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Abstract
Background: Our group has previously reported that arachidonic acid (AA, 20:4n-6) levels are 10 times
higher in rat mammary tumor tissue compared to the normal mammary gland. Nuclear factor kappaB
(NF-κB) activation is often found to be constitutive in human breast cancer, showing higher activation in
the more aggressive subtypes. Methods : We incubated the human breast cancer MCF-7 cells for 48 h, in
medium supplemented with BSA or BSA-bound 10, 50 and 100 mM AA, then added the same medium
alone or supplemented with 10 ng/mL TNF-α. Thirty carcinogen-induced rat mammary tumors, weighting
between 0.3 g and 19.2 g, were examined.  Results : The carcinogen-induced rat mammary tumor weight
was positively correlated with AA level, p-Akt/Akt ratio, nuclear p65, c-Myc and VEGF expression. In MCF-7
cells, AA alone had no effect on NF-kB activation. However, 50 or 100 μM AA pretreatment enhanced TNF-
α-induced p-Akt/Akt, and p-IkB expression, with subsequent decrease in IkB. Thereafter, an increase in
nuclear p65, nuclear c-Myc expression, NF-kB gene reporter activity and cell proliferation was observed.
Conclusion : AA can effectively augment p-Akt signaling and TNF-α-induced NF-kB activation to promote
the tumorigenesis in breast cancer. Our study indicates that AA may in�uence tumor progression by
increasing the aggressiveness of breast cancer.

Background
We previously found that arachidonic acid (AA, 20:4n-6) levels are 10 times higher in rat mammary tumor
tissue than in the normal mammary gland, and are positively correlated with the tumor weight [1]. Most
animal, cell culture, and epidemiological studies have shown that n-6 polyunsaturated fatty acids
(PUFAs) increase the risk of breast cancer [2-4], however the mechanisms are yet unclear. Therefore, it is
of importance to understand the role of AA, the major n-6 PUFA, in breast cancer development. AA is
primarily found in phospholipids of membranes and is the precursor of eicosanoids in in�ammatory
response [5].

Nuclear factor kappaB (NF-kB), a transcriptional factor, is known to regulate in�ammatory responses and
also play an important role in breast cancer development [6]. In most cells other than B lymphocytes, NF-
kB is retained in the cytoplasm as a dimer binding with inhibitory kappaB (IkB) as an inactive form. It is
activated by phosphorylation of IkB (p-IkB) by Inhibitory kappaB kinase to release the dimeric NF-kB as
the active form. Thereafter, IkB is degraded by the 26s proteasome-dependent pathway, while the active
NF-kB, mainly p65-p50 complex, is translocated into the nucleus to promote tumorigenesis and
angiogenesis [7]. Constitutive NF-kB activation has been detected in human breast cancer and
carcinogen-induced rat mammary tumors [6, 8]. The pro-in�ammatory cytokine tumor necrosis factor-a
(TNF-a), which is a major mediator between cancer and in�ammation, and stimulates NF-kB activation, is
also detected in human cancers or rodent tumor tissues [9]. The phosphatidylinositol 3 kinase (PI3K)/Akt
(protein kinase B) plays essential roles in proliferation and angiogenesis in human breast cancer [10], and
is responsible for TNF-a-induced NF-kB activation [11]. Therefore, we examined the association of AA on
Akt signaling, NF-kB activation, and c-Myc expression in carcinogen-induced rat mammary tumors and
MCF-7 human breast cancer cells.
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We proposed that AA enhances TNF-a-induced proliferation and investigated this concept in an MCF-7
human breast cancer cell line and rat mammary tumors. We hypothesize that AA may enhance TNF-α-
induced p-Akt signaling, thereby increasing p-IkBa levels. Subsequent decrease in IkBa follows, which in
turn, enhances nuclear p65 (RelA) expression, which is a component of the active NF-kB dimer complex.
The activated NF-kB mediates NF-kB gene reporter activity and its downstream c-Myc expression to
increase proliferation in human breast cancer MCF-7 cells. We also examined the association between
the above parameters and weight of the rat carcinogen-induced mammary tumors.

