher Scientific (Houston, TX). Matrigel was ordered from
Collaborative Biomedical Products (Bedford, MA). DIF-Quick
stain was obtained from IMEB, Inc. (San Marcos, CA).
Rhodamine phalloidin was purchased from Molecular Probes.

Cells and culture conditions. The MDA-MB-468 human breast
adenocarcinoma cell line was a kindly provided by Dr Janet
Price, Department of Cancer Biology, University of Texas
M.D. Anderson Cancer Center, Houston, TX. The cell line
was isolated from an African American woman with adeno-
carcinoma of the breast. Sugar-free DMEM was used to
prepare the cell culture media. The final hexose concentration
of all media was 25 mM, corresponding to the concentration
of glucose in standard cell culture medium formulations.
The three test media contained all glucose (glucose), glucose
and fructose 1:1 (glucose/fructose), or fructose and glucose 4:1
(fructose) as carbon sources. Media were supplemented with
10% heat-inactivated fetal bovine serum, L-glutamine, and
penicillin/streptomycin. Cells were cultured in a humidified
atmosphere of 5% CO2/95% air at 37˚C. The Promega Cell-
Titer 96 AQueous One Solution Cell Proliferation Assay
was used to assess cell growth. A solution combines PES, a
chemically stable electron coupling reagent, and MTS, a
novel tetrazolium compound that is soluble in tissue culture
medium. Absorbance of the formazan product at 490 nm was

measured. It is directly proportional to the number of living
cells in each well. Cellular morphology was observed by
phase-contrast microscopy. Cells were adapted to media
containing fructose for 21 days before studies were initiated.

Flow cytometry. Cells were seeded into new flasks 24 h before
analysis. The subconfluent monolayer of cells was detached
and washed with Dulbecco's PBS. Cells were transferred to
fluorescence-activated cell-sorting (FACS) buffer (Dulbecco's
PBS, 1% bovine serum albumin, and 0.1% sodium azide),
counted, and diluted to ~1-2x106/ml. Biotinylated lectins
were added to the cells at a final concentration of 5 μg/ml.
Cells were incubated on ice for 30 min and washed twice with
FACS buffer before fluorescein isothiocyanate-conjugated
streptavidin (2 μg/ml) was added for lectin analysis. Cells
were washed and fixed with paraformaldehyde. Acquisition
of data was performed by using FACSAria flow cytometer
and analysis performed by CellQuest software (both from
BD Biosciences, Bedford, MA). 

Human umbilical vein endothelial cell (HUVEC) adhesion
assay. Clonetics™ human umbilical vein endothelial cell
(HUVEC) system was used (Cambrex Bio Science). Mono-
layers of HUVEC cells were prepared according to the
provider's instructions. Cells were plated in 96-well culture
plates at 104 cells/well and incubated at 37˚C in 5% CO2 for
24 h. After incubation, the HUVECs were treated for 4 h
with 200 μg/ml of tumor necrosis factor-·. The tumor cells
were pre-labeled with the fluorescent probe (Calcein AM) for
30 min at 37˚C. These fluorescent cells were incubated with the
HUVECs at 37˚C for 45 min. At the end of the coincubation,
non-adherent cells were removed by gentle washing. Fluores-
cence intensity was measured using the FLx800 Multi-
Detection Microplate Reader (Bio-Tek Instruments, Inc.,
Winooski, VT).

Cell and migration assays. Cellular migration was assessed
by the wound-healing and transwell assays. For wound-
healing assay, cells in complete medium were seeded into
a 24-well culture plate. When the cells were confluent, a
wound was made in the monolayer. The medium and debris
were removed, and fresh medium was added to each well.
Photographs of the wounded area were taken at specific time
intervals, and the extent of cell migration was assessed by
observing the rate at which the wound closed. 

