
Abstract. Background: Multidrug resistance (MDR)
continues being the major obstacle for successful anticancer
chemotherapy. Materials and Methods: The action of
nordihydroguaiaretic acid (NDGA) and its tetra-acetylated
derivative (NDGATA) on TA3 mouse mammary
adenocarcinoma cells and their ability to restore doxorubicin
(DOX), cisplatin (CPT) and methotrexate (MTX) sensitivity
of the multiresistant variant TA3-MTX-R was examined.
Results: Both NDGA and NDGATA synergistically enhanced
the cytotoxicity of DOX, CPT and MTX, with a more evident
effect in the TA3-MTX-R than in the TA3 cells. NDGATA was
more effective than NDGA, as analyzed by the isobologram
method. The combination of NDGATA and DOX also
reduced the tumor growth rate in mice. Although it did not
prolong the median survival time, 30% of mice showed no
vestiges of tumor 200 days after implantation with either TA3
or TA3-MTX-R cells. Moreover, NDGA and NDGATA
increased the accumulation of DOX and rhodamine (RHO)
123 in both cell lines. Conclusion: NDGA and NDGATA are
able to chemosensitize tumor cells and combination therapy
with NDGATA and DOX is effective at inhibiting tumor
growth in mice.

Tumours often exhibit intrinsic or inherent resistance to
chemotherapeutic agents. In addition, this resistance may also
be developed during the course of chemotherapy after

showing an initial response (acquired resistance), frequently
accompanied by cross-resistance against a variety of
anticancer drugs. In consequence, tumors become insensitive
to a range of different antineoplastic agents, including a large
variety of them that do not share a common structure or a
common cytotoxic intracellular target. Such multidrug
resistance (MDR) has been a major obstacle to effective
cancer chemotherapy. In various cancer cells, one of the
major mechanisms of MDR is a net decrease in intracellular
drug accumulation through increased efflux, increased
sequestration into intracellular organelles or decreased uptake.
It is frequently associated with the over-expression of various
multidrug resistance-associated proteins which mediate
bidirectional nucleocytoplasmic transport of a wide range of
substrates, including anticancer drugs (1, 2). Moreover, a
variety of ATP-binding cassette (ABC) transporters operate
as drug-efflux pumps. At least, 14 ABC transporters involved
in MDR have been described (3).

The identification of agents able to synergistically modulate
anticancer activity may be useful in overcoming resistance at
non-toxic doses, especially those capable of circumventing
cross-resistance to a large number of unrelated
chemotherapeutic agents. Among these chemosensitizers,
nordihydroguaiaretic acid (NDGA) and its derivatives may be
a class of great interest. The combination of NDGA with
diverse antineoplastic drugs has shown synergistic interactions
against both human lung and breast cancer cells (4, 5), and
also sensitized both prostate and colorectal cancer cells to
tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL) (6). A wide variety of cellular processes are affected
by NDGA. Many of them are ascribable to its action as an
antioxidant or free radical scavenger (7-9). In addition, NDGA
induces apoptosis dependently and independently of its
activity as a lipoxygnase inhibitor (6, 10-12). NDGA also
inhibits tumor cell proliferation, metastasis and angiogenesis
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(13-16), but relatively high concentrations are required to
achieve efficacy in most cases. NDGA inhibits glycolysis and
respiration (17-20), and it also causes Golgi disassembly (21).
However, NDGA causes kidney toxicity in rats and there is
evidence that chronic NDGA consumption would provoke
liver toxicity in humans by probably undergoing
biotransformation to a reactive quinone species (22). The
multiplicity of NDGA’s effects may, in some cases, enhance
its antitumoral actions, but may also antagonize its therapeutic
effects or increase the undesirable side-effects in non-tumor
sites. The non-toxic NDGA derivative, tetra-O-methyl
nordihydroguaiaretic acid (M4N), which itself is a potent
antineoplastic agent, acted synergistically with doxorubicin
(DOX) and paclitaxel in inhibiting cell growth of multidrug-
resistant NCI/ADR-RES and drug-sensitive MCF-7 cells,
whereas, no such synergism was observed when M4N was
used in combination with cisplatin (CPT) (23). Therefore, in
designing potential antineoplastic drugs, compounds that are
also able to inhibit simultaneously a wide range of MRP
activities could prove promising. We have previously reported
(20) that the tetra-acetylated derivative of NDGA (NDGATA)
inhibited the cell growth, oxygen consumption, ATP synthesis
and viability of mouse mammary adenocarcinoma TA3 and
the multiresistant variant TA3-MTX-R cells. It also inhibited
the growth of both intramuscularly implanted tumor cells (20).
A quantitative alteration in energy-dependent activities would
be expected to occur, decreasing drug extrusion mediated by
ATP-dependent transporters and other enzymatic activities that
are components of different cellular defense systems against
damage that might be caused by antineoplastic drugs,
including those that participate in drug detoxification
processes and in the compartmentalization of drugs away from
target sites. Based on this assumption, the possibility of using
NDGATA to sensitize multidrug-resistant cells, thereby
increasing the effectiveness of the cytotoxic drugs DOX, CPT
and methotrexate (MTX) was explored. Moreover, because of
independent antitumor properties of NDGATA, combination
therapy of NDGATA with DOX, CPT or MTX could possibly
be effectively carried out at lower doses of both agent;
consequently, reducing or eliminating toxic side-effects.