Methods
Cell culture and reagents

Culture media were purchased from Gibco Life Technology, and unless otherwise speci�ed, all chemicals
were procured from Sigma (St. Louis, MO, USA). MCF-7 cells were obtained from the American Type
Culture Collection/Bioresource Collection and Research Center (BCRC) (Taiwan). These cells have
performed STR-PCR pro�le at BCRC. MCF-7 cells were routinely cultured in Dulbecco's modi�ed Eagle
medium (DMEM) with L-glutamine and 110 mg/L of sodium pyruvate, containing 5% fetal bovine serum
(FBS), 100 U/mL of penicillin and 100 μg/mL of streptomycin at 37°C in a 5% CO2 incubator. For the

experiments, the cells (5×104 cells/ml) in DMEM containing 5% FBS were seeded in dishes or plates for
24 h, after which the medium was replaced with DMEM containing 0.1% FBS, for 24 h. Thereafter, the
cells were supplemented with vehicle (bovine serum albumin, BSA) or BSA-bound AA, as described
previously [12], and were incubated for 48 h, before stimulation with 10 ng/mL TNF-a for the indicated
time.

 

Rat mammary tumors

The rat mammary tumors were the same as those used in our previously published study, where female
rats were exposed to a high fat diet, containing 20% of sun�ower oil by weight, with or without n-3 PUFA-
enriched �sh oil supplementation, either during the perinatal period via maternal intake, or during puberty
or adulthood [13]. Brie�y, the pregnant Sprague-Dawley rats (8 weeks old) at Day 2 of gestation (n = 22),
were obtained from BioLasco Taiwan, a technology licensee of Charles River Laboratories in Taiwan, and
were housed in an individual standard cage in a humidity-controlled room at 24±1°C on a 12-h light–dark
cycle with free access to tap water and the diet. The protocols and animal treatments used in this study
were approved by the Animal Care and Use Committee of the National Taiwan University College of
Medicine. The pregnant rats were fed a sun�ower oil diet with or without n-3 PUFA-enriched �sh oil
supplementation, prepared in our laboratory, from Day 2 of gestation and continued throughout
pregnancy and lactation. After weaning at postnatal Day 22, all the pups were fed chow diet (5001,
LabDiet) throughout their lifetime. On Postnatal Day 28, the female offsprings born to the rats who had
been fed with a diet lacking �sh oil supplementation, were randomly assigned to give no �sh oil
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supplementation, or were supplemented by oral gavage with �sh oil (Leiner Health Products, California,
USA) per day (for 42 days), on Postnatal Days 30–71, or Postnatal Days 110–151. Mammary tumors
were induced by a single intragastric administration of 10 mg of 7,12 dimethylbenzanthracene (DMBA)
(Sigma) (10 mg/mL in peanut oil) to the female offspring on Postnatal Day 55. The rats were sacri�ced
at age of postnatal Day 230. Rats were anesthetized with CO2, following which, the mammary tumors

were dissected out, weighed, frozen in liquid nitrogen and stored in   -80oC freezer. Thirty mammary
tumors weighing 0.3 g to 19.2 g, were collected from 7 or 8 tumor-bearing rats per group (total rats, n =
30), and randomly pooled.

 

Western blot analysis

To prepare whole cell or tissue lysates, the cells or pieces of rat mammary tumors were washed with ice-
cold PBS, followed by homogenization and sonication in lysis buffer as described previously [12, 14].
Nuclear fractions were prepared by extraction with hypotonic and hypertonic buffers as described before
[15]. The antibodies used were rabbit monoclonal antibodies against p-Akt or GAPDH (both from Cell
Signaling); rabbit polyclonal antibody against p-IkBa IkBa, p65 (all from Santa Cruz), Akt (Cell Signaling),
VEGF (Millipore); mouse monoclonal antibodies against Histone H2B (Millipore), c-Myc (ThermoFisher) or
b-actin (Sigma).

