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its side effects in triple negative breast cancer models
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Abstract
Purpose Although doxorubicin is widely used to treat cancer, severe side effects limit its clinical use. Combination of standard
chemotherapy with natural products can increase the efficacy and attenuate the side effects of current therapies. Here we studied
the anticancer effects of a combined regimen comprising doxorubicin and [10]-gingerol against triple-negative breast cancer,
which does not respond to hormonal or targeted therapies.
Methods Cytotoxicity was evaluated by MTT assay, cell cycle progression and apoptosis were analyzed by flow cytometry and
signaling pathways were analyzed byWestern blotting in human andmurine triple negative breast cancer cell systems. The anticancer/
antimetastatic and toxic effects of the combined regimen was evaluated using syngeneic and xenograft orthotopic models.
Results The combination of doxorubicin and [10]-gingerol significantly increased the number of apoptotic cells, compared to
each compound alone. In 4T1Br4 cells, the combined regimen was the only condition able to increase the levels of active caspase
3 and γH2AX and to decrease the level of Cdk-6 cyclin. In vivo, doxorubicin (3 mg/Kg, D3) and [10]-gingerol (10 mg/Kg, G10)
resulted in a significant reduction in the volume of primary tumors and a decrease in the number of circulating tumor cells
(CTCs). Interestingly, only the combined regimen led to decreased tumor burdens to distant organs (i.e., metastasis) and reduced
chemotherapy-induced weight loss and hepatotoxicity in tumor-bearing animals. Likewise, in a xenograft model, only the
combined regimen was effective in significantly reducing the primary tumor volume and the prevalence of CTCs.
Conclusions Our data indicate that [10]-gingerol has potential to be used as a neoadjuvant or in combined therapy with doxo-
rubicin, to improve its anticancer activity.
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1 Introduction

Most cancer deaths occur as a result of metastasis to distant
organs, rather than to the primary tumor itself [1, 2]. Breast
cancer is one of the most common cancers in women world-
wide. Considering the different molecular subtypes of breast
cancer, triple-negative breast cancer (TNBC) represents 9–
16% of them. It has a poor prognosis and, currently, there
are no effective targeted therapies directed against this malig-
nancy [3, 4]. In addition, TNBC has the propensity to rapidly
relapse and form therapy-refractory metastases, especially in
lungs and brain and, less frequently, in bones and lymph
nodes, making its treatment more difficult compared to other
types of breast cancer [5, 6].

Current therapies for TNBC consist of surgery for primary
tumor resection, followed by radiation and chemotherapy.
The most commonly used cytotoxic agents include
anthracyclines and taxanes (doxorubicin and docetaxel, re-
spectively), as well as platinum-containing agents, such as
cisplatin. Unfortunately, all these drugs have severe side ef-
fects [7]. Thus, the development of more effective drugs
against this breast cancer subtype is required [8]. Although
doxorubicin is an effective drug for treating several types of
cancer, its cumulative, dose-related side effects limit its clini-
cal use [9] and include cardiotoxicity [10], myelosuppression
[11], cachexia and damage to skeletal muscle [12]. Therefore,
patients who could benefit from its continued administration
often have to switch to another agent, which may be not as
effective [13].

Natural products produced by plants, bacteria or mammals
may serve as sources for new agents to treat different types of
diseases, including cancer [14–17]. It has been shown that
they can act as radioprotectors or radio-chemosensitizers
[18], i.e., the use of these compounds may allow the dose of
radiation or chemotherapy to be reduced, by increasing the
treatment efficacy and/or allowing the treatment to be admin-
istered for longer periods of time. Among the natural products,
gingerols extracted from ginger have attracted specific atten-
tion in recent years [19].

Gingerols, the major pungent constituents in ginger, com-
prise a series of homologues differing in the length of their
alkyl chains [20]. Previously, we investigated the anti-tumor
properties of [10]-gingerol and reported that it induces apo-
ptosis in aggressive mouse and human TNBC cells, and re-
verts the malignant phenotype of breast cancer cells in three-
dimensional cultures [21]. Furthermore, in a clinically rele-
vant syngeneic TNBC model using 4T1Br4 cells, we showed
that [10]-gingerol inhibits tumor growth and spontaneous me-
tastasis to multiple organs, including lung, bone and brain

[22]. Here, we investigated the anticancer effects of a com-
bined regimen comprising doxorubicin and [10]-gingerol
against TNBC primary tumors and spontaneous metastases
in syngeneic and cell-derived xenograft orthotopic mouse
models.