Materials and Methods

Chemicals. Dulbecco’s modified Eagle’s medium, DOX, fluorescein
isothiocyanate (FITC)-labeled rabbit anti-goat serum, glutamine,
Hepes, NDGA, rhodamine 123 (RHO) and Tris-HCl were purchased
from Sigma Chemical Co. (St Louis, MO., USA). Anti-P-
glycoprotein170 (P-gp170) goat serum was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA., USA). CPT was obtained from
Pharmachemie B.V. (Haarlem, Holland). Fetal bovine serum (FBS),
penicillin, and streptomycin were obtained from Gibco Laboratories
(Santa Clara, CA., USA). MTX was purchased from Lederle
Parenterals Inc. (Carolina, Puerto Rico). NDGATA was synthesized
as described previously (20). The stock solutions of NDGA and

NDGATA were prepared in ethanol or DMSO. No effects of these
solvents were observed at the concentrations used in our experiments.
All other reagents were of the highest purity commercially available.

Tumor cells. Adenocarcinoma TA3 and its multiresistant variant
TA3-MTX-R ascites tumor cells were propagated until the day of
assay by weekly i.p. injection into young adult male CAF 1 Jax
mice as described previously (18-20, 24, 25). The TA3-MTX-R cells
were generated by weekly consecutive selection with 2.0 mg
MTX/kg/48 h administered i.p. in mice until the day of assay (24,
25) and showed MTX resistance and also exhibited cross-resistance
to CPT, DOX, 5-flourouracil and vinblastine (20). Mice were
housed and fed under the same conditions indicated before in the
animal facility of the Faculty of Medicine of the University of Chile
(25). The local ethics committee of the Faculty of Medicine
approved all the experiments. Tumor cells were harvested 5-7 days
after i.p. inoculation of ascitic fluid from donors as described by
Moreadith and Fiskum (26) and resuspended in 150 mM NaCl, 
5 mM KCl and 10 mM Tris - HCl, pH 7.4, at 58-78×106 cells/ml.
The cells appeared to be virtually free of erythrocytes and other
contaminants, such as leukocytes and fungi, by microscopic
examination of cell suspensions.

Growth inhibition of tumor cells. The cell lines were cultured in
Eagle’s medium modified by Dulbecco, which was supplemented
with 10% FBS, 25 mM Hepes, 44 mM NaHCO3, penicillin 
(100 units/ml) and streptomycin (100 μg/ml). For the experiments,
1.8-2.2×105 cells/ml were seeded in 20 ml of culture medium, using
100-ml culture flasks, and grown at 37˚C for up to 72 h. The cells
were allowed to grow for 24 h (about 4.0×105 cells/ml), and then
antineoplastic drugs and or NDGA or NDGATA were added. The
cell numbers were determined with a Neubauer counting chamber,
as described before (18-20). The analysis of the effect of the drug
combinations was carried out by the isobologram method described
by Singh and Moorehead (27).

