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Sorafenib and docosahexaenoic acid act in
synergy to suppress cancer cell viability:
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Abstract

Background: Docosahexaenoic acid (DHA) is a long chain n-3 polyunsaturated fatty acid that has anticancer activity.
Heme oxygenase 1 (HO-1) is a potential therapeutic target due to its cytoprotective activity in cancer cells. We recently
reported that DHA induces HO-1 gene transcription in human cancer cells by augmenting the degradation of Bach1
protein, which functions as a negative regulator of HO-1. Since the degradation of Bach1 protein relies on protein
phosphorylation, we hypothesized that DHA-induced HO-1 gene transcription could be attenuated by kinase inhibitors,
resulting in an enhanced cytotoxicity. Sorafenib, a tyrosine kinase inhibitor, was first applied to test our hypothesis.

Methods: Human cancer cell lines and a xenograft nude mouse model were applied to test our hypothesis. Gene
expression was analyzed by western blot analysis and reporter gene assay. Cell viability was analyzed using a
colorimetric assay. Isobologram was applied to analyze drug action.

Results: Pretreatment of cancer cells with Sorafenib significantly attenuated DHA-induced degradation of
Bach1 protein. Consequently, DHA-induced HO-1 gene transcription was reversed by Sorafenib as evidenced by
western blot and reporter gene analysis. Sorafenib acted synergistically with DHA to suppress cancer cell viability in
various human cancer cell lines and suppressed tumor xenograft growth in mice fed a fish oil enriched diet (high n-3/
DHA), as compared to mice fed a corn oil (high n-6) diet. Screening of the NCI-Oncology Drug Set IV identified a group
of anticancer compounds, including Sorafenib, which enhanced DHA’s cytotoxicity, as well as a set of compounds that
attenuated DHA’s cytotoxicity.

Conclusions: We demonstrate that sorafenib attenuates DHA-induced HO-1 expression and acts in synergy with DHA
to suppress cancer cell viability and tumor growth. Considering the known health benefits of DHA and the clinical
effectiveness of Sorafenib, their combination is an attractive therapeutic strategy against cancer.
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Background
Docosahexaenoic acid (DHA), a long chain n-3 polyun-
saturated fatty acid, has anticancer activity in various ex-
perimental model systems [1–6]. Dietary intake of DHA
also has many health benefits to humans, such as lowing
blood lipid levels, preventing cardiovascular disorders
[7], and nurturing the central nervous system [8]. DHA
is currently prescribed for the treatment of lipid and

cardiovascular disease [9]. The unique features of DHA,
having both anticancer activity and health benefits to
humans, indicates a potential strategy against cancer by
combining DHA and other cancer therapeutics [10]. In
this context, DHA has been shown to enhance the anti-
cancer activity of various chemotherapeutic drugs [11],
and is currently being tested in clinical trials for combin-
ation therapy [12]. However, while the idea of combining
DHA and other anticancer drugs for cancer therapy is
well conceived, the mechanism of how DHA may aug-
ment the anticancer action of cancer therapeutics re-
mains elusive.
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We have previously reported that DHA’s anticancer ac-
tivity can be, in part, explained by enhancement of oxi-
dative stress in cancer cells [13]. These observations are
supported by other reports using different cancer model
systems [10, 14–16]. We have demonstrated that the en-
zymatic antioxidant response system in cancer cells plays
an important role in mediating DHA’s anticancer action.
Specifically, when the antioxidant response system is ac-
tivated in cancer cells, the cytotoxicity of DHA is attenu-
ated, whereas the opposite is true when the antioxidant
response system is inactivated [13, 17]. One of the estab-
lished antioxidant response enzymes is heme oxygenase
1 (HO-1) [18]. HO-1 expression is tightly controlled by
the Nrf2 signaling pathway [19] and is involved in resist-
ance to chemotherapy [20]. Therefore, targeting HO-1 is
a potential therapeutic strategy against cancer. [21, 22].
In our most recent report, we demonstrated that DHA
induces HO-1 gene transcription largely by promoting
nuclear exportation and degradation of the Bach1 pro-
tein [23], a transcriptional repressor that competes with
Nrf2 for binding to the Antioxidant Response Elements
present in the HO-1 gene promoter [24, 25]. Bach1 nu-
clear exportation and subsequent degradation occurs
after tyrosine phosphorylation of the protein [26]. There-
fore, we hypothesized that by blocking Bach1 protein
degradation through tyrosine kinase inhibition we could
reverse DHA-induced HO-1 expression and more effect-
ively suppress cancer cell viability.
Sorafenib is an established tyrosine kinase inhibitor

currently in use or under clinical trial for the treatment
of various human cancers [27, 28]. It is therefore an op-
timal candidate to be applied to test our hypothesis. Our
experimental results demonstrate that pretreatment of
cancer cells with Sorafenib reverses DHA-induced sup-
pression of nuclear Bach1 expression and attenuate
DHA-induced HO-1 gene transcription, resulting in a
synergistic action that suppresses cancer cell viability
and tumor growth.

Methods
Materials
The pGL3/4.5-HO-1 luciferase reporter construct was
described in our previous report [23]. The antibodies
for Bach1 (sc-14,700) was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA), and the HO-1
antibody (SPA-896) from Stressgen (Ann Arbor, MI).
The Dual-Luciferase Reporter kit was from Promega
([23], Madison, WI). Sorafenib was purchased from LC
Laboratories (Woburn, MA). The NCI-Oncology Drug
Set IV (101 anticancer compounds) was kindly provided
by the Drug Synthesis and Chemistry Branch, Developmen-
tal Therapeutics Program, Division of Cancer Treatment
and Diagnosis, National Cancer Institute. The β-actin
antibody (A5441), DHA, and other chemical agents

were analytic grade and purchased from Sigma-Aldrich
(St. Louis, MO).