2 Materials and methods

2.1 Cell culture and reagents

4T1Br4 murine TNBC cells (a donation from Dr. Normand
Pouliot, ONJCRI, Melbourne, Australia) were derived from
parental 4T1 cells by serial in vivo passaging, and stably trans-
duced with a pMSCV-mCherry retroviral vector, as described
earlier [23]. 4T1Br4 cells were cultured in α-MEM (Life
Techonologies, Carlsbad, California, USA) supplemented
with 5% fetal bovine serum, 1% penicillin-streptomycin,
68 mM sodium chloride and 25 mM sodium bicarbonate.
Human MDA-MB-231 HMTL.6 TNBC cells (kindly donated
by Dr. Richard Redvers, ONJCRI, Melbourne, Australia)
were derived fromMDA-MB-231 HM cells [24], stably trans-
duced with a pFB_neo_Fluc retroviral vector [25], and cul-
tured in DMEM supplemented with 10% fetal bovine serum,
42.5 mM sodium bicarbonate, 2 mM glutamine and 1% pen-
icillin-streptomycin. The cell lines were authenticated before
transfections and propagated for a maximum of one month
after each thawing. [10]-gingerol was purified as described
previously [26]. Stock solutions (100 mM) were prepared in
DMSO and diluted in media or phosphate buffered saline
(PBS) for in vitro and in vivo assays. Controls were treated
with the same concentrations of DMSO alone and the concen-
trations did not exceed 0.1% final. Doxorubicin was obtained
from Libbs (Sao Paulo, SP, Brazil) and kept as 2 mg/ml stocks
in PBS.

2.2 Cytotoxicity assay

Cell cytotoxicity was measured after 24 and 72 h of treatment
using a MTT colorimetric assay [27] with modifications.
4T1Br4 and MDA-MB-231 HMTL.6 cells were seeded in
complete medium (1 × 103/100 µl/well and 2 × 103/100 µl/
well, respectively) in 6 replicate wells of 96-well plates and
allowed to adhere for 24 h, after which the medium was
changed to fresh medium supplemented or not with a serial
dilution (1:2) of [10]-gingerol (250-2 µM) or doxorubicin (10
− 0.1 µM) (200 µl/well, final volume). Cells were maintained
at 37 °C and 5%CO2 for different time periods in a humidified
cell culture incubator. After incubation, a solution containing
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MTT (1 mg/ml) was added to the wells (100 µl/well). The
plates were then kept for 4 h at 37 °C and the crystals formed
were diluted in 100% DMSO. The absorbance was read on an
ELISA plate reader (Labtech LT4000, Sao Carlos, SP, Brazil)
at a wavelength of 540 nm. The assays were conducted three
times and the data presented as the mean ± SEM of a repre-
sentative experiment. IC50 calculations were performed using
Hill’s equation in the GraphPad Prism 6.0 software. The se-
lectivity index (SI) was calculated through a cytotoxic assay in
non-tumor cells (murine L929 and human MCF10A) from
each species (SI: IC50 non-tumor cells/IC50 tumor cells).
Once the IC50 for each compound was calculated, new MTT
assays were performed to assess the effects of [10]-gingerol in
combination with doxorubicin using sub-doses of both com-
pounds. For these experiments, we used the following sub-
concentrations: IC20, IC30 and IC50.

2.3 Combination index (CI) determination

Combination indexes (CIs) were calculated according to a
method previously described by Choy and Talalay [28, 29].