Cellular doxorubicin accumulation. Tumor cells (106/ml) were
shaken at 37˚C (75 oscillations/min) in PBS (pH 7.4), 2 mM ethylene
glycol-bis(β-aminoethyl ether) N,N,N’,N’-tetraacetic acid (EGTA), 10
μM DOX supplemented with 5 mM glutamine and 10 mM glucose
as energy substrates, in the presence or absence of NDGA or
NDGATA for 3 h, under the same conditions described previously for
cellular ATP level determination (19, 20). Aliquots of the cell
suspension (1 ml) were retrieved, immediately centrifuged for 30 s at
11,000 xg and washed three times with ice-cold medium. The cell
pellets were resuspended in 0.3 N HCl in 50% ethanol (28), and
mixed thoroughly in a vortex mixer. They were centrifuged for 120 s
at 11,000 xg. The DOX content in the supernatant was determined
from standard curves prepared by dissolving a stock solution of DOX
in 0.3 N HCl in 50% ethanol for each assay in a Shimadzu RF-540
spectrofluorophotometer (Shimadzu Corporation, Kyoto, Japan). The
results were expressed as nmol/106 cells. Excitation and emission
wavelengths of 470 and 585 nm were used respectively (29).

Cellular accumulation and efflux of rhodamine 123. Tumor cells
(5×105/ml) were incubated at 37˚C with 1 μM RHO in the presence or
absence of 30 μM NDGA or 7 μM NDGATA for 60 min, under the
same conditions described above for DOX uptake. Following this period
of RHO accumulation, cells were centrifuged at 100 xg for 5 min and
then resuspended in RHO-free medium in the absence or presence of
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NDGA or NDGATA and incubated again at 37˚C. During both the drug
accumulation phase and the efflux phase of the experiment, aliquots of
the cell suspension (1 ml) were retrieved at 15 min intervals. The
aliquots were immediately centrifuged for one min at 11,000 xg and
washed three times with ice-cold PBS containing 1% BSA and 0.05%
sodium azide (28). The cell pellets were mixed thoroughly in a vortex
mixer with distilled water; under these conditions, the cells lyse and all
the RHO leaks out (30). The samples were centrifuged for 2 min at
11,000 xg. The RHO content in the supernatant was determined from
standard curves, prepared by dissolving a stock solution of RHO in
distilled water for each spectrofluorometric assay and expressed as
nmol/5×105 cells. Excitation and emission wavelengths of 495 and 535
nm were used, respectively (30).

ABCB1 membrane expression by fluorescence-activated cell sorting
(FACS) analysis. Cell suspensions (1.5×106 viable cells/ml) were
fixed and permeabilized prior to the experiment by 40-min
incubation at 4˚C with 3.7% freshly prepared paraformaldehyde in
PBS, pH 7.2. They were washed twice in PBS supplemented with
2% FBS. Subsequently, the cells were incubated for 6 h at 8-12˚C in
1 ml of a solution containing 125 μl of anti P-gp170 goat serum (200
μg/ml). The cells were pelleted and washed twice with 1 ml of the
same buffer. Specific antibody binding was detected using FITC-
labeled rabbit antigoat-serum (1:50) with incubation for another 1 h
at room temperature and then the cells were washed three times with
the same buffer. The samples were analyzed on a FACS Star flow
cytometer (Becton Dickinson, San Jose, CA., USA), using the
Fluorescence-activated Cell Analyzer Lysys II Program. As control
of the specificity of the reaction paraformaldehide fixed cells and
cells with only the FITC-conjugate were used.