Cell culture
Human breast cancer cell lines MDA-MB-231 (ATCC®
HTB-26™) and MCF7 (ATCC® HTB-22™), and prostate
cancer cell line DU-145 (ATCC® HTB-81™) were ob-
tained from the American Type Culture Collection
(Manassas, VA, USA). The human ovarian carcinoma
cell line A2780 [29] was kindly provided by Dr. Stephen
Howell (University of California, San Diego, CA).
A2780, MCF7 and MDA-MB-231 cells were cultured in
DMEM medium, and DU-145 in EMEM medium, sup-
plemented with 10% fetal bovine serum, 100 IU/ml
penicillin, and 100 μg/ml streptomycin. Cells were
grown at 37 °C, 5% CO2. DHA was prepared and ap-
plied as we reported [23]. Sorafenib was dissolved in
DMSO at 100 mM. Control cells were treated with
vehicle-only. Cell viability was analyzed at the indicated
times using the MTS assay (Promega, Madison, WI), as
we previously described [30–33].

Xenograft nude mouse study
Athymic nude mice (Foxn1nu) were purchased from
Envigo (United Kingdom) and were used for in vivo
evaluation of Sorafenib in accordance with the Institute
Animal Care and Use Committee procedures and guide-
lines. The mice were fed either 7.5% (wt/wt) corn oil diet
or 7.5% (wt/wt) fish oil diet (enriched in DHA and ei-
cosapentaenoic acid (EPA) as we recently described [32])
and reported by others [6, 34–38]. A total of 3 × 106

MDA-MB-231 cells were suspended in 100 μL PBS con-
taining 20% Matrigel, and injected s.c. into the flanks of
5-week old female mice. The vehicle (PBS/Cremophor/
DMSO = 7.5/2/0.5) and Sorafenib (15 mg/kg) were sep-
arately delivered intraperitoneally every two days. Ani-
mal body weight and tumor volume were measured
three times per week [31]. The tumor volume was calcu-
lated using the following formula: v = l ×w2 × 0.5, as we
reported [32].

Western blot analysis
Western blot was performed as described [31]. Cells
were lysed, sonicated on ice, and insoluble material was
removed by centrifugation. Nuclear protein was ex-
tracted, by adding wash buffer containing100 μM PMSF,
200 ng/ml Aprotinin, 1 μg/ml Leupeptin, 200 ng/ml
Pepstatin A, and 0.01% NP-40. The lysate was centri-
fuged and pellets were suspended in buffer containing
25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM DTT, 1 mM PMSF, 2 μg/ml aprotinin,
10 μg/ml leupeptin, 2 μg/ml pepstatin A. The samples
were incubated on ice for 30 min and centrifuged to re-
move insoluble material. Around 40 μg of protein per
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sample was loaded onto a 10% SDS-PAGE gel, trans-
ferred, and blotted with antibodies against HO-1, Bach1,
GAPDH, or β-actin.

Luciferase reporter gene assay
A2780 cells were transfected with the pGL3/4.5-HO-1
luciferase reporter construct using the Fugene HD trans-
fection reagent (Roche, Mannheim, Germany) as previ-
ously described [39]. Twenty four hours later, cells were
plated into 24-well plates at a density of 2 × 105 per well.
Cells were then treated with DHA and/or Sorafenib at
the indicated concentration for 18 h. Cell lysates were
prepared and luciferase activity assayed [39].

siRNA knockdown of Bach1
siRNAs targeting Bach1 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). A2780 cells were
co-transfected with 225 nM (final concentration) of
Bach1 siRNA, or scrambled non-specific siRNAs (as
control) using the Fugene HD transfection reagent
(Roche, Mannheim, Germany). The next day, cells were
lifted, plated into 96-well plates, and treated with DHA
and/or Sorafenib for 48 h. Cell viability was evaluated
using the MTS assay. The knockdown of Bach1 was
confirmed by Western blot analysis.

Screening of the oncology drug set IV
The human breast cancer MDA-MB-231 cell line was
utilized for drug screening. Cells were plated into a
96-well plate at 8000 per well. Twenty-four hours after
plating, 25, 50 or 100 μM DHA was added to cells with
or without an oncology compound at the concentration
of their IC25 or IC50 Values. The IC25 and IC50 values
for each compound against MDA-MB-231 cells were ob-
tained by screening the NCI-60 cancer cell panel by the
Developmental Therapeutics Program, National Cancer
Institute. Forty-eight hours after drug addition, cell via-
bility was analyzed using the MTS assay [30–33]. Com-
pounds were screened in three independent experiments
conducted in triplicate, and Clioquinol (10 μM) was ap-
plied as a positive control that acts with DHA in synergy
to kill cancer cells [30]. Based on the cell viability ana-
lysis, compounds were categorized by their ability to en-
hance, antagonize, or have no effect when combined
with DHA. The initial screening tested 101 compounds
in the Oncology Drug Set IV, and the results of the ini-
tial screen were validated using 45 compounds (limited
by availability of the compounds after initial screening).

Statistical analysis
Statistical analysis was performed with Graphpad
Prism software (San Diego, CA). Two-way ANOVA
with Bonferroni post-test was used to determine dif-
ferences among control and experimental groups for

combinational drug screening. One-way ANOVA was ap-
plied to determine differences among experimental groups
for experiments other than drug screening. Isobologram
was constructed as we previously described [30].