Briefly, 4T1Br4 and MDA-MB-231 HMTL.6 cells (1 × 103/
100 µl/well and 2 × 103/100 µl/well, respectively) were seed-
ed and treated for 72 h with supplemented media or not: (1) 0-
250 µM [10]-gingerol (4T1Br4: 250, 125, 62.5, 31,25, 15.62,
7.81, 3.9, 1.95, 0 µM; MDA-MB-231 HMTL.6: 250, 125,
100, 80, 62.5, 50, 40, 31,25, 15.62, 7.81, 3.9, 1.95, 0 µM) or
(2) doxorubicin (4T1Br4: 10, 5, 2.5, 1.25, 0.625, 0.3125,
0.156, 0.078, 0.039, 0.0195, 0.00975, 0.004883, 0 µM;
MDA-MB-231 HMTL.6 10, 5, 2.5, 1.25, 0.625, 0.3125,
0.156, 0.078, 0.039, 0.0195, 0.00975, 0.00244, 0.00061,
0.00015, 0 µM) or finally (3) [10]-gingerol 16 µM for
4T1Br4 or 30 µM for MDA-MB 231 HMTL.6 cells (50% of
its IC50 for each cell line) + doxorubicin 0–10 µM (same di-
lutions as above in each cell line). Cell viability was assessed
byMTT assay and the IC50 for each condition was obtained as
described in the previous section. The CI was calculated based
on the concentration of each compound necessary to reduce
the viability to 50% (IC50 for each compound alone or in
combination):

CI ¼ IC50 10½ � � gingerol in combination μMð Þ
IC50 10½ � � gingerol alone μMð Þ þ IC50 doxorubicin in combination μMð Þ

IC50 doxorubicin alone μMð Þ

2.4 Colony formation assay

4T1Br4 and MDA-MB-231 HMTL.6 cells were seeded in
triplicate in 6 well plates at low densities (100 and 250 cells/
well, respectively) and incubated overnight at 37 °C. Adherent
cells were then treated with [10]-gingerol or doxorubicin
alone or in combinations for 24 h in serum-containing media
(G50D50 = [10]-gingerol IC50, with doxorubicin IC50,
G30D20 = [10]-gingerol IC30 with doxorubicin IC20 and
G20D30 = [10]-gingerol IC20, with doxorubicin IC30). The
inhibitory concentrations were obtained from 72 h-treatment
cytotoxic assays. After 24 h of incubation, the culture media
were replaced and the cells were incubated for 7 or 12 days
(4T1Br4 and MDA-MB-231 HMTL.6 cells, respectively).
Colonies (> 50 cells) were fixed and stained with a buffer
containing 50% methanol and 0.5% crystal violet, counted
and measured using ImageJ software.

2.5 Cell cycle analysis

Cells (3 × 105) were seeded in 6 well plates and incubated for
24 h, then treated with [10]-gingerol and doxorubicin alone or
in combination (G50, D50, G50D50, G30D20 or G20D30)
and incubated for another 24 h. Next, the cells were detached
and pelleted by centrifugation, washedwith cold PBS, fixed in

70% cold ethanol and stored for 24 h at -20 °C. The fixed cells
were stained with propidium iodide (40 µg/ml propidium io-
dide, 100 µg/ml RNAse A, Sigma, St. Louis, MO, USA) for
30min at 37 °C after which fluorescence of 20,000 events was
acquired using an ACCURI C6 flow cytometer (Becton
Dickinson). Cell cycle analyses were performed using
FlowJo software v x0.7.

2.6 Apoptosis assay

The pro-apoptotic activity of [10]-gingerol or doxorubicin
alone as well as in combination was analyzed by flow cytom-
etry using a PE-Annexin-V Apoptosis Detection Kit for the
4T1Br4 cells Beckton Dickinson) or using FITC-Annexin-V
(Thermo Fisher Scientific, Waltham, MA, USA) and DAPI
(Biostatus, Shepshed, Leicestershire, UK) for MDA-MB-231
HMTL.6 cells according to the manufacturers’ instructions.
Briefly, 1 × 105 cells were seeded in 24 well plates and
allowed for 24 h to adhere. On the next day, the cells were
treated with both compounds alone or in combination (G50,
D50, G50D50, G30D20 and G20D30) for 24 h. Next, the
treated cells were washed once with PBS and stained for 15
min, detached using a scraper and analyzed by flow cytometry
(Accuri C6, Becton Dickinson). Data were analyzed using
FlowJo software v x0.7.
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2.7 Western blotting