Tumor growth in mice. The tumor cells, 106 cells per 0.1 ml of 0.9%
NaCl solution, were injected into the right thigh of the recipient mice.
The tumors were allowed to grow for four days by which time they
were clearly palpable. Groups of 10 mice were they treated by i.p.
injection with 1.0 mg DOX/kg on days 4-7, 11-14, 18-21, 25-28, and
32, or 60 mg NDGATA/kg/48 h; or 60 mg NDGATA/kg on days 4, 5,
7, 8, 10, 11, 13, 14, 18, 19, 21, 22, 26, 27, 29, 32 and 33, combined
with 1.0 mg DOX/kg on days 6, 9, 12, 15, 20, 25, 28 and 34. The
treatments were continued up to 3 days after tumors were clearly not
palpable, but they did not exceed 35 days after tumor implantation.
The minimum and maximum tumor diameters were measured in
millimeters twice a week and used to calculate the tumor size index
according to the formula [(width)2 x (length)/2] (20, 25).

Statistical analyses. Paired comparison was conducted by Student’s
t-test analyses. Multiple group comparisons were made using one-
way analysis of variance (ANOVA). The distributions of survival
and death times were estimated using the Kaplan-Meier method
followed by a log-rank test. The data were considered significant at
a p-value below 0.05. The analyses were performed using GraphPad
Prism version 4.00 for Windows, GraphPad Software, San Diego,
CA., USA, www.graphpad.comprisma or SigmaStat 2.01, SPSS
Inc., Chicago, IL., USA.

Results

Growth inhibition. NDGA, NDGATA and DOX inhibited the
growth of the TA3 and TA3-MTX-R cells in a dose-
dependent manner. The concentration resulting in a 50%

inhibition (IC50) of the culture growth when the TA3-MTX-
R cells were exposed to either NDGA or NDGATA for 24 h
was 15.8±2.7 μM or 11.1±1.9 μM, respectively, while the
IC50 value was 373.1±29.2 nM for DOX alone (Table I). In
contrast, the IC50 values for NDGA and NDGATA against
the sensitive TA3 cells were 20.2±2.9 μM and 2.5±0.4 μM
for NDGA and NDGATA, respectively, and was 50.8±8.8
nM for DOX, rendering a relative drug resistance (RDR)
value of 7.3 for DOX (Table I). 

To test the effectiveness of combination chemotherapy the
cells were grown in the presence of varying concentrations of
DOX for 21 h. NDGA or NDGATA were then added, and 3 h
later, cell survival was assessed. Consequently, the cells were
treated with DOX for a period of 24 h and with NDGA or
NDGATA for 3 h. Table I shows that both NDGA and
NDGATA enhanced the DOX toxicity in a dose-dependent
manner in both cell lines. The combinations of DOX with
NDGATA provided greater inhibition of the growth of both
tumor cells and the effect was more evident in the TA3-MTX-
R cells than in the parental cells. In fact, NDGATA used at
fixed concentrations (0.25, 0.50, 1.00 and 1.50 μM) in
combination with variable DOX concentrations produced a
dose-dependent decrease of DOX IC50, as indicated by the
increased dose-modifying factor (DMF) (233.2 for TA3-MTX-
R versus 39.1 for TA3 with 1.50 μM NDGATA) (Table I). Both
NDGA and NDGATA, which themselves are potent
antitumoral agents, acted synergistically with DOX in
inhibiting the growth of the cells in culture allowing significant
dose decreases of DOX (Figure 1), as indicated by the plots of
the IC50 values of the respective combinations falling below
the line that joins the IC50 values of the two single agents.
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Table I. Effect of NDGA and NDGATA on DOX sensitivity in TA3 and
TA3-MTX-R cells.