Results
Sorafenib attenuates DHA-induced suppression of Bach1
expression and HO-1 gene transcription
We have previously reported that DHA induces HO-1
gene transcription via Bach1 protein nuclear exportation
and degradation [23]. Because Bach1 degradation occurs
after tyrosine phosphorylation [26], we tested the hy-
pothesis that the tyrosine kinase inhibitor, Sorafenib, will
reverse DHA-induced Bach1 protein degradation and
thereby attenuate DHA-induced HO-1 gene transcrip-
tion. A2780 cells were treated with DHA and Sorafenib
at the indicated concentrations for 24 h (Fig. 1). Cellular
and nuclear lysates were prepared and analyzed by west-
ern blot analysis and reporter gene assay. As shown in
Fig. 1a, treatment with 100 μM DHA for 24 h signifi-
cantly suppressed nuclear Bach1 protein expression in
A2780 cells, an observation consistent with our recent
report [23]. Pretreatment of A2780 cells with Sorafenib
at 0.5–1 μM for 1 h attenuated DHA-induced suppres-
sion of Bach1 protein expression, supportive of our hy-
pothesis. Consequently, both basal and DHA-induced
HO-1 gene transcription was attenuated by Sorafenib
pretreatment, as evidenced by western blot analysis
(Fig. 1b). This attenuation was significant when 100 μM
DHA was applied in a reporter gene assay (Fig. 1c).

Sorafenib enhances DHA’s cytotoxicity in human cancer
cells
Since HO-1 contributes to chemo resistance in cancer
cells [20] and is a potential cancer therapeutic target
[21, 22], the attenuation of DHA-induced HO-1 expres-
sion levels by Sorafenib could lead to an enhanced
cytotoxicity toward cancer cells. This assumption was
first confirmed in A2780 cells by MTS assay (Fig. 2a).
Treatment with the combination of Sorafenib and DHA
for 48 h significantly enhanced their cytotoxicity as
compared to that of each compound treatment alone.
More importantly, when Bach1 was knocked down in
A2780 cells, as shown in Fig. 2b, the cytotoxicity in-
duced by the combination was reversed, suggesting that
Bach1 mediates this event. Note that DHA at 100 μM
did not cause significant cytotoxicity in A2780 Cells, an
observation consistent with our previous reports [13, 17].
To understand whether Sorafenib can also enhance DHA’s
cytotoxicity in other human cancer cells, we tested the ef-
fect of Sorafenib combined with DHA on cell viability in
DU145 (prostate cancer), MCF7 (breast cancer), and
MDA-MB-231 (breast cancer) cells. As shown in Fig. 3,
the cytotoxicity of DHA and Sorafenib, when used alone,
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A

B

Fig. 2 Sorafenib enhances DHA’s cytotoxicity in A2780 cells. a Cells were treated with Sorafenib and DHA for 48 h and cell viability was determined by
the MTS assay (n = 3, mean ± SEM, *p < 0.01). b Bach1 was knocked down in A2780 cells using targeted siRNAs. Cells were treated with Sorafenib and
DHA for 48 h and cell viability was determined by the MTS assay (n = 3, mean ± SEM, *p < 0.01)

A B

C

Fig. 1 Sorafenib reverses DHA-induced suppression of nuclear Bach1 protein expression and induction of HO-1 transcription in A2780 cells. a Cells
were pretreated with Sorafenib for 1 h prior to addition of DHA for 18 h. Nuclear proteins were isolated and Bach1 expression was determined by
Western blot (n = 3). b Cells were pretreated with Sorafenib for 1 h prior to addition of DHA for 24 h. Cell lysates were prepared and HO-1 expression
was determined by Western blot (n = 3). c Cells were transfected with the pGL3/4.5-HO-1 luciferase reporter construct and pretreated with Sorafenib
for 1 h prior to addition of DHA for 24 h. Luciferase activity was determined and expressed relative to untreated controls (n = 3, mean ± SEM, *p < 0.01)
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differed among the cell lines, and the combination treat-
ment for 48 h was more cytotoxic than each compound
alone in all three cell lines tested, indicating that this effect
is not limited to individual cell lines.

Sorafenib and DHA act in synergy to induce cytotoxicity
in MDA-MB-231 cells
MDA-MB-231 is a well-established triple negative breast
cancer cell line. We have previously shown that this cell
line is more resistant to DHA’s cytotoxicity [13]. Currently,
there is no effective targeted-therapeutic treatment strategy
for triple negative breast cancer as compared to other sub-
types of breast cancer, such as hormone receptor positive
or Her2/neu breast cancer. We therefore focused on
MDA-MB-231 cells to characterize the effects of the com-
bination of Sorafenib and DHA on cell viability. The com-
bination of Sorafenib and DHA enhanced the cytotoxicity
upon MDA-MB-231 cells in a concentration- (Fig. 4a) and
time-dependent manner (Fig. 4b). The concentration-
dependent curve was significantly shifted to the left, sug-
gesting a synergistic interaction of Sorafenib and DHA on
MDA-MB-231 cell viability. This was confirmed by an
Isobologram analysis showing the synergistic action of So-
rafenib and DHA (Fig. 5a-b). The IC50 of DHA on sup-
pressing MDA-MB-231 cell viability was reduced from
188 μM to 93.8 μM, and that of Sorafenib from 2.5 μM to
0.89 μM, indicating a synergistic interaction.