Cell migration was also assessed in Corning Transwell
Permeable Supports with polycarbonate membranes (6.5 mm,
8-μm pore size). The bottom surfaces of the well membranes
were coated with fibronectin (20 μg/ml) in serum-free medium
overnight. After MDA-MB-468 cells were cultured in serum-
free medium overnight, they were harvested and resuspended
(5x105 in 250 μl) in 1% BSA serum-free media and plated
into the upper chambers of the transwell plates. The lower
chamber of each well was filled with complete medium
(10% FBS) containing 5 μg/ml of fibronectin as an adhesive
substrate. Cells were incubated 8 h, fixed and stained using
a DIF-Quick kit. Non-migrating cells were removed with
cotton swabs. Migrating cells were enumerated in four
randomly chosen fields using a x25 objective lens of a light
microscope.
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Cell invasion assay. The Matrigel ‘chemoinvasion’ assay was
used to study tumor cell invasion of basement membranes (21).
In brief, 80-90% confluent tumor cells were detached, washed,
and resuspended in serum-free media. Then, 2x105 cells were
seeded into the upper chamber of 12-mm-diameter transwells
coated with Matrigel basement membrane matrix diluted to
1 mg/ml with ice-cold serum-free medium. After incubation
at 37˚C for 24 h, the non-migrating cells on the upper surface
of the filters were removed with a cotton swab. The cells
migrating to the lower side of the wells were stained with
DIF-Quick stain and counted by microscopy using 8 fields per
treatment replicate. A Matrigel invasion index was calculated
as follows: invasion index = % invasion test cells/% invasion
control cells.

F-actin staining. Staining of filamentous or F-actin with
rhodamine phalloidin was performed to observe actin filament
organization, as previously described (22). In brief, 1x103 cells
were seeded onto coverslips placed in 6-well plates. After
2 days in culture, the media were removed, and the coverslips
containing the cells were washed with PBS; permeabilized
with a mixture 10X PBS, Triton X-100, and paraformaldehyde;
and stained. Cells were visualized and photographed with an
Olympus BX60 fluorescent microscope. Cells in randomly
selected fields were counted and scored according to the
presence or absence of staining of the cell periphery.

Oligonucleotide microarray studies. The three cell culture
media were tested in three independent experiments. Confluent
monolayers of MDA-MB-468 cells were washed once with
sterile phosphate-buffered saline (PBS). RNA was extracted
using TRIzol reagent per manufacturer's instructions. 

The RNA sample quality was checked with an Agilent
Bioanalyzer (Agilent Technologies, Palo Alto, CA). The
Affymetrix GlycoV4 custom oligonucleotide array custom
GeneChip (Affymetrix, Santa Clara, CA) was designed for
the Consortium for Functional Glycomics (http://www.
functionalglycomics.org/static/consortium/consortium.shtml).
The focused array includes probes for 1260 human probe-ids
related to glyco-genes. It does not contain mismatched probes.
RNA from each cell lysate was labeled using the MessageAmp
II-Biotin Enhanced Amplification kit (Ambion Inc, Austin,
TX). Hybridization and scanning to the GlycoVv4 chip were
performed according to Affymetrix-recommended protocols.

The chips were scanned using the Affymetrix GeneChip
Scanner 3000. Raw expression values were normalized using
RMA or Robust Multichip Average expression summary
(http://rmaexpress.bmbolstad.com/). All further processing
of the data was performed within the Bioconductor project
and the R program software (Free Software Foundation's GNU
General Public License). 

Statistical analysis. Differences in fluorescent staining of
F-actin were tested by the Fisher's exact test. The HUVEC
adhesion and Matrigel invasion assays were analyzed with
randomized block ANOVA. For each assay, the ANOVA
was followed by pairwise comparison of treatment means,
with p-values computed with Tukey's multiple-comparison
procedure. Data are presented as means ± SD. All statistical
tests were 2-sided. Differences were considered to be statis-
tically significant at p<0.05. SAS software version 9.1 (SAS
Institute, Cary, NC) was used for all statistical analyses.