 

Fatty acid analysis

The fatty acid methyl esters were prepared as described previously [16]. Brie�y, total lipids were extracted,
dried down under nitrogen gas and converted to their methyl esters, which were analyzed by an Agilent
7820A gas chromatograph using �ame ionization detection on a SP-2560 polar fused silica capillary
column (100 m x 0.25 mm x 0.2 um, Supelco, Inc) with nitrogen as the carrier gas.

 

NF-kB dual-Luciferase reporter assay

The transient transfection and luciferase gene reporter assays were performed as described previously
[17]. Brie�y, the cells in DMEM containing 5% FBS, were seeded in 24-well plates for 24 h, after which the
medium was replaced with DMEM containing 0.1% FBS for 24 h. Thereafter, the medium was
supplemented with BSA or BSA-bound 50 mM AA and incubated for 24 h, before transfection. Transient
cotransfection was performed with pNF-kB luciferase (�re�y) reporter plasmid (Panomics, Fermont, CA,
USA) and Renilla phRL-TK luciferase plasmid (Promega, Inc.) as an internal control reporter vector using
lipofectamine 3000 reagent (Invitrogen, Inc.) according to the manufacturer’s instruction. Twenty-four
hours after the transfection, the cells were treated with or without 10 mM LY 2940002 for 1 h, following
which, the cells were stimulated with or without 10 ng/mL TNF-a for 6 h. Fire�y and Renilla luciferase
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activities were measured using the Dual-Luciferase reporter assay system kit (Promega, Madison, WI,
USA) according to the manufactures’ guidelines. Results were normalized by Renilla luciferase
luminescence intensity. All samples were tested in triplicate for one experiment and each experiment was
repeated 5 times.

 

3H-thymidine incorporation assay

MCF-7 cells were seeded in 24 well plates for 24 h. Thereafter, the medium was replaced with DMEM
containing 0.1% FBS for 24 h. The cells were then treated with BSA or BSA-bound 10, 50 and 100 mM AA
for 48 h. Following this incubation, the cells were stimulated with or without 10 ng/mL TNF-a for 6 h. The
cells were washed with PBS and incubated with 8 uCi/mL of 3H-thymidine (PerkinElmer, MA, USA) in FBS-
free DMEM for 3 h; the reaction was stopped by adding of 10% cold-trichloroacetic acid and incubating
further for 45 min. The 3H-thymidine containing medium was removed and the cells were washed three
times with cold PBS, following which, 0.4 N NaOH was added and incubated for 1 h. The contents of the
wells were transferred to tubes containing Scintillation solution (Scintran cocktail T, BDH Chemical, Poole,
UK) and counted in a beta-counter (HIDEX 300SL). All samples were tested in triplicate for one experiment
and each experiment was repeated 6 times.

 

Statistical analysis

The data are presented as mean±SEM. The two-way analysis of variance (ANOVA), followed by
Bonferroni post hoc analysis was used to compare group effects. Correlation analysis was performed by
Pearson correlation coe�cient. GraphPad Prism 7.0 (Graph Pad Software, Inc., San Diego, CA, USA) was
used to perform graphical and statistical analysis. A p value £ 0.5 was considered statistically signi�cant.

Results
The association between rat mammary tumor weight and AA levels, p-Akt/Akt ratio, IkB, nuclear p65, c-
Myc or VEGF expression