Sorafenib enhances the fish oil-induced suppression of
tumor growth in a xenograft nude mouse model
To test whether Sorafenib enhances DHAs’ anticancer
activity in vivo, we implanted MDA-MB-231 cells into
nude mice and examined the effects of Sorafenib on
tumor growth in the mice fed either a 7.5% fish oil (high
n-3 fatty acids/DHA) or 7.5% corn oil (high n-6 fatty
acids), see [23, 32]). As shown in Fig. 6a, compared to
corn oil diet the fish oil diet suppressed tumor growth in
the xenograft model system, consistent with our recent
reports [23, 32]. The addition of Sorafenib significantly en-
hanced the suppression of tumor growth in the fish oil

diet fed mice (Fig. 6b) without affecting mouse weight
(data not shown), indicating that the combination of So-
rafenib and DHA is a potential new strategy for the treat-
ment of triple negative breast cancer.

Screening of the oncology drug set IV identifies a set of
anticancer compounds, including Sorafenib, that act to
enhance DHAs’ cytotoxicity in MDA-MB-231 cells
We have previously reported that DHA acts in concert
with clioquinol [30] and disulfiram [32] to more effect-
ively kill cancer cells, suggesting that different mecha-
nisms are involved in the synergistic action of DHA and
these anticancer compounds. To further test this as-
sumption, we screened the Oncology Drug Set IV using
MDA-MB-231 cells. Interestingly, 48 compounds were
found to enhance, while 32 compounds attenuate, and
21 compounds have no effect on DHA-induced cytotox-
icity in MDA-MB-231 cells (Table 1). The selected com-
pounds which significantly altered DHA’s cytotoxicity in
MDA-MB-231 cells are shown in Table 2. Two tyrosine
kinase inhibitors, Sorafenib and Axitinib were among
the anticancer compounds that enhanced cytotoxicity
when combined with DHA, supporting the idea that
tyrosine kinase inhibitors may suppress the cellular anti-
oxidant response potential thereby enhancing DHA’s
cytotoxicity. The fact that Imatinib, a more specific tyro-
sine kinase inhibitor, actually significantly attenuated
cytotoxicity when combined with DHA suggest that not
all tyrosine kinase inhibitors act the same way in our
model system. These observations indicate that further
studies are needed to identify various cellular mecha-
nisms that mediate the combined effect of DHA and
chemotherapeutic drugs against cancer, in order to de-
velop more effective combination therapies.

Discussion
The most interesting finding from the present study was
that the small molecule tyrosine kinase inhibitor Sorafenib
reverses DHA-induced suppression of nuclear Bach1 ex-
pression, thereby attenuating HO-1 induction by DHA.

Fig. 3 Sorafenib enhances DHA’s cytotoxicity in DU-145, MCF7, and MDA-MB-231 cancer cells. Cells were treated with Sorafenib and/or DHA for
48 h and cell viability was determined by the MTS assay (n = 3, means ± SEM, *p < 0.01)
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A

B

Fig. 4 Sorafenib enhances DHA’s cytotoxicity in a concentration- and time-dependent manner in MDA-MB-231 cells. Cells were treated with
Sorafenib and DHA at different concentrations for 48 h a or for different durations b Cell viability was determined by the MTS assay (n = 3,
means ± SEM, *p < 0.01)

A B

Fig. 5 Sorafenib and DHA act in synergy to suppress MDA-MB-231 cell viability. a Cells were treated with increasing concentrations of Sorafenib
and DHA at a fixed ratio of 1:100, determined by the IC50 values of each compound added to cells alone. Cell viability was analyzed using the
MTS assay. b An isobologram was plotted using the IC50 values of Sorafenib and DHA alone on the Y- and X-axes, respectively. Experimentally
derived values from combination treatment lying beneath the addition line indicate a synergistic interaction (n = 3)
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Consequentially, the combination of DHA and Sorafenib
led to a synergistic interaction in suppressing cancer cell
viability. Since Sorafenib is a well-established anticancer
drug [40], and DHA is a dietary compound that possesses
great health benefits and is also used clinically [7–9], our
findings indicate that the combination of Sorafenib and
DHA is an attractive new strategy for more effective can-
cer therapy.
DHA’s anticancer activity and its mechanisms of action

have been extensively investigated over the last several
decades [11, 41, 42]. Although the combination of long
chain n-3 PUFA, including DHA, and chemotherapeu-
tics for cancer therapy has been described in recent
years in various experimental model systems [30, 41, 42]
and in clinical trials [11], the potential mechanisms of
how DHA might interact with other therapeutics to
achieve high therapeutic efficacy remains poorly under-
stood. This lack of understanding limits the further
development of combination therapies using DHA and
other anticancer drugs. We have previously reported
that DHA induces apoptosis of cancer cells primarily
through enhanced lipid peroxidation [13], indicating the
importance of the cellular antioxidant enzyme system in
mediating DHA’s anticancer action. It is well established
that cancer cells are more vulnerable to oxidative stress
than normal cells. This is thought to be due to a con-
stant increase in cellular levels of reactive oxygen species

and an already stressed antioxidant response, thus pro-
viding a strategy to selectively kill cancer cells by further
enhancing cellular oxidative stress [43–45]. In our recent
report, we demonstrated that DHA induces HO-1 gene
transcription by promoting Bach1 protein nuclear ex-
portation and degradation. The loss of Bach1 protein
allowed an increase in Nrf2 binding to the AREs in the
HO-1 gene promoter and activation of HO-1 gene tran-
scription [23]. HO-1 is an antioxidant enzyme that is
coupled by the Nrf2 signaling pathway [19], and has
been shown to be over-expressed in cancer tissues [22]
and contribute to chemo resistance [46, 47]. Thus tar-
geting HO-1 is a potential strategy for cancer therapy
[21, 22]. Because Bach1 protein nuclear exportation
and subsequent degradation is controlled by tyrosine
phosphorylation [26], we assumed that tyrosine kinase
inhibitors would reverse DHA-induced Bach1 degrad-
ation and block HO-1 induction by DHA, thus leading
to enhanced cytotoxicity upon cancer cells. The results
from the present study confirmed our hypothesis by