Results

The cell-surface glycomic phenotype was modified by the
culture medium sugar composition. We examined alterations
in cell surface glycosylation pattern after exposure of tumor
cells to fructose or glucose as the carbon source by using
several plant lectins. Plant lectins have been used extensively
for characterization of cell surface carbohydrate antigens
and specificity of lectins that were used in this study is
shown in Table I. Compared to the MDA-MB-468 cells
cultured in glucose, cells grown in a 1:1 glucose:fructose
ratio (glucose/fructose), or 4:1 fructose:glucose ratio
(fructose) displayed multiple changes in lectin binding,
suggesting alterations in their glycomic phenotype, i.e., their
glycan structures or composition (Table II). The Thomsen-
Friedenreich (TF) antigen-specific lectins PNA was more
reactive with cells grown in fructose, indicating an increase
in the TF antigen when the glucose is partially replaced with
a similar hexose. A decrease in fucosylated structures, such
as LeX [Galß(1,4)Fuc·(1,3)GlcNAc] was confirmed by the
decreased reactivity of the Lotus lectin with cells in fructose.
ULEX binding was higher in fructose/glucose mix and lower
in fructose culture, the ULEX lectin binds to terminal Fuc·(1,2)
as in the Fuc·(1,2)Galß(1,4) GlcNAc oligosaccharide. SNA
and MAA displayed higher reactivity in glucose/fructose
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Table I. Plant lectins used in this study and their binding specificity.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Lectin Specificity
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Arachis hypogaea (PNA) Galß(1,3)GalNAc [Thomsen Friedenreich (TF)-antigen]

Lotus tetragonolobus (Lotus) Terminal · fucose; Le(x) Galß(1,4)Fuc·(1,3)GlcNAc

Sambucus nigra (SNA) NeuAc·(2,6)Gal; NeuAc·(2,6)GalNAc

Maackiaamurensis (MAA) NeuAc·(2,3)Galß(1,4)GlcNAc

Erythrina cristagalli (ECL) Galß(1,4)GlcNAc

Ulex europaeus (ULEX) Fuc·(1,2); Fuc·(1,2)Galß(1,4) GlcNAc

Phaseolus vulgaris (PHA-L) Trianternary and tetraanternary complex oligosaccharides; ß(1,6) GlcNAc
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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culture and a drop in fructose culture, similar to ULEX
reactivity. This indicates a reduction in structures containing
sialic acid, NeuAc·Gal; NeuAc·GalNAc, and in terminal
fucosylation in fructose culture. Taken together, the data
indicate that in the presence of higher proportion of fructose
as a carbon source, the terminal fucose and sialic acid
residues were decreased, while an increase in TF antigen was
observed. It appears that sialylation may transform TF to
sialyl TF. The higher reactivity of ECL in fructose medium
points to an increase in Galß(1,4) GlcNAc structures. 

PHA-L, a lectin that is highly reactive with trianternary
and tetraanternary complex oligosaccharides, reacted more
with tumor cells grown in media with added fructose relative
to cells grown in glucose alone. This could signal an increase
in the ß-1, 6 GlcNAc-branching glycans, with poly-N-acetyl
lactosamine structures, which could have functional signi-
ficance in relation to adhesion proteins. 

Together, these results suggest that adding fructose as a
carbon source induces multiple changes in carbohydrate
epitopes. Changes in glycan structures can affect proliferative,
migratory, invasive and adhesive properties of tumor cells.
Therefore, we examined these properties of MDA-MB-468
cells after seeding in fructose supplemented growth medium. 

Carbon source affects endothelial cell adhesion. Tumor cell
attachment to vascular endothelial cells is a crucial step in
metastasis. The effect of introducing fructose as a carbon
source on selectin-mediated adhesion to HUVECs was deter-
mined because of the increased expression of sialylated
structures in fructose-treated cells. E- and P-selectin are
expressed on the endothelial cells and their interaction with
sialylated oligosaccharides such as sLea and sLex on tumor
cells can lead to a higher metastatic rate (23-25). Tumor cell
adhesion to activated endothelial cells is shown in Fig. 1.
Overall, the treatments produced significantly different binding
of the MDA-MB-468 (p=0.025) to HUVECs. There was
significantly increased binding (p=0.022) when cells were
cultured at the higher fructose concentration compared with
the medium containing glucose alone (Fig. 1).