Our lab has previous found that AA levels are 10 times higher in rat mammary tumor tissue than in the
normal mammary gland, and are positively correlated with the tumor weight [1]. Akt signaling and NF-kB
activation play important roles in cancer proliferation and angiogenesis [7]. Constitutive NF-kB activation
has been detected in DMBA-induced rat mammary tumors [6, 8]. Therefore, we examined AA levels, p-
Akt/Akt ratio, IkB, nuclear p65, c-Myc and VEGF expression in the DMBA-induced rat mammary tumors,
weighting between 0.3 g and 19.2 g (Fig. 1). We observed that the weight of the rat mammary tumors
was signi�cantly positively associated with AA levels (Pearson correlation coe�cient r = 0.5671, p =
0.002, n = 27) (Fig. 1A), p-Akt/Akt ratio (r = 0.5881, p = 0.0006, n = 30) (Fig. 1B), nuclear p65 (r = 0.6289, p
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= 0.0002, n = 30) (Fig. 1D), c-Myc (r = 0.7107, p < 0.0001, n = 30) (Fig. 1E), and VEGF (r = 0.8272, p <
0.0001, n = 30) (Fig. 1F). Further, tumor weights were signi�cantly negatively corrected with IkBa
expression (r = -0.6894, p < 0.0001, n = 28) (Fig. 1C). Owing to the limitation of tumor weight being less
than 0.5 g, tumor tissue was insu�cient for fatty acid analysis and therefore, the sample size for AA level
analysis was smaller than that taken for the analyses of the other parameters. The similar results were
obtained for the association between AA levels in the rat mammary tumor and above parameters, AA
levels in the rat mammary tumor showed a signi�cantly positive correlation with p-Akt/Akt ratio (r =
0.5521, p = 0.0028, n = 27), nuclear p65 (r = 0.4853, p = 0.012, n =27), c-Myc (r = 0.5053, p = 0.0085, n =
27) and VEGF (r = 0.6372, p = 0.0004, n = 27). Further, a signi�cantly negative correlation with IkBa (r =
-0.6324, p = 0.0005, n = 27) expression was observed. These results indicated that AA plays an important
role in mammary tumor development, and that, AA levels in rat mammary tumor tissue were positively
correlated with the tumor weight. Furthermore, the tumor weights were positivity associated with p-Akt
signaling, NF-kB activation, c-Myc and VEGF expression, for tumor development. Moreover, we examined
the role of AA without or with TNF-α stimulation on proliferation in MCF-7 human breast cancer cells.

 

AA incorporation into MCF-7

We �rst examined whether the supplemented AA was incorporated into MCF-7 cells (Fig. 2 and Additional
�le 1: Table S1). After 2 days of culturing the cells with 0-100 mM AA, the AA levels were found to
increase from 5.3% of total fatty acids at 0 mM AA to 17.2%, 24.8% or 28.8% of total fatty acids with AA
supplementation of 10, 50 and 100 mM, respectively. Docosatetraenoic acid (22:4n-6) levels were also
found to increase from 0.4% to 10.9%, with increasing AA supplementation. The increase in AA and
22:4n-6 levels was accompanied by a decrease in the total monounsaturated fatty acids from 53% to
22%. The monounsaturated fatty acids that were found to be reduced were oleic acid (18:1n-9) from 34%
to 14%, 18:1n-7 from 7.2% to 3.2% and 16:1n-7 from 7.6 to 2.9% of the total fatty acids, others being
changed by less than 1%. In contrast, the saturated fatty acids and n-3 fatty acids showed little change,
ranging from 38% to 35% and from 2.5% to 0.9%, of the total fatty acids.

 

AA and TNF-α on p-Akt signaling and NF-kB activation in MCF-7

About two-thirds of breast cancers in women are hormone-dependent cancers that contain estrogen
receptors. NF-kB activation is found to be constitutive in human breast cancers, often showing higher
expression in the more aggressive human breast cancer cell lines such as estrogen receptor-negative
MDA-MB-461, but less frequently in estrogen receptor-positive MCF-7, where NF-kB activity can be
induced by TNF-α stimulation [18-21]. In order to distinguish the role of AA on NF-kB activity, we further
examined the effect of pretreatment of AA, without and with TNF-α stimulation on p-Akt/Akt, p-IkB, IkB,
nuclear p65, NF-kB luciferase gene reporter activity, nuclear c-Myc expression, and 3H-thymidine
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incorporation in MCF-7 cells. We incubated the cells for 48 h in culture medium supplemented with BSA
or 10, 50 and 100 mM AA, after which the same medium was added alone or with 10 ng/mL TNF-α.