A B

Fig. 6 Sorafenib and DHA act together to suppress xenograft tumor growth. MDA-MB-231 cells were implanted into the flanks of nude mice fed
either an n-3 or n-6 enriched diet. The xenograft tumor growth, indicated by tumor volume, in mice that were treated either with the vehicle
alone (a) or with Sorafenib (b) are shown (n = 5, means ± SEM, *p < 0.01)

Table 1 Anticancer drugs have different effects on DHA’s
cytotoxicity in cancer cells

MTS assay Cytotoxicity
enhanced

Cytotoxicity
attenuated

Cytotoxicity
unchanged

Initial screen 48 32 21

Validationa 21 20 4
aOnly 45 drugs available for the validation screen
MDA-MB-231 cells were treated with individual drugs (101 anticancer drugs,
the NCI Oncology Set IV) at IC25 and IC50 drug concentrations, and DHA (at
50 μM for initial screen and 25, 50, and 100 μM for validation) for 48 h. Cell
viability was determined by MTS assay

Table 2 Selected anticancer drugs that alter cytotoxicity when
combined with DHA in MDA-MB-231 cells

Enhanced cytotoxicitya Attenuated cytotoxicityb

Drug code Drug name Drug code Drug name

92859 Arsenic trioxide 63878 Cytarabine

747971 Sorafenib 756645 Crizotinib

757441 Axitinib 743414 Imatinib

296961 Amifostine 3053 Dactinomycin

8806 Melphalan 180973 Tamoxifemn

698037 Pemetrexed Disodium 266046 Oxaliplatin

747974 Raloxifene HCl 721517 Zoledronic acid

754143 Romidepsin 719276 Fulvestra
ap < 0.01, bp < 0.05
MDA-MB231 cells were treated with individual drugs at concentrations of IC25
and IC50 and DHA at 25, 50, and 100 μM for 48 h. Cell viability was determined
by MTS assay. Significant enhancement or attenuation of DHA’s cytotoxicity
was determined by two-way ANOVA followed by paired analysis
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testing the combination of the tyrosine kinase inhibitor
Sorafenib and DHA in our model systems. Both western
blot and reporter gene assay revealed that Sorafenib is able
to reverse DHA-induced suppression of nuclear Bach1
expression and induction of HO-1 gene transcription.
Furthermore, Sorafenib was found to enhance DHA’s
cytotoxicity in various human cancer cell lines and fur-
ther suppressed xenograft tumor growth in vivo in fish
oil fed mice. The combined drug interaction of DHA
and Sorafenib was synergistic as evidenced by Isobolo-
gram analysis. These findings clearly indicate that tar-
geting Bach1/Nrf2-mediated HO-1 gene expression
enhances DHA’s cytotoxicity. This study supports fur-
ther development of a new combination cancer therapy
using DHA and Sorafenib, both being well tolerated in pa-
tients and approved by the FDA for clinical applications.
It should be noted that Sorafenib has been described

as an inhibitor to the soluble epoxide hydrolase, an en-
zyme that functions in converting active lipid epoxides to
inactive diols [48]. The possibility that Sorafenib inhibition
of the soluble epoxide hydrolase results in more active
DHA-derived epoxydocosapentaenoic acids thereby en-
hancing DHA’s cytotoxicity in our model system cannot
be excluded. It is indeed plausible that the combination of
DHA and Sorafenib could weaken the cellular antioxidant
forces (targeting Bach1/Nrf2-mediated HO-1 gene expres-
sion) on the one hand and potentially enhance the oxida-
tive potential (inhibiting soluble epoxide hydrolase to
elevate DHA-derived epoxydocosapentaenoic acids) on
the other hand, thereby leading to synergistic cytotoxicity
against cancer cells. The fact that Sorafenib is a multi tyro-
sine kinase inhibitor [49] suggests that future studies
could reveal even more mechanistic insight in the syner-
gistic anticancer action of DHA and Sorafenib.
While DHA has been shown to enhance the anticancer

effect of various cancer therapies, including chemotherapy
[11] and radiotherapy [50, 51], it remains unclear whether
DHA universally enhances the efficacy of all anticancer
drugs, or whether it may antagonize the anticancer effect of
certain chemotherapeutics. By determining the combined
effect of DHA and the 101 anticancer compounds in the
Oncology Drug Set IV, the present study for the first time
has shown that DHA selectively enhances the cytotoxicity
of certain cancer therapeutics, while antagonizing or having
little to no effect on the cytotoxicity of other anticancer
compounds. These results underline the importance of
better understanding the mechanism of action when DHA
is used in combination with other cancer therapeutics. In
this regard, the present study has raised a critical issue in
DHA-based combination therapy: that not every anticancer
drug is suitable in combination with DHA for cancer ther-
apy and drugs should be individually evaluated in the ap-
propriate model system if they are intended to be used in
combination with DHA for cancer therapy.