Fructose accelerates tumor cell migration. Cellular motility is
an ex vivo measure of cell metastatic potential (21). Migration
is a multifaceted phenomenon that requires successive
adhesion to and detachment from the extracellular matrix.
The wound-healing assay was used to evaluate cell motility,
which involves integration of biochemical and physical
mechanisms. Photographs representative of three wound-
healing assays conducted are shown in Fig. 2A. The wound-

healing assays revealed that the sugar content of the cell
culture medium had an effect on cell migration. The observed
acceleration in wound closure when fructose was added to
the medium could have happened because of an increase in
cell proliferation or actual migratory capability. We examined
cell proliferation and migration (Fig. 2B and C). The addition
of fructose as the source of carbon atoms inhibited cellular
proliferation but promoted migratory ability. Therefore, the
faster wound closure seen in fructose-fed cells was mostly
due to an increase in cell migration and not cell proliferation.

Effects of fructose on cellular morphology and F-actin staining
pattern. There were distinctive changes in the shape of the
MDA-MB-468 cells after 21 days of adaptation to the fructose
medium (Fig. 3A). These cells took on a fibroblast-like shape
and began to lose contact with neighboring cells. This is
consistent with the ‘epithelial to mesenchymal transition’,
whereby tumor cells lose their epithelial cell features and
assume the more migratory and invasive attributes of mesen-
chymal cells. MDA-MB-468 cells cultured in either glucose
or glucose/fructose maintained their rounded, cluster
conformation. 
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Table II. Mean fluorescence intensities of flow cytometric analyses of binding of indicated lectins to human MDA-MB-468
grown in the media supplemented with indicated carbon source.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Carbon source PNA Lotus SNA MAA ECL ULEX PHA-L
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Glucose 5.681 26.83 35.45 33.49 8.27 10.92 25.08

Glucose/fructose 1.53 31.55 66.9 48.09 4.87 23.51 27.51

Fructose 38.48 10.69 20.82 6.98 46.86 1.94 116.11
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. The sugar composition of the cell culture medium mediated the
binding of Calcein fluorescent probe-labeled MDA-MB-468 cells to HUVECs,
as measured by mean fluorescence intensity (MFI). Based on three
independent replicated assays, cells cultured in glucose, glucose: fructose,
and fructose showed MFI values of 2321 (±120), 2707 (±358) and 3367
(±133), respectively. Block ANOVA (blocking on assay replication) analysis
showed a statistically significant difference in the MFI values among the
carbon sources (F2,4 =10.73, p=0.025), with the largest difference found
between cells cultured in glucose versus fructose (Tukey-adjusted p=0.022). 
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Alterations in MDA-MB-468 cellular morphology and
interactions with other cells led to speculation that changes in
cell shape might be associated with changes in cytoskeletal
organization. Because actin filaments supply the basic structure
for maintaining cell morphology and contribute to functions
such as adhesion and motility, we evaluated F-actin staining
in the MDA-MB-468 cells. The cells propagated in fructose
exhibited a pattern of staining for F-actin distinct from that of
cells propagated in glucose (Fig. 3B). The staining revealed a
dramatically altered pattern of F-actin, which is consistent
with changes in F-actin cytoskeletal organization. The changes
in F-actin was clearly visualized in the cells propagated in

fructose versus glucose and scored as positive or negative for
rhodamine phalloidin staining in 8 fields per treatment (n=1252
cells, Fisher's exact test, p<0.0001). This finding is consistent
with the decline in cellular adhesion as cells become invasive.
The varied morphology and shift in F-actin localization
gave rise to questions about adhesion molecules, such as
E-cadherin. We examined the expression of vimentin and
E-cadherin in extracts of cells cultured in the test media but
observed no significant differences (data not shown).