Western blotting was performed to study the effect of AA treatment, with or without TNF-α stimulation on
the p-Akt/Akt ratio (Fig 3). Two-way ANOVA revealed a main effect of both AA and TNF-α without a AA x
TNF-α interaction on p-Akt/Akt ratio. The p-Akt/Akt ratio was signi�cantly increased in response to
treatment with 10-100 mM AA for 48 h, and was signi�cantly induced by treatment with TNF-α for 20 min.
Moreover, p-Akt/Akt ratios induced by TNF-α were signi�cantly enhanced after pretreatment with 10-100
mM AA for 48 h, compared to controls (0 mM).

Furthermore, the effect of AA and TNF-α interaction on p-IkBa, IkBa and nuclear p65 expression was
revealed by two-way ANOVA in the cells that received treatment with both, AA and TNF-α (Fig. 4). AA
treatment alone had no effect on p-IkB (Fig 4B), IkBa (Fig 4C) and nuclear p65 (Fig 4D) expression.
Signi�cant effects were observed in TNF-α stimulated cells. Compared to the 0 mM AA with TNF-a
stimulation, pretreatment with 50 or 100 mM AA, signi�cantly enhanced TNF-α stimulated increase in p-
IkBa, with a subsequent decrease in IkBa, and increase in nuclear p65 expression. These data suggest
that 50 or 100 mM AA enhances the TNF-α-induced NF-kB activation.

To further evaluate NF-kB reporter luciferase activity after AA and TNF-α stimulation, we transfected MCF-
7 cells with a NF-kB-driven luciferase reporter plasmid and pretreated it with 50 mM AA before, and TNF-α
stimulation after, transfection. The NF-kB reporter luciferase activity was signi�cantly increased by TNF-α
stimulation and AA signi�cantly enhanced the TNF-α stimulated luciferase activity (Fig 5). AA alone,
without TNF-α stimulation, had no effect on the NF-kB reporter luciferase activity. Further, we used a
PI3K/Akt inhibitor, LY294002, to study the effect of LY294002 and AA interaction on the NF-kB reporter
luciferase activity. Two-way ANOVA revealed that LY294002, signi�cantly decreased TNF-α stimulated
NF-kB luciferase activity and AA signi�cantly inhibited the effect of LY294002 on NF-kB reporter
luciferase activity. These results suggest that AA alone has no effect on NF-kB activation, while AA
pretreatment enhances TNF-α stimulation, with subsequent increase in p-Akt signaling, decrease in IkB
expression and increase in NF-kB activation in MCF-7.

 

AA and TNF-α on nuclear c-Myc expression and 3H-thymidine incorporation assay in MCF-7

Western blotting was performed to study the effect of AA treatment with or without TNF-α stimulation,
two-way ANOVA revealed a main effect of both AA and TNF-α without a AA x TNF-α interaction on nuclear
c-Myc expression (Fig. 6A). Nuclear c-Myc expression was signi�cantly increased by treatment with 10-
100 mM AA for 48 h and was signi�cantly induced by TNF-α treatment for 24 h. It is noteworthy that
nuclear c-Myc expression induced by TNF-α was signi�cantly enhanced after pretreatment for 48 h with
10-100 mM AA, compared to untreated controls (0 mM AA). The data suggests that AA can effectively
increase and enhance TNF-α-induced nuclear c-Myc expression. 3H-thymidine incorporation assay (Fig.
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6B), two-way ANOVA revealed main effect of AA but no effect of TNF-α and no AA x TNF-α interaction,
indicating that treatment with AA signi�cantly augmented MCF-7 cell proliferation.