Cells (4 × 105/well) were incubated for 24 h with different
concentrations of [10]-gingerol alone or in combination with
doxorubicin in 6 well plates (G50, D50, G50D50, G30D20
and G20D30). Next, the cells were lysed using CelLytic™M
reagent (Sigma-Aldrich, St. Louis, MO, USA) and protein
samples (15 µg) were separated in Tris-glycine gradient gels
(4–20%), transferred to nitrocellulose membranes (BioRad
Laboratories, Hercules, CA, USA) and blocked with casein
1% (BioRad Laboratories). The resulting membranes were
incubated overnight at 4 °C with the following primary anti-
bodies (1:1000): anti-Cdk1 (Abcam, ab32384), anti-Cdk2
(Abcam, ab32147), anti-Cdk4 (Abcam, ab68266), anti-Cdk6
(Abcam, ab131469), anti-caspase-3 (Abcam, ab13847) and
anti-gamma H2AX (Abcam, ab26350), followed by incuba-
tion with secondary antibodies (1:5000): HRP-conjugated
goat anti-rabbit (Abcam, ab97051) or HRP-conjugated goat
anti-mouse (Abcam, ab98693), for 1 h at room temperature.
As an endogenous control, anti-β-actin (sc-1616–1:1000,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used.

2.8 Metastasis assay - orthotopic syngeneic model

Spontaneous metastasis assays were performed as described
previously [22]. Briefly, 1 × 105 4T1Br4 cells/20 µl were
injected into the inguinal mammary fat pad of Balb/c mice
(n = 15–16/group). When tumors were palpable (~ day 9), dif-
ferent treatments were started (CTRL - saline, G10 – [10]-
gingerol at 10 mg/kg, D3 - Doxorubicin at 3 mg/kg, G10D3
- [10]-gingerol at 10mg/kg + D3 - Doxorubicin 3 mg/kg). The
treatments were continued until the end of the experiment (day
28 post injection). [10]-gingerol was administered five times a
week (13 doses, comprising a cumulative dose of 130 mg/kg),
whereas doxorubicin was administered twice a week (5 doses,
comprising a cumulative dose of 15 mg/kg). Primary tumor
growth was monitored thrice weekly using a caliper [tumor
volume = (length*width2)/2] and mice were euthanized on
day 28 post injection. Also, body weights were monitored
throughout the experiment. The euthanasia criteria,
established by the Animal Ethics Committee (CEUA nº
3528031016), were: primary tumors > 2 g or signs of distress
due to metastatic disease (such as polypnea, hunched posture,
ruffled coat and inactivity). The Kaplan-Meier curves gener-
ated in this experiment included animals that were found dead
due to doxorubicin toxicity. Blood samples were obtained by
cardiac puncture in order to evaluate the presence of circulat-
ing tumor cells (CTCs), as well as liver/nephron toxicity bio-
markers. Lungs, femurs and spine were harvested for metasta-
tic burden assessment. Livers were collected for hematoxylin
and eosin (H&E) staining. All procedures involving mice
were approved by the Federal University of Sao Carlos
Animal Ethics Committee (CEUA nº 3528031016) and were

conducted according to the NIHGuide for the Care and Use of
Laboratory Animals.

2.9 Relative tumor burden quantification

In order to quantify the relative tumor burden (RTB), lungs,
spines and femurs were harvested, snap-frozen and homoge-
nized for gDNA extraction. Metastatic burden was quantified
by multiplex qPCR using Taqman (Applied Biosystem
#4352042) [30]. Briefly, the ratio of signal threshold (ΔCt)
was determined for the mCherry gene, only expressed in tu-
mor cells, and for vimentin (mVim) present in all cells. The
RTB was calculated as = 10,000/2ΔCT. The primers and
probes used were described previously [22]. PCR was per-
formed using the Standard Fast Cycling run from the
StepOnePlus Real time PCR System (Applied Biosystems,
Foster City, CA, USA).