Drugs TA3 TA3-MTX-R

IC50 DMFb IC50 DMFb RDRc

(nM)a (nM)a

DOX 50.8±8.8 373.1±29.2 7.3
DOX + 0.25 μM NDGA 18.4±1.8 2.8 19.2±2.4 19.4
DOX + 0.50 μM NDGA 10.8±1.6 4.7 10.7±1.7 34.9
DOX + 1.00 μM NDGA 4.8±0.7 10.6 8.5±0.9 43.9
DOX + 0.25 μM NDGATA 6.5±1.8 7.8 3.4±2.6 109.7
DOX + 0.50 μM NDGATA 2.8±0.5 18.1 2.6±0.8 143.5
DOX + 1.00 μM NDGATA 1.5±0.8  33.9 2.1±0.6 177.6
DOX + 1.50 μM NDGATA 1.3±0.5 39.1 1.6±0.8 233.2

aIC50=concentration resulting in a 50% inhibition of the culture growth
when cells were exposed to DOX for 24 h and NDGA or NDGATA for
3 h. bDMF=dose modifying factor (IC50 DOX/IC50 DOX + NDGA or
NDGATA). cRDR=relative drug resistance (IC50 DOX TA3-MTX-
R/IC50 DOX TA3). At least two independent determinations were
performed in triplicate.



As with the combination of NDGATA with DOX,
NDGATA similarly enhanced both CPT and MTX in a
dose-dependent manner (0.25, 0.5, 1.0, 1.5 or 2.0 μM), with
a more evident effect in the TA3-MTX-R cells than in the
parental cells (Table II), as indicated by the increase in the
respective DMF (476.9 versus 19.3) for CPT with 1.5 μM
NDGATA and 880.5 versus 49.6 for MTX with 2.0 μM
NDGATA. Moreover, analysis of the data by the
isobologram method (27) showed that both the combination
of CPT with NDGATA and MTX with NDGATA produced
synergistic antiproliferative activity in both cell lines (data
not shown).

Doxorubicin accumulation. An attempt was made to
determine the relationship between cellular drug levels and
the cytotoxicity of DOX and the potential role for NDGA
and NDGATA in modulating these effects. In the absence
of both NDGA and NDGATA, the net cellular
accumulation of DOX after 3-h incubation in the sensitive
cell line, TA3, was only two-fold higher than that observed
in the similarly treated resistant variant TA3-MTX-R
(Figure 2A); but, this difference was statistically

in vivo 23: 959-968 (2009)

962

Table II. Effect of NDGATA on CPT and MTX sensitivities in TA3 and
TA3-MTX-R cells.

Drugs TA3 TA3-MTX-R

IC50 DMF IC50 DMF RDR
(nM) (nM)

CPT 3.50±0.80 76.3±7.8 22.0
CPT + 0.25 μM NDGATA 1.00±0.50 3.5 0.74±0.4 103.1
CPT + 0.50 μM NDGATA 0.29±0.09 12.0 0.34±0.2 224.4
CPT + 1.00 μM NDGATA 0.25±0.03 13.9 0.27±0.1 282.6
CPT + 1.50 μM NDGATA 0.18±0.03 19.3 0.16±0.1 476.9
MTX 96.8±20.00 1717±40.3 17.7
MTX + 0.25 μM NDGATA 14.0±0.8 6.9 21.1±1.3 81.3
MTX + 0.50 μM NDGATA 5.9±0.5 16.5 4.9±0.9 352.2
MTX + 1.00 μM NDGATA 5.5±1.9 17.5 2.3±0.4 753.1
MTX + 1.50 μM NDGATA 3.6±2.4 27.0 2.0±0.5 880.5
MTX + 2.00 μM NDGATA 2.0±0.5 49.6 2.0±0.5 880.5

IC50=concentration resulting in a 50% inhibition of the culture growth
when cells were exposed to either CPT or MTX for 24 h and NDGA or
NDGATA for 3 h. DMF=dose modifying factor (IC50 drug/IC50 drug +
NDGA or NDGATA). RDR=relative drug resistance (IC50 drug TA3-
MTX-R/IC50 drug TA3). At least two independent determinations were
performed in triplicate.