Conclusion
In conclusion, the present study has identified a new
strategy for potential combination cancer therapy using
DHA and Sorafenib, and has provided preliminary evi-
dence to suggest that DHA may act either in synergy or
as an antagonist with other anticancer compounds to
affect tumor growth.

Acknowledgements
We thank the Stephenson Cancer Center at the University of Oklahoma,
Oklahoma City, OK and an Institutional Development Award (IDeA) from the
National Institute of General Medical Sciences of the National Institutes of
Health under grant number P20 GM103639 for the use of core facilities
during the course of this study.

Funding
The data collection, analysis, and interpretation of this study were supported
in part by grants from the National Institute of General Medical Sciences of
the National Institutes of Health (U54GM104938), the Oklahoma Center for
the Advancement of Science and Technology (HR14–147), and the American
Cancer Society (CNE-117557).

Availability of data and materials
All data generated or analyzed during this study are included in this manuscript

Authors’ contributions
YJ carried out and/or designed the animal experiments and participated in
data analysis and drafting the manuscript. TW designed and performed the
in vitro cellular assays, and participated in drafting the manuscript. JX and BH
assisted with in vitro and in vivo studies. WQD conceived of the study and
participated in its design and coordination and drafted the manuscript. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
Athymic nude mice (Foxn1nu) were purchased from Envigo (United Kingdom)
and were used for in vivo evaluation of Sorafenib and DHA in accordance with
the Institute Animal Care and Use Committee procedures and guidelines (Institute
IACUC Protocol 100,861–14-025-SSH). All human cell lines were approved for use
in this study by the Institutional Review Board (IRB protocol 4381).

Consent for publication
Not applicable.

Competing interest
The authors have no competing interest to disclose.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Pathology, University of Oklahoma Health Sciences Center,
975 NE 10th Street, BRC 411A, Oklahoma City, OK 73104, USA. 2Department
of Radiation Genetics, School of Radiation Medicine and Protection, Medical
College of Soochow University, Suzhou, China. 3Suzhou Cancer Center Core
Laboratory, Nanjing Medical University Affiliated Suzhou Hospital, Suzhou,
Jiangsu, China. 4Peggy and Charles Stephenson Cancer Center, Oklahoma
City 73104, USA.

Received: 12 April 2018 Accepted: 12 October 2018

References
1. Reddy BS, Burill C, Rigotty J. Effect of diets high in omega-3 and omega-6

fatty acids on initiation and postinitiation stages of colon carcinogenesis.
Cancer Res. 1991;51(2):487–91.

2. Hirose M, Masuda A, Ito N, Kamano K, Okuyama H. Effects of dietary perilla
oil, soybean oil and safflower oil on 7,12-dimethylbenz[a]anthracene (DMBA)

Jiao et al. BMC Cancer         (2018) 18:1042 Page 8 of 10



and 1,2-dimethyl-hydrazine (DMH)-induced mammary gland and colon
carcinogenesis in female SD rats. Carcinogenesis. 1990;11(5):731–5.

3. Karmali RA, Marsh J, Fuchs C. Effect of omega-3 fatty acids on growth of a
rat mammary tumor. J Natl Cancer Inst. 1984;73(2):457–61.

4. Hudson EA, Tisdale MJ. Comparison of the effectiveness of
eicosapentaenoic acid administered as either the free acid or ethyl ester as
an anticachectic and antitumour agent. Prostaglandins Leukot. Essent. Fatty
Acids. 1994;51(2):141–5.

5. Welsch CW, Oakley CS, Chang CC, Welsch MA. Suppression of growth by
dietary fish oil of human breast carcinomas maintained in three different
strains of immune-deficient mice. Nutr Cancer. 1993;20(2):119–27.

6. Rose DP, Connolly JM. Effects of dietary omega-3 fatty acids on human
breast cancer growth and metastases in nude mice. J Natl Cancer Inst. 1993;
85(21):1743–7.

7. Backes J, Anzalone D, Hilleman D, Catini J. The clinical relevance of omega-3
fatty acids in the management of hypertriglyceridemia. Lipids Health Dis.
2016;15(1):118.

8. Belkouch M, Hachem M, Elgot A, Van AL, Picq M, Guichardant M, Lagarde
M, Bernoud-Hubac N. The pleiotropic effects of omega-3 docosahexaenoic
acid on the hallmarks of Alzheimer's disease. J Nutr Biochem. 2016;38:1–11.

9. Weintraub HS. Overview of prescription omega-3 fatty acid products for
hypertriglyceridemia. Postgrad Med. 2014;126(7):7–18.

10. Siddiqui RA, Harvey KA, Xu Z, Bammerlin EM, Walker C, Altenburg JD.
Docosahexaenoic acid: a natural powerful adjuvant that improves efficacy for
anticancer treatment with no adverse effects. Biofactors. 2011;37(6):399–412.

11. Vaughan VC, Hassing MR, Lewandowski PA. Marine polyunsaturated fatty
acids and cancer therapy. Br J Cancer. 2013;108(3):486–92.

12. Nabavi SF, Bilotto S, Russo GL, Orhan IE, Habtemariam S, Daglia M, Devi KP,
Loizzo MR, Tundis R, Nabavi SM. Omega-3 polyunsaturated fatty acids and
cancer: lessons learned from clinical trials. Cancer Metastasis Rev. 2015;34(3):
359–80.

13. Ding WQ, Vaught JL, Yamauchi H, Lind SE. Differential sensitivity of cancer
cells to docosahexaenoic acid-induced cytotoxicity: the potential
importance of down-regulation of superoxide dismutase 1 expression. Mol
Cancer Ther. 2004;3(9):1109–17.