These results indicates that AA supplemented in the culture medium was incorporated by the cells, which
 signi�cantly increased the p-Akt/Akt ratio, nuclear c-Myc expression and 3H-thymidine incorporation for
cell proliferation, but had no effect on NF-kB activation. However, stimulation with TNF-α signi�cantly
increased the NF-kB activation including p-IkB, nuclear p65 expression and NF-kB transcriptional activity,
and nuclear c-Myc expression. Moreover, these effects were signi�cantly enhanced after pretreatment
with 50-100 mM AA. Interestingly, supplementation with 50 mM AA had no effect on NF-kB transcriptional
activity, which was signi�cantly increased in response to TNF-α stimulation, but was inhibited by
Ly294002. Nevertheless, AA signi�cantly enhanced TNF-α induction and reversed Ly294002 inhibition on
NF-kB reporter activity. These results suggest that AA enhances TNF-α-induction, even though, it is unable
to in�uence NF-kB activation, independently.

Discussion
We have previously reported that AA levels are ten times higher in rat mammary tumor tissue than in the
normal mammary gland, and are positively correlated with the tumor weight [1]. Therefore, we examined
the effect of AA on breast cancer proliferaton. We found that rat mammary tumor AA levels, p-Akt/Akt
ratio, nuclear p65, c-Myc and VEGF expression were positively correlated and IkB expression was
negatively correlated with rat tumor weight. Supplementation with 10-100 mM AA increased the AA levels,
p-Akt/Akt ratio and nuclear c-Myc expression, as well as cell proliferation in MCF-7 human breast cancer
cells. Increases in the p-Akt/Akt ratio and p-IkB, with a subsequent decrease in IkB and increase in nuclear
p65 and nuclear c-Myc expression and NF-kB gene reporter activity induced by TNF-α, were enhanced by
50-100 mM AA pretreatment. In addition, AA decreased the inhibitory effect of the PI3K/Akt inhibitor
Ly294002, on the TNF-α-induced NF-kB gene reporter activity.

NF-kB DNA-binding activity and nuclear NF-kB expression (including p65, p50 or c-Rel) is often found to
be constitutive in human breast cancer tissues, and in carcinogen DMBA-induced rat mammary tumors
[8, 18, 22]. Typically, constitutive NF-kB activation is found to be higher in more aggressive breast cancers
with highly proliferative properties [23]. The in�ammatory human breast cancer with higher tendency to
metastasize, shows upregulated gene expression of NF-kB, including p65, p50, p52, p105 or c-Rel, VEGF
and other genes involved in proliferation and angiogenesis [24]. It has been reported that AA levels in the
human breast cancer tissue are signi�canltly higher than the normal and/or benign tissues obtained from
the margins of the excised tumor of the same breast [25, 26]. Moreover, AA levels are higher in the breast
adipose tissues in patients with breast cancer than in controls [27]. Additionally, AA levels in human
breast cancer tissues were found to be positively correlated with p-Akt, p-S6, cPLA2 and VEGF expression,
albeit, the sampel size was 8 [28]. In the present study, we found that the tumor weight in the DMBA-
induced rat mammary tumors was positively correlated with AA levels, p-Akt/Akt ratio, nuclear p65, c-Myc
and VEGF expression. In addition, the association between AA levels in the rat mammary tumor and
above parameters, similar results were obtained, such that AA levels were positively associated with p-
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Akt/Akt ratio, nuclear p65, c-Myc and VEGF expression in the rat mammary tumors. These results suggest
that AA plays an important role in mammary tumor development and AA enhances p-Akt signaling, NF-kB
activation, c-Myc and VEGF expression promoting tumor growth and angiogenesis. Our �ndings indicate
that AA may enhance tumor progression by increasing the aggressiveness of mammary tumors.