Figure 1. Effect of DOX combinations with either NDGA or NDGATA on the growth inhibition of TA3 and TA3-MTX-R tumor cells. The line that joins
the IC50 of the two drugs used independently indicates the form the plot would take if the effects of the two drugs were additive. IC50 corresponds
to the concentration required to inhibit 50% of the culture growth when cells were exposed to DOX for 24 h and NDGA or NDGATA for 3 h. Each
value is the mean±SD of four or more independent experiments with each assay performed in triplicate.



significant (p<0.004). When NDGA or NDGATA were
added to the medium, the total accumulation of DOX
increased significantly to about 2-fold in the TA3 cells. In
contrast, the DOX accumulation increased 3-fold in the
presence of NDGA and 4-fold in the presence of NDGATA
in the TA3-MTX-R cells. As shown in Figure 2B and C,
the accumulation of DOX by these cells was dependent on
the concentration of NDGA or NDGATA, reaching a
plateau at about 100 μM NDGA and 25 μM NDGATA. The
DOX accumulations in the TA3 cells were slightly, but
significantly higher than in the TA3-MTX-R cells.
Consequently, NDGATA was more effective, because
similar DOX accumulation was attained in both tumor cell
lines at lower concentrations of NDGATA than with
NDGA (Figure 2B and C). 

Accumulation and efflux of rhodamine 123. Figure 3 shows
the time course of cellular accumulation and retention of
RHO in the absence and in the presence of either NDGA or
NDGATA in the TA3 and TA3-MTX-R cells. In the absence
of both NDGA and NDGATA, the net cellular accumulation
of RHO reached the steady state after 30 min incubation in
the resistant variant cells. In contrast, RHO continued
accumulating in the cells and the level did not plateau during
the 60 min incubation in the sensitive TA3 cell line. The TA3
cells accumulated more RHO than the TA3-MTX-R cells at
all the time-points. Using the 60 min time-points, the TA3 to
TA3-MTX-R RHO accumulation ratio was 2.4±0.1; this
difference was statistically significant (p<0.01). When the
cells were incubated in medium containing 30 μM NDGA,
the time course of RHO accumulation was increased and the
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Figure 2. Effect of NDGA and NDGATA on the accumulation of DOX
in TA3-MTX-R and TA3 cells. Panel A: Cells exposed to 10 μM DOX
in the absence or presence of 100 μM NDGA or 25 μM NDGATA. Data
with the same number of asterisks are significantly different at p<0.05
(Student’s t-test). Panel B: Effect of NDGA and Panel C: Effect of
NDGATA concentration on the DOX accumulation in cells exposed to
10 μM DOX. In Panels B and C: TA3 vs. TA3-MTX-R p<0.05 (one-way
ANOVA). DOX was measured in the acid-soluble supernatant after 3 h
incubation. Each value is the mean±SD of three independent
experiments with each assay performed in triplicate. 



level did not plateau during the 60 min exposure in both cell
lines. After 1 h incubation, the accumulation of RHO was up
to 3-fold higher (p<0.02) in the TA3-MTX-R cells and 2-
fold higher (p<0.03) in the TA3 cells in the presence of
NDGA compared to the controls. In the presence of NDGA,
the TA3 cells accumulated slightly more RHO than the TA3-
MTX-R cells at all the time-points. Using the 30-60 min
time-points, the TA3 cells accumulated only 30 percent more
RHO than the TA3-MTX-R cells. This difference was not
statistically significant. In contrast, NDGATA was more
efficient, because with only 7 μM NDGATA similar RHO
accumulation level was attained in both cell lines. When
NDGA or NDGATA were absent from the accumulation
phase (control), there was a rapid depletion of the cellular
RHO level within 30 min in the efflux phase. In contrast,
Figure 3 also demonstrates that NDGA and NDGATA
added in the accumulation phase markedly inhibited the
efflux of RHO from both the resistant and sensitive cells,
which was independent of whether the RHO-free medium
in the efflux phase was with or without NDGA or
NDGATA (data not shown).

ABCB1 expression. In the sensitive TA3 cells, 27.7±6.2% of
the total cells expressed ABCB1, which is not a transporter
for RHO. In the TA3-MTX-R cells 42.8±2.8% expressed
ABCB1 (Figure 4). 