14. Hardman WE, Munoz J Jr, Cameron IL. Role of lipid peroxidation and
antioxidant enzymes in omega 3 fatty acids induced suppression of breast
cancer xenograft growth in mice. Cancer Cell Int. 2002;2(1):10.

15. Gonzalez MJ. Fish oil, lipid peroxidation and mammary tumor growth. J Am
Coll Nutr. 1995;14(4):325–35.

16. Hajjaji N, Besson P, Bougnoux P. Tumor and non-tumor tissues differential
oxidative stress response to supplemental DHA and chemotherapy in rats.
Cancer Chemother Pharmacol. 2012;70(1):17–23.

17. Ding WQ, Lind SE. Phospholipid hydroperoxide glutathione peroxidase
plays a role in protecting cancer cells from docosahexaenoic acid-induced
cytotoxicity. Mol Cancer Ther. 2007;6(4):1467–74.

18. Srisook K, Kim C, Cha YN. Molecular mechanisms involved in enhancing HO-
1 expression: de-repression by heme and activation by Nrf2, the "one-two"
punch. Antioxid Redox Signal. 2005;7(11–12):1674–87.

19. Lin CY, Hsiao WC, Huang CJ, Kao CF, Hsu GS. Heme oxygenase-1 induction
by the ROS-JNK pathway plays a role in aluminum-induced anemia. J Inorg
Biochem. 2013;128:221–8.

20. Banerjee P, Basu A, Wegiel B, Otterbein LE, Mizumura K, Gasser M, Waaga-
Gasser AM, Choi AM, Pal S. Heme oxygenase-1 promotes survival of renal
cancer cells through modulation of apoptosis- and autophagy-regulating
molecules. J Biol Chem. 2012;287(38):32113–23.

21. Was H, Dulak J, Jozkowicz A. Heme oxygenase-1 in tumor biology and
therapy. Curr Drug Targets. 2010;11(12):1551–70.

22. Yadav B, Greish K. Selective inhibition of hemeoxygenase-1 as a novel
therapeutic target for anticancer treatment. J Nanomedic Nanotechnol.
2011;S4:005.

23. Wang S, Hannafon BN, Wolf RF, Zhou J, Avery JE, Wu J, Lind SE, Ding WQ.
Characterization of docosahexaenoic acid (DHA)-induced heme oxygenase-1
(HO-1) expression in human cancer cells: the importance of enhanced BTB and
CNC homology 1 (Bach1) degradation. J Nutr Biochem. 2014;25(5):515–25.

24. Sun J, Hoshino H, Takaku K, Nakajima O, Muto A, Suzuki H, Tashiro S, Takahashi
S, Shibahara S, Alam J, et al. Hemoprotein Bach1 regulates enhancer availability
of heme oxygenase-1 gene. EMBO J. 2002;21(19):5216–24.

25. Raval CM, Zhong JL, Mitchell SA, Tyrrell RM. The role of Bach1 in ultraviolet
A-mediated human heme oxygenase 1 regulation in human skin fibroblasts.
Free Radic Biol Med. 2012;52(1):227–36.

26. Kaspar JW, Jaiswal AK. Antioxidant-induced phosphorylation of tyrosine 486
leads to rapid nuclear export of Bach1 that allows Nrf2 to bind to the
antioxidant response element and activate defensive gene expression. J Biol
Chem. 2010;285(1):153–62.

27. Arora A, Scholar EM. Role of tyrosine kinase inhibitors in cancer therapy.
J Pharmacol Exp Ther. 2005;315(3):971–9.

28. Gyawali B, Shimokata T, Ando M, Honda K, Ando Y. Risk of serious adverse
events and fatal adverse events with sorafenib in patients with solid cancer:
a meta-analysis of phase 3 randomized controlled trialsdagger. Ann Oncol.
2017;28(2):246–53.

29. Louie KG, Behrens BC, Kinsella TJ, Hamilton TC, Grotzinger KR, McKoy WM,
Winker MA, Ozols RF. Radiation survival parameters of antineoplastic drug-
sensitive and -resistant human ovarian cancer cell lines and their
modification by buthionine sulfoximine. Cancer Res. 1985;45(5):2110–5.

30. Ding WQ, Liu B, Vaught JL, Palmiter RD, Lind SE. Clioquinol and
docosahexaenoic acid act synergistically to kill tumor cells. Mol Cancer Ther.
2006;5(7):1864–72.

31. Ding WQ, Liu B, Vaught JL, Yamauchi H, Lind SE. Anticancer activity of the
antibiotic clioquinol. Cancer Res. 2005;65(8):3389–95.

32. Jiao Y, Hannafon BN, Zhang RR, Fung KM, Ding WQ. Docosahexaenoic acid
and disulfiram act in concert to kill cancer cells: a mutual enhancement of
their anticancer actions. Oncotarget. 2017;8(11):17908–20.

33. Wang S, Avery JE, Hannafon BN, Lind SE, Ding WQ. Zinc protoporphyrin
suppresses cancer cell viability through a heme oxygenase-1-independent
mechanism: the involvement of the Wnt/beta-catenin signaling pathway.
Biochem Pharmacol. 2013;85(11):1611–8.

34. Kang KS, Wang P, Yamabe N, Fukui M, Jay T, Zhu BT. Docosahexaenoic acid
induces apoptosis in MCF-7 cells in vitro and in vivo via reactive oxygen
species formation and caspase 8 activation. PLoS One. 2010;5(4):e10296.