Invasive potential is increased by fructose. The invasion
assays were performed after the modifications in the cellular
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Figure 2. (A) Comparison of migratory potential of MDA-MB-468 cells in a wound-healing assay illustrated that substitution of fructose for glucose for part
or most of the medium's carbon source accelerated cell migration. Phase-contrast microscopic images were taken at day 5 after wounding the surface;
photographs are representative of two experiments. (B) The cell migration performed in 24-well transwell plates with 8-μm pore size polycarbonate filters as
described in Materials and methods. Briefly, following incubation for 8 h the cells were fixed and stained with Diff-Quick staining solution. Migrated cells
were enumerated under a light microscope in a blinded fashion, based on six randomly chosen fields. Error bars were calculated based on three replications.
Paired Student's t-test was used to compare cells fed with fructose or fructose/glucose with glucose only. The assay was repeated twice with similar results.
(C) In vitro proliferation assay of cells fed with fructose, glucose, and fructose/glucose was performed using CellTiter 96 Aqueous One Solution (Promega,
Madison, WI) according to the manufacturer's instructions. Briefly, 10x103 cells were cultured in wells of 96-well plates, and every 12 h the provided solution
was added to each plate containing replicated wells for each treatment group. Plates were incubated for 1 h at 37˚C and read by an ELISA reader at 490 nm.
Cell cultures were closely monitored and maintained. The assay was performed every 12 h until 90 h after seeding, when cells reached confluence. Error bars
were calculated based on four replications. The assay was repeated twice with similar results.
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morphology of the MDA-MB-468 cells cultured in the higher
concentration of fructose were apparent. Compared to cells
grown in glucose alone, cells cultured in the presence of

fructose were more invasive (Fig. 4), showing a higher invasion
index in glucose/fructose (p=0.0008) and in the higher fructose
medium (p=0.0009). The two replications of these invasion
assays yielded similar results, with an ANOVA value of
p=0.0007 for the hexose effect. These results indicate that the
presence of fructose in the medium mediates tumor cell
invasiveness.

Discussion

This study investigated the effects of introducing fructose as
a carbon source in cell culture media on the phenotypic
characteristics of a prototypic basal-like human breast cancer
cell line that is noted to highly express the fructose transport
protein GLUT 5 (16). The observed changes in phenotype
are characteristics that are associated with more aggressive
tumor cell lines. They included modifications in N-linked,
cell-surface carbohydrate structures, combined with altered
adhesive, migratory, and invasive characteristics. The results
infer that exposing human breast tumor cells to a fructose-rich
microenvironment might remodel the glycan architecture,
enhancing tumor cell ability to metastasize more efficiently
to distant sites. 

The data extend the observations of others who demon-
strated that using alternative carbon sources in media can
lead to changes in cell size and morphology (8,9,26). It has
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Figure 3. (A) Phase contrast microscopy was used to monitor cells for morphological changes associated with modifying the hexose composition of the
culture medium. After 3 weeks, the MDA-MB-468 cells cultured in the fructose-only medium acquired an elongated morphology and displayed a more dispersed
growth pattern than cells propagated in glucose or glucose: fructose. In these two media, the cells grew in cobblestone clusters. The timing of changes in cell
shape was observed in three independent experiments. (B) Because morphological changes are often related to remodeling of the cytoskeleton, the actin
structure of cells was visualized by rhodamine phalloidin fluorescence, using the x40 objective of a Nikon Labophot microscope. Cells cultured in the higher
concentration of fructose displayed markedly less actin staining around the cell periphery. F-actin staining was further assessed by scoring for the presence or
absence of intense fluorescent staining on the cell periphery in randomly selected microscopic fields on each coverslip. Of the 771 cells cultured in 25 mM
glucose, 692 (89.85%) were intensely stained, compared to only 23 (4.8%) of 481 cells grown in high fructose medium (Fisher's exact test, p<0.0001).