Tumor growth in mice. Both the TA3 and TA3-MTX-R
tumor growth rates in the mice treated with DOX were
initially slightly inhibited but then, on the one hand, the TA3
tumors increased until almost reaching sizes similar to those
found in the respective controls and, on the other hand, the
TA3-MTX-R tumors subsequently increased until reaching
the sizes found in the controls (Figure 5). Figure 5 also
shows the respective responses of the TA3 and TA3-MTX-R
tumors to treatment with NDGATA. As indicated by the
mean tumor sizes in the both control and treated mice,
NDGATA exhibited a marked inhibition of both tumor
growth rates. The combination of NDGATA and DOX
reduced the growth rate more strongly and it was the best
treatment against the sensitive cell line (TA3) and the
resistant variant (TA3-MTX-R). The inhibitory activity of the
NDGA and DOX combination appeared to be synergistic in
both cell lines. The effects of DOX and NDGATA on the
disease-free survival of the mice implanted with either TA3
or TA3-MTX-R tumor cells analyzed by the Kaplan-Meier
method are also shown in Figure 5. None of the treatments
tested prolonged the median survival time of the mice with
either the TA3 or TA3-MTX-R tumors (p>0.05), compared
with the respective control. However, 20% of the mice
treated with NDGATA alone and 30% of those treated with
the combination of DOX and NDGATA showed no vestiges
of tumor 200 days after implantation with either TA3 or
TA3-MTX-R cells.

Discussion

Surprisingly, both the TA3 and TA3-MTX-R cells were
sensitive to NDGA and NDGATA. The results showed that
NDGA and NDGATA not only restored sensitivity to DOX
in the TA3-MTX-R cells in a synergistic manner, but also
increased sensitivity to DOX in the TA3 cells (Table I and
Figure 1). NDGA and NDGATA produced maximum
modulation without displaying intrinsic toxicity at
concentrations of about 1.5 μM. Moreover, NDGATA
showed a synergistic chemosensitizing effect for MTX
(substrate for ABCC1-4 and ABCG2 transporters), and CPT
(substrate for ABCC2 transporter) in both tumor cell lines
(Table II) (32). 

To explain the acquired resistance towards this
heterogeneous group of antineoplastic drugs, those
transporters would have to be induced. Reduced drug
accumulation appears to be a primary reason for resistance
(32). DOX influx occurs by simple Fickian diffusion and
efflux is an active transport process, mediated by various
ABC transporters (ABCB1, ABCC1, ABCC2 and ABCG2
transporters) (3, 31, 32). The findings suggested that there
are small differences between these two cell lines in regard
to intracellular drug accumulation as a net balance of uptake
and efflux, and that this slightly increased concentration of

in vivo 23: 959-968 (2009)

964

Figure 3. Effect of NDGA and NDGATA on the accumulation and efflux
of RHO. Sensitive TA3 and resistant TA3-MTX-R cells were incubated
with 1 μM RHO in the presence or absence of NDGA or NDGATA at
37°C for 60 min (accumulation phase), then washed and resuspended
in RHO-free medium containing NDGA or NDGATA (efflux phase).
Cellular RHO concentration was measured during the accumulation
and efflux phases of the experiment. Each point is the mean±SD of at
least four independent experiments. Curves marked with the same letters
were significantly different from each other and from the control group,
p<0.05, by one-way ANOVA. 



DOX present in both resistant and sensitive cells after
exposure to NDGA or NDGATA would be only in part
associated with the strong increase in toxicity. To test
whether NDGA and NDGATA modulate ABCC1 and
ABCG2 mediated drug transport, the effect of these
compounds on the unidirectional RHO efflux was measured,
the RHO efflux is ABCC1 and ABCG2 transporter mediated,
virtually all the RHO efflux can be blocked by verapamil.