35. Boudreau MD, Sohn KH, Rhee SH, Lee SW, Hunt JD, Hwang DH. Suppression
of tumor cell growth both in nude mice and in culture by n-3
polyunsaturated fatty acids: mediation through cyclooxygenase-
independent pathways. Cancer Res. 2001;61(4):1386–91.

36. Reddy BS, Maruyama H. Effect of dietary fish oil on azoxymethane-induced
colon carcinogenesis in male F344 rats. Cancer Res. 1986;46(7):3367–70.

37. Kelavkar UP, Hutzley J, McHugh K, Allen KG, Parwani A. Prostate tumor
growth can be modulated by dietarily targeting the 15-lipoxygenase-1 and
cyclooxygenase-2 enzymes. Neoplasia. 2009;11(7):692–9.

38. Akinsete JA, Ion G, Witte TR, Hardman WE. Consumption of high omega-3
fatty acid diet suppressed prostate tumorigenesis in C3 (1) tag mice.
Carcinogenesis. 2012;33(1):140–8.

39. Zhou J, Zhang S, Xue J, Avery J, Wu J, Lind SE, Ding WQ. Activation of
peroxisome proliferator-activated receptor alpha (PPARalpha) suppresses
hypoxia-inducible factor-1alpha (HIF-1alpha) signaling in Cancer cells. J Biol
Chem. 2012;287(42):35161–9.

40. Gyawali B, Shimokata T, Ando M, Honda K, Ando Y. Risk of serious adverse
events and fatal adverse events with Sorafenib in patients with solid Cancer:
a meta-analysis of phase 3 randomized controlled trials. Ann Oncol. 2016;
28(2):246–53.

41. Jiang WG, Bryce RP, Horrobin DF. Essential fatty acids: molecular and cellular
basis of their anti-cancer action and clinical implications. Crit Rev Oncol
Hematol. 1998;27(3):179–209.

42. Bougnoux P. N-3 polyunsaturated fatty acids and cancer. Curr Opin Clin
Nutr Metab Care. 1999;2(2):121–6.

43. Brown NS, Bicknell R. Hypoxia and oxidative stress in breast cancer. Oxidative
stress: its effects on the growth, metastatic potential and response to therapy
of breast cancer. Breast cancer research. 2001;3(5):323–7.

44. Zhou Y, Hileman EO, Plunkett W, Keating MJ, Huang P. Free radical stress in
chronic lymphocytic leukemia cells and its role in cellular sensitivity to ROS-
generating anticancer agents. Blood. 2003;101(10):4098–104.

45. Schor NF, Kagan VE, Liang Y, Yan C, Tyurina Y, Tyurin V, Nylander KD.
Exploiting oxidative stress and signaling in chemotherapy of resistant
neoplasms. Biochemistry Biokhimiia. 2004;69(1):38–44.

46. Berberat PO, Dambrauskas Z, Gulbinas A, Giese T, Giese N, Kunzli B,
Autschbach F, Meuer S, Buchler MW, Friess H. Inhibition of heme
oxygenase-1 increases responsiveness of pancreatic cancer cells to
anticancer treatment. Clin Cancer Res. 2005;11(10):3790–8.

47. Kongpetch S, Kukongviriyapan V, Prawan A, Senggunprai L, Kukongviriyapan
U, Buranrat B. Crucial role of heme oxygenase-1 on the sensitivity of
cholangiocarcinoma cells to chemotherapeutic agents. PLoS One. 2012;7(4):
e34994.

Jiao et al. BMC Cancer         (2018) 18:1042 Page 9 of 10



48. Liu JY, Park SH, Morisseau C, Hwang SH, Hammock BD, Weiss RH. Sorafenib
has soluble epoxide hydrolase inhibitory activity, which contributes to its
effect profile in vivo. Mol Cancer Ther. 2009;8(8):2193–203.

49. Wilhelm SM, Adnane L, Newell P, Villanueva A, Llovet JM, Lynch M.
Preclinical overview of sorafenib, a multikinase inhibitor that targets both
Raf and VEGF and PDGF receptor tyrosine kinase signaling. Mol Cancer Ther.
2008;7(10):3129–40.

50. Cai F, Sorg O, Granci V, Lecumberri E, Miralbell R, Dupertuis YM, Pichard C.
Interaction of omega-3 polyunsaturated fatty acids with radiation therapy in
two different colorectal cancer cell lines. Clin Nutr. 2014;33(1):164–70.

51. Calviello G, Serini S, Piccioni E, Pessina G. Antineoplastic effects of n-3
polyunsaturated fatty acids in combination with drugs and radiotherapy:
preventive and therapeutic strategies. Nutr Cancer. 2009;61(3):287–301.

Jiao et al. BMC Cancer         (2018) 18:1042 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Materials
	Cell culture
	Xenograft nude mouse study
	Western blot analysis
	Luciferase reporter gene assay
	siRNA knockdown of Bach1
	Screening of the oncology drug set IV
	Statistical analysis

	Results
	Sorafenib attenuates DHA-induced suppression of Bach1 expression and HO-1 gene transcription
	Sorafenib enhances DHA’s cytotoxicity in human cancer cells
	Sorafenib and DHA act in synergy to induce cytotoxicity in MDA-MB-231 cells
	Sorafenib enhances the fish oil-induced suppression of tumor growth in a xenograft nude mouse model
	Screening of the oncology drug set IV identifies a set of anticancer compounds, including Sorafenib, that act to enhance DHAs’ cytotoxicity in MDA-MB-231 cells

	Discussion
	Conclusion
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interest
	Publisher’s Note
	Author details
	References