Many studies demonstrated that NF-kB DNA-binding activity and nuclear NF-kB expression including p65,
p50, p52 or c-Rel are constitutive, especially showing higher expression in more aggressive human breast
cancer cell lines and human breast cancer tissues [6, 18, 19, 21]. In comparison to the more aggressive
human breast cancer cell lines such as MDA-MB-231, MDA-MB-438 or SKBR3, MCF-7 shows less NF-kB
activity, however, its activity can be induced by TNF-α stimulation [18-21]. We found that AA alone had no
effect on NF-kB activation, but pretreatment with 50-100 mM AA enhanced TNF-α-induced p-Akt/Akt, and
p-IkB expression, with subsequent decrease in IkB, and increase in nuclear p65, nuclear c-Myc expression,
NF-kB gene reporter activity and cell proliferation in MCF-7 cells. It has been previously reported that 15
mM AA increased p-Akt/Akt expression, NF-kB-DNA binding activity, cell migration and invasion in MDA-
MB-231 cells [29]. The AA precursor, 90 mM linoleic acid (18:2n-6) has been found to increase the p-
Akt/Akt ratio, NF-kB DNA binding activity and fascin to induce migration and invasion in MDA-MB-231
[30, 31]. It is suggested that AA enhances NF-kB activation in human breast cancer cells. It would be
interesting to know whether AA could trigger the aggressive potential of human breast cancers.

In MCF-7 cells, 5-50 mM AA treatment was found to increase mTOR signaling, including p-Akt/Akt and p-
S6/S6 ratio, HIF-1a expression, VEGF secretion, cell proliferation and angiogenesis [28]. Furthermore,
15mM AA has been reported to increase p-Src levels and enhance migration in MDA-MB-231 human
breast cancer cells [32]. AA, at a concentration of 5 mg/ml (about 16 mM), was found to increase cyclin
D1 mRNA and proliferation in T-47D human breast cancer cells [33]. Moreover, 30 mM AA has been
reported to increase p38 MAPK, heat-shock protein 27, and RhoA activity to induce cell adhesion in MDA-
MB-435 human melanoma cells [34]. RhoA and RhoC were found to be increased by 10 mM AA to induce
cell migration in CaP human prostate cancer cells [35]. It has further been reported that AA induced Ca2+

entry and migration in BON human pancreatic carcinoid cells [36]. p-Akt and nuclear NF-kB expression
and the gene expression of NF-kB as well as cyclooxygenase-2 was found to be increased by 16 mM AA
in PC-3 human prostate cancer cells [37]. We found that 10-100 mM AA increased p-Akt/Akt ratio, nuclear
c-Myc, expression, promoting cell proliferation in MCF-7 human breast cancer cells. These results suggest
that AA plays an important role in cancer proliferation and metastasis. AA metabolites, such as
eicosanoids, play important roles in mediating breast cancer development [5]. It will be interesting to
distinguish the role of AA or its metabolites in cancer development.

Conclusion
This study provides in vivo and in vitro evidence that AA is an effective activator that enhances p-Akt
signaling and NF- B activation to promote tumorigenesis in breast cancer. Furthermore, the rat mammary
tumor weight or AA levels, are positively associated with p-Akt/Akt, NF- B activation, c-Myc and VEGF
expression in these tumors.
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AA: arachidonic acid (20:4n-6); Akt: phosphatidylinositol 3 kinase (PI3K)/ protein kinase B; BSA: bovine
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kB: nuclear factor kappaB; p-IkB: phosphorylation of IkB; PUFAs: polyunsaturated fatty acids; TNF-a:
tumor necrosis factor-a; VEGF: vascular endothelial growth factor.
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Figure 1

The correlation of DMBA-induced rat mammary tumor weight with tumor AA levels, p-Akt/Akt ratio, I B ,
nuclear p65, c-Myc or VEGF expression. Mammary tumors, weighing 0.3 g to 19.2 g, were randomly
pooled together for analysis. AA levels are shown as the % of total fatty acids. Western blot analysis was
performed in the tumor homogenate or nuclear fraction lysates, using the indicated antibodies. -actin or
GAPDH was used as loading control. Correlation analysis was performed by Pearson correlation
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coe�cient. The weight of rat mammary tumors was signi�cantly associated with (A) AA levels (r =
0.5671, p = 0.002, n = 27), (B) p-Akt/Akt ratio (r = 0.5881, p = 0.0006, n = 30), (C) I B  expression (r =
-0.6894, p < 0.0001, n = 28), (D) nuclear p65 (r = 0.6289, p = 0.0002, n = 30), (E) c-Myc (r = 0.7107, p <
0.0001, n = 30), and (F) VEGF (r = 0.8272, p < 0.0001, n = 30).