Figure 4. The Matrigel chemoinvasion assay was used to assess invasion
into basement membranes. The results of two replications of the invasion
assay gave similar results (ANOVA trial p=0.17, and hexose p=0.0007).
Data demonstrated that using fructose as the primary carbon source
significantly increased invasion of tumor cells through the basement
membrane. Cells cultured in the higher fructose treatment or in fructose-
glucose were more invasive than those cultured in glucose.
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been reported previously that substituting other sugars for
glucose in cell culture media may influence cell differentiation,
sugar nucleotide pools, and gene expression (26-28). Although
it seemed likely that the addition of fructose might modify
the expression of genes controlling cell surface glycomic
phenotype, none were observed in our microarray studies
(data not shown). The lack of changes in expression of genes
included in the Glyco gene probe set suggests that the
fructose-triggered phenotypic changes involve post-trans-
lational events. It does not rule out up- or down-regulation of
expression of other genes, especially genes expressing core
proteins of proteoglycans or glycoproteins. Taken together,
these results invite speculation that glycosylation or glycation
of macromolecules could vary as a function of exposure to
exogenous sugars. Berger et al (6), suggested that dietary
sugars have novel roles in regulating glycosylation in humans.
The conclusion was based on their findings that single doses
of orally administered, stable isotope-labeled galactose and
mannose were readily incorporated into glycans, even in the
presence of glucose (6). A link between exogenous sugars and
glycan structures is that carbon atoms derived from catabolism
of exogenous carbohydrates are used in the biosynthesis of
certain glycosyltransferase substrates, including sialic acids,
N-acetylglucosamine (GlcNAc), and N-acetylgalactosamine
(GalNAc).

Tumor cell glycans are often structurally and functionally
abnormal, but the mechanisms underlying changes in glyco-
sylation remain largely obscured. Structural variability of
glycans is dictated by tissue-specific regulation of glycosyl-
transferase genes, availability of sugar nucleotides, and
competition between enzymes for acceptor intermediates
during glycan elongation (29). Structural modifications of
the oligosaccharides on the surface of tumor cells can alter
glycoprotein-binding characteristics (30). The presence of
linear and branched poly-N-acetyllactosamines on N-glycans
similar to those induced by fructose in this study is commonly
associated with invasive and metastatic tumor cells (29). A
greater abundance of ß1,6-GlcNAc-branched glycans was
recently demonstrated in metastatic lesions versus primary
tumors of breast cancer patients (31). Highly elevated ß1,6
branching in human fibrosarcoma cells is known to modify
cell matrix adhesion and migration via modulation of integrin
clustering and related signal transduction pathways (32). 

Variations in oligosaccharide structures contribute to
folding, stability, and biologic function of glycoproteins (33).
The importance of specific glycosylation events in mammary
cancer metastases has been clearly demonstrated in transgenic
mice (2). While the mechanisms explaining the changes
detected in human breast tumor cells are presently unclear,
several alternatives exist. A possible mechanism could be post-
translational modifications in protein glycosylation initiated
indirectly by fructose via disruption of metabolic pathways.
Because fructose is isomerized to glucose-6-phosphate, it
potentially has multiple metabolic fates in the glycolytic,
pentose, and glycogenesis pathways. The sustained presence
of fructose may trigger changes in flux in these interrelated
pathways that could alter cell surface glycomic phenotype
and cell behavior. Alternatively, as a highly effective glycating
agent, fructose may contribute to formation of advanced
glycation end-products (34). 

Together, these novel data demonstrate that adding fructose
as the carbon source in growth media for a human breast
tumor cell line results in changes in phenotypic characteristics
that are associated with tumor progression and metastasis.
However, the data must be interpreted cautiously because
important questions, such as, are these findings generalizable
to other breast tumor cell lines, remain to be answered. 

In light of worldwide use of a novel sugar containing
free fructose (35-37), our findings could have important
implications for human cancers. Many of the risk factors
associated with cardiovascular disease and Type 2 diabetes
are also associated with breast cancer. In particular it has
been proposed that sugar intake, and particularly that of
dietary fructose, may have an important participatory role
in the current cardiorenal disease epidemic and may also
explain why certain subgroups, such as African Americans,
are particularly prone to cardiovascular disease (19). Fructose
is purported to be part of a biochemical process that leads
to weight gain and other precursors of Type 2 diabetes. A
fructose-rich diet might promote aggressive phenotypes of
breast tumor cells, which might contribute to poor outcome
for African Americans, as this group already has a tumor
phenotype that is challenging therapeutically.
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