2.10 Isolation and quantification of colony-forming
circulating tumor cells

To isolate circulating tumor cells (CTCs) from blood samples,
cardiac punctures were performed using syringes containing
100 µl 1% EDTA. The samples were centrifuged at 3500 rpm
for 5 min, after which the pellets were resuspended in 1 ml
erythrocyte lysis buffer (75 mM NH4Cl, 1 mM KHCO3, 100
nM EDTA), incubated at room temperature for 2–3 min and
centrifuged again (3500 rpm for 5 min). This procedure was
repeated twice. Finally, the samples were resuspended in α-
MEM containing 5% FBS, 1% penicillin and streptomycin, so
that 200 µl medium was used for each 100 µl blood initially
collected. Next, the cells were seeded into 6 well plates (50 µl/
well/animal), incubated at 37 °C in 5% CO2 for 10 days and
stained with crystal violet, after which the numbers of colonies
were counted and normalized with respect to the primary tu-
mor weight.

2.11 Toxicity assays

Plasma from blood collected for CTC assessment was also
used for toxicity analyses. To this end, alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST) and urea levels
were assessed using specific kits from LabTest according to
the manufacturer’s instructions (LabTest, Vista Alegre, MG,
Brazil).

2.12 Histomorphology of the liver

Histological analyses were carried out on formalin-fixed par-
affin-embedded (FFPE) liver samples using routine proce-
dures and an autostainer DRS-601 Sakura apparatus
(Sakura, Osaka, Japan). Tissue sections were deparaffinized
and counterstained automatically with Hematoxylin and Eosin
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(H&E, Thermo Fisher Scientific) and subsequently subjected
to morphological evaluation by a pathologist.

2.13 Orthotopic xenograft model

For a xenograft model, 1 × 106 human MDA-MB-231 HMTL.6
cells were injected into the inguinal mammary fat pad of Balb/c
congenic athymic nude mice (40 µl/mouse in 50%matrigel, n =
6). When tumors were palpable (~ day 7), different treatments
were started (G10, D3, D10D3). These treatments were contin-
ued until the end of the experiment (day 35 post injection). [10]-
gingerol was administered five times a week (20 doses, compris-
ing a cumulative dose of 200 mg/kg), whereas doxorubicin was
administered twice a week (8 doses, comprising a cumulative
dose of 24mg/kg). Primary tumor growth andmiceweightswere
measured three times a week. Thirty-five days post tumor cell
injection, mice were euthanized and blood was collected in order
to analyze CTCs as described above. All procedures involving
animals were in accordance with the ethical standards of the
Federal University of Sao Carlos Animal Ethics Committee
(CEUA nº 4805090418) and conducted according to the NIH
Guide for the Care and Use of Laboratory Animals. The eutha-
nasia criteria, established by the Animal Ethics Committee
(CEUAnº 4805090418), were: primary tumors > 1 gramor signs
of distress due to metastatic disease (such as polypnea, hunched
posture, ruffled coat and inactivity).

2.14 Statistical analysis

In vitro experiments were carried out independently and in
triplicate. Data were expressed as mean ± SEM and inhibitory
concentrations, graphs and statistical differences were made
using GraphPad Prism software 8.0 (Intuitive Software for
Science, San Diego, CA, USA). All experiments were com-
pared by one or two-way ANOVA (p < 0.05) followed by
Bonferroni or Tukey’s post-tests.

3 Results

3.1 [10]-gingerol and doxorubicin combined therapy
has cytotoxic and synergistic effects in vitro

In order to investigate the anticancer effects of combined regi-
mens of doxorubicin and [10]-gingerol on primary tumor growth
and metastatic dissemination in syngeneic orthotopic and cell
line-derived xenograft mouse models, first, we evaluated the
IC50 and the selectivity indexes (SI) for [10]-gingerol and doxo-
rubicin on different murine and human TNBC cell lines (Table 1
and Supplementary Fig. 1). Interestingly, despite its known side
effects, we found that the SI of doxorubicin was 10 and 9 times
higher for the murine and human cell lines tested, respectively,
compared to [10]-gingerol. The cytotoxic effect of combined

treatment with doxorubicin and [10]-gingerol, both at IC50

values, was 5 and 6.7-fold higher for 4T1Br4 and MDA-MB-
231 HTML.6 cells (hereafter called 4T1 and MDA), respective-
ly, compared to the cytotoxic effect of doxorubicin alone (not
shown).