However, RHO influx is possibly mediated by solubility-
diffusion in response to negative-inside plasma and
mitochondrial transmembrane potentials and insensitive to
verapamil (31). The ability of NDGA and NDGATA to
increase the accumulation of RHO and DOX as well as to
block the efflux of RHO (Figure 3), strongly supported the
conclusion that NDGA and its derivative act by interfering
with a process associated with those activities. NDGA
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Figure 4. Representative ABCB1 expression of TA3 and TA3-MTX-R cell lines. FACS analysis (10,000 cells per assay) was carried out after
incubation with anti-Pgp170 goat serum and FITC-labeled anti-goat serum and control untreated. Results correspond to the mean percentage±SE
of the total cells expressing ABCB1 (M2 section) from five independent experiments. Student’s t-test: p<0.05 TA3 vs. TA3-MTX-R cells. 

Figure 5. Effects of DOX, NDGATA and the combination of NDGATA and DOX on the growth of sensitive TA3 and resistant TA3-MTX-R cell tumors
and on the survival of implanted mice. From the fourth day after the tumor cell implantation groups of 10 mice were treated with DOX, NDGATA
or DOX and NDGATA or untreated (control). Curves were assessed statistically using one-way ANOVA. Those marked “a” were significantly
different from DOX treatment and from the control group, p<0.05.



increased the DOX accumulation by 2-fold, but it sensitized
the TA3-MTX-R cells by 44-fold; NDGATA increased DOX
accumulation by 3-fold (Figure 2) and it sensitized these
cells by 233-fold (Table I). Disproportion between drug
accumulation and cytotoxicity is frequently observed (28),
but remains incompletely understood. Decreased
sequestration into intracellular organelles far from the
therapeutic target could occur. NDGATA also displayed
noticeable antitumor activity in the mice implanted with TA3
and TA3-MTX-R cells, although the latter cell line is highly
refractory to various therapies. The combination of both
NDGATA and DOX produced the best survival results and
anticancer activity (Figure 5).

We have no evidence to support a specific action of NDGA
and NDGATA on the ABC transporter activities. As the
inhibition of mitochondrial electron flow by these compounds
resulted in a pronounced reduction of cellular ATP levels (20),
a quantitative alteration in energy-dependent activities would
be expected to occur. For instance, drug extrusion mediated
by ABC transporter and other enzymatic activities, including
those that participate in drug detoxification processes and in
the compartmentalization of drugs away from target sites
might decrease. Additionally NDGA and NDGATA also able
to inhibit the phosphorylation of growth factor receptors,
consequently, deactivating signal transducers, activators of
transcription and mitogen-activated protein kinase (33).

ATP is required by living organisms to drive the majority,
if not all, of their biosynthetic pathways as well as for
maintenance of the intracellular ion balance and for
specialized functions. Accumulated evidence indicates that
oxidation of glutamine to CO2, not glucose, is the major
energy source for tumor cells, even in the presence of
physiological levels of glucose (34). Hexokinase (HK) bound
to the mitochondria of tumor cells has preferred access to the
mitochondrially-generated ATP relative to cytosolic ATP
(35). But when oxygen consumption is deeply compromised
and mitochondrially-generated ATP is insufficient to
maintain high HK activity, glycolysis also may be depressed.
Consequently, the mitochondria of tumor cells would be the
most important site of ATP synthesis.

While many drugs have been shown to sensitize multidrug
resistant cells, most have proven to be unacceptably toxic
when used in clinically (32). NDGATA is a more efficient
and selective respiratory inhibitor than NDGA, since mouse
liver mitochondria were about 7-fold less sensitive than those
from tumor cells (20). The identification of NDGA and its
ester derivative as potent modulators of MDR is important
for several reasons. First, they represent a new class of
compound that could be exploited for use in patients
harboring malignancies that display MDR. NDGATA might
be used to target cellular system that are not only relevant in
a specific phase of the cell cycle, but which are essential in
cellular energy metabolism during the whole cell cycle.

Second, it is possible to search for more potent and effective
derivatives for future evaluations, since many analogs of
NDGA have been either isolated or synthesized and are
available for study.
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