Figure 2

Effect of AA supplementation on AA incorporation into MCF-7. Cells were cultured in 0.1% FBS DMEM
supplemented with BSA as vehicle or 10, 50, or 100 M BSA-bound AA for 48 h. The levels of AA (●),
22:4n-6 (▼), 18:1n-9 (△) and 16:1n-7 ( ) are shown as the % of total fatty acids. The data are presented
as mean  SEM of 4 independent experiments, for each treatment.
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Figure 3

Effect of AA and TNF-α on the p-Akt/Akt ratio in MCF-7. Cells were pretreated with BSA or 10, 50, or 100
M BSA-bound AA for 48 h, after which, the same medium alone or supplemented with 10 ng/mL of TNF-
, was added for 20 min. Western blotting was performed to assess the p-Akt and Akt expression. Total

Akt was used as the loading control for p-Akt. The levels are expressed as a fold value compared to the
BSA-treated control with no TNF-  stimulation. Two-way ANOVA followed by the Bonferroni post hoc test
was used to compare AA and TNF-  effects. The data are presented as mean±S.E.M for 4 independent
experiments for each treatment.
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Figure 4

Effect of AA and TNF-α on p-I B , I B  and nuclear p65 expression in MCF-7. Cells were pretreated with
BSA or 10, 50, or 100 M BSA-bound AA for 48 h, after which, the same medium alone or supplemented
with 10 ng/mL of TNF-  for 20 min. Western blotting was performed to measure the p-I B , I B  and
nuclear p65 expression (A). GAPDH was used as the loading control for p-I B  (B) and I B  (C). Histon
H2B was used as the loading control for nuclear p65 (D). The levels are expressed as a fold value
compared to the BSA-treated control with no TNF-  stimulation. Two-way ANOVA followed by the
Bonferroni post hoc test was used to compare AA and TNF-  effects. * indicates a signi�cant difference
compared to the BSA-treated control with TNF-  stimulation. The data are presented as mean±S.E.M for 4
independent experiments.
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Figure 5

Effect of AA, TNF-  and p-Akt inhibitor Ly294002 on the NF- B luciferase reporter activity in MCF-7. Cells
were pretreated with BSA or 50 μM AA for 48 h, after which, the same medium containing 10 μM
LY294002 was added for 1 h, following stimulation with 10 ng/mL of TNF-  for 6 h. The levels are
expressed as a fold value compared to the control BSA-treated cells with no TNF-  stimulation. The
different letters indicate signi�cant differences between groups by two-way ANOVA followed by the
Bonferroni post hoc test. The data are presented as mean±S.E.M for 4-5 independent experiments.
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Figure 6

Effect of AA and TNF-α on the nuclear c-Myc expression and 3H-thymidine incorporation in MCF-7. Cells
were pretreated with BSA or 10, 50, or 100 M BSA-bound AA for 48 h, after which, the same medium
alone or with 10 ng/mL of TNF-  was added for 24 h. Western blots was performed to measure the
nuclear c-Myc expression (A). Histone H2B was used as the loading control. Cell proliferation was
determined using the 3H-thymidine incorporation assay (B). The levels are expressed as a fold value
compared to the BSA-treated control with no TNF-  stimulation. Two-way ANOVA followed by the
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Bonferroni post hoc test was used to compare AA and TNF-  effects. The data are presented as
mean±S.E.M for 5-6 independent experiments.
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