Next, we evaluated the effects of different combinations
of [10]-gingerol and doxorubicin using cytotoxicity assays in
the murine and human TNBC cell line models (Fig. 1). We
found that all concentrations of [10]-gingerol and doxorubi-
cin, both single or combined, significantly decreased the per-
centage of viable cells. For 4T1 cells, more profound effects
were observed when [10]-gingerol and doxorubicin were
used both at their IC50 values (G50D50) (Fig. 1A), whereas
for MDA cells, all treatments showed a similar effectiveness
(Fig. 1B). To verify whether the combined regimen with
[10]-gingerol and doxorubicin has synergistic effects against
breast cancer cells, we calculated the combination index (CI)
[28, 29]. We found that the obtained CIs were 0.7 and 0.65
for 4T1 and MDA cells, respectively, indicating a synergistic
effect of the combined [10]-gingerol and doxorubicin regi-
men (Fig. 1C and D, respectively). Regarding the colony
formation potential, doxorubicin (D50) and all combinations
significantly decreased the number of 4T1 colonies.
Particularly, the G50D50 combination completely abolished
colony formation (Fig. 2A, E). For MDA cells, in all treat-
ments where doxorubicin was used, no colonies were formed
(Fig. 2B, F). All treatments also reduced the colony sizes of
both cell lines (Fig. 2C-F), indicating that the compounds
and their combinations are cytotoxic and cytostatic for both
TNBC cell lines.

3.2 Combined therapy of [10]-gingerol and
doxorubicin induces cell cycle arrest and apoptosis

Whereas all treatments increased the number of cells in the Sub-
G0 phase of the cell cycle in 4T1 cells, the combinations of [10]-
gingerol and doxorubicin rather arrested the cell cycle in other
phases (Fig. 3A and Supplementary Fig. 2A). For MDA cells,
only G50 and G30D20 significantly increased the number of
cells in the sub-G0 phase (Fig. 3B and Supplementary Fig.
2B). Considering that the increase in the number of cells in the

Table 1 IC50 and selectivity index (SI) values after 72 h [10]-gingerol
or doxorubicin treatment in murine and human cell lines

[10]-gingerol Doxorubicin

IC50 SD (µM) SI IC50 SD (µM) SI

4T1Br4 32.2 ± 0.5a 1.7 0.2 ± 0.0 16.8
L929 55.9 ± 2.3 3.7 ± 0.8

MDA-MB-231 HMTL.6 60.6 ± 2.9 1.6 0.47 ± 0.0 14
MCF10A 96.2 ± 0.3 6.6 ± 1.2

a Published in Martin et al. [20]
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sub-G0/G1 phase of the cell cycle is indicative of apoptosis, we
further tested whether the cell cycle arrest, triggered by the treat-
ments, leads to apoptotic cell death. Therefore, both cell lines
were treated with [10]-gingerol, doxorubicin or their combina-
tions, based on the IC50 value for 24 h (Supplementary Table 1)
and evaluated for apoptosis/necrosis as described in the
"Materials and methods" section (Fig. 3C-F). All treatments led
to significant increases in apoptosis in 4T1 cells compared to
untreated control cells (Fig. 3C, D and Supplementary Fig.
3A). On the other hand, while in both 4T1 and MDA cell lines
G50 increased the number of necrotic cells, D50 and all drug
combinations increased the number of either early or late apo-
ptotic cells (Fig. 3C, E and Supplementary Fig. 3A, B). Notably,
the G50D50 combination led to a significant increase of 4T1
cells in both early and late apoptosis compared to either com-
pound alone (Fig. 3C, D and Supplementary Fig. 3A, C). The
effects were even more evident in MDA cells, where all

combinations led to extensive apoptosis (Fig. 3E, F and
Supplementary Fig. 3B, D).

Next, the levels of cyclins Cdk1, 2, 4 and 6, pro-caspase 3,
active caspase 3 and γ2HAX were assessed. We found that
most of the combinations reduced the levels of all Cdks in both
cell lines (Fig. 3A, B, Supplementary Fig. 4A, B), whereas they
did not result in alterations in the levels of pro-caspase 3 in
these cell lines (Fig. 3G, H and Supplementary Fig. 4A, B).
On the other hand, we found that 4T1 cells treated with
G50D50 and MDA cells treated with D50, G20D30 and
G30D20 exhibited significantly increased levels of active cas-
pase 3 compared to their respective untreated controls (Fig. 3G,
H and Supplementary Fig. 4A, B). In 4T1 cells, the levels of
γ2HAX were significantly increased after G50D50 treatment
(Fig. 3G and Supplementary Fig. 4A), while in MDA cells
higher levels were found in D50- and in combination-treated
cells (Fig. 3H and Supplementary Fig. 4B).

Fig. 1 Combination of [10]-gingerol with doxorubicin increases
cytotoxicity in triple negative breast cancer cells and has synergistic
effects. Cytotoxic effects were assessed using a MTT assay in (a)
4T1Br4 and (b) MDA-MB-231 HMTL.6 cells. (c) IC50 curves of [10]-
gingerol and doxorubicin alone and combination of a serial dilution of

doxorubicin and 16 µM [10]-gingerol for 4T1Br4 or (d) a serial dilution
of doxorubicin and 30 µM [10]-gingerol for MDA-MB-231 HMTL.6
cells. (e) Combination index and the concentration of doxorubicin, in
combination with [10]-gingerol at 16 µM (4T1Br4) or 30 µM (MDA-
MB-231 HMTL.6), necessary to reach the IC50
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3.3 [10]-gingerol and doxorubicin combined regimen
decreases primary tumor growth, CTC prevalence and
metastases in a syngeneic orthotopic murine model

We used an orthotopic syngeneic murine 4T1Br4 model
to investigate the single and combined efficacies of

[10]-gingerol and doxorubicin for the treatment of pri-
mary breast tumors and their metastases. Compared to
the respective untreated controls, we found that while
both D3 and G10D3 led to a significant reduction in
the volume of primary tumors from day 21 on, such a
reduction was evident only on day 28 for G10 (Fig.

Fig. 2 Colony formation assay showing that the combination of [10]-
gingerol with doxorubicin increases cytotoxic and cytostatic effects in
triple negative breast cancer cells. Colony formation assay with colony
numbers of (a) 4T1Br4 and (b) MDA-MB-231 HMTL.6 cells, and
colony size of (c) 4T1Br4 and (d) MDA-MB-231 HMTL.6 cells.
Representative images of colony formation for (e) 4T1Br4 and (f)
MDA-MB-231 HMTL.6 cells are shown. The inhibitory concentrations
were obtained from 72 h-treatments with: G50 = [10]-gingerol IC50

concentration (32 µM for 4T1; 61 µM for MDA), D50 = doxorubicin

IC50 concentration (0.2 µM for 4T1; 0.473 µM for MDA), G20 = [10]-
gingerol IC20 (12.8 µM for 4T1; 24.4 µM forMDA), G30 = [10]-gingerol
IC30 (19.2 µM for 4T1; 36.6 µM for MDA), D20 = doxorubicin IC20

(0.09 µM for 4T1; 0.19 µM for MDA), D30 = doxorubicin IC30 (0.13
µM for 4T1; 0.28 µM forMDA). Data are presented as mean and ± SEM.
No colonies were detected in 4T1Br4 cells treated with G50D50 (a, c and
e) or MDA-MB-231 HMTL.6 cells treated with D50, G50D50, G20D30
and G30D20 (b, d and f). One-way ANOVA followed by Bonferroni’s
post-test: **p < 0.01 and p < 0.001, * p < 0.0001, compared to control
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4A). Images of representative primary tumors from each
treatment are shown in Fig. 4B. The prevalence of cir-
culating tumor cells (CTC) was evaluated at the end-
point. With this evaluation, we aimed to examine
whether the respective treatments were able to reduce
the number or prevalence of CTCs capable of forming
secondary tumors in the animals. Such effects could be
achieved either by compromising the output capacity of
the primary tumor cells or their survival in the blood
stream. We found that all treatments significantly de-
creased the number of CTC colonies compared to un-
treated controls (Fig. 4C). A decrease in spleen weight
in animals treated with D3 and G10D3 was observed
(Supplementary Fig. 5A), whereas only the combined
regimen signif icant ly reduced the lung weight
(Supplementary Fig. 5B). In order to measure the me-
tastases load in distant organs, the relative tumor burden
(RTB) of lungs, spines and femurs was analyzed. We
found that only the combined regimen was able to sig-
nificantly reduce the tumor burden in all organs (Fig.

4D), suggesting an important adjuvant activity of [10]-
gingerol on the antimetastatic effects of doxorubicin.

3.4 [10]-Gingerol decreases doxorubicin side effects
in vivo

In mice bearing orthotopic syngeneic tumors, although both
treatments involving doxorubicin (D3 and G10D3) led to a
significant decrease in body weight from day 16 on (Fig. 5A),
the extent of weight loss was significantly less when the mice
were concomitantly treated with [10]-gingerol (G10D3) com-
pared to doxorubicin alone (D3) (Fig. 5B). Kaplan-Meier
analysis revealed that the survival of control mice (inoculated
with cancer cells and subsequently treated with saline instead
of drugs) and G10-treated mice was 100% at the end of the
experiments, which was similar to the survival rate of the
combined treatment G10D3 (95%). On the other hand, only
65% of the animals treated only with D3 survived until the end
of the treatment period, which was significantly lower com-
pared to the other groups (Fig. 5C). It is worth mentioning that

Fig. 3 Combination of [10]-gingerol with doxorubicin induces cell cycle
arrest and apoptosis in triple negative breast cancer cells. Cell cycle
analyses of (a) 4T1Br4 and (b) MDA-MB-231 HMTL.6 cells. (c)
Apoptosis/necrosis in 4T1Br4 cells. (d) Representative overlay dot plot
from apoptosis assay of G50D50, G50 and D50 in 4T1Br4 cells. (e)
Apoptosis/necrosis in MDA-MB-231 HMTL.6 cells. (f) Representative
overlay dot plot from apoptosis assay of G50D50, G50 and D50 inMDA-
MB-231 HMTL.6 cells. Western blot analyses in (g) 4T1Br4 and (h)
MDA-MB-231 HMTL.6 cells. Values for 24 h treatments: G50 = [10]-

gingerol IC50 concentration (43 µM for 4T1; 68 µM for MDA), D50 =
doxorubicin IC50 concentration (1.4 µM for 4T1; 12 µM for MDA), G20
= [10]-gingerol IC20 (17.2 µM for 4T1; 27.2 µM for MDA), G30 = [10]-
gingerol IC30 (25.8 µM for 4T1; 40.8 µM for MDA), D20 = doxorubicin
IC20 (0.56 µM for 4T1; 4.8 µM for MDA), D30 = doxorubicin IC30 (0.84
µM for 4T1; 7.2 µM for MDA). Data are presented as mean and ± SEM.
Two-wayANOVA followed by Tukey’s post-test: # p < 0.05, ** p < 0.01
and p < 0.001, * p < 0.0001, compared to control
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the survival was limited by chemotherapy-induced toxicity,
rather than by tumor burden per se. A decrease in liver weight
in animals treated with doxorubicin (D3 and G10D3) was
observed (Fig. 5D).

Additional toxicity was evaluated by analyzing aspartate
transaminase (AST) and alanine transaminase (ALT), two
common biomarkers of liver health [31]. The level of both
enzymes was significantly increased only in D3 treated
tumor-bearing animals compared to non-tumor-bearing mice
(H, without experimental tumor) (Fig. 5E). Importantly, we
found that the combined regimen prevented the D3-mediated
increases in the levels of both hepatic enzymes in plasma,
indicating that [10]-gingerol can reduce hepatotoxic effects

of doxorubicin treatment. The urea levels were not found
to be altered by any treatment (Fig. 5E). Histological ex-
amination of livers revealed a normal morphologic ap-
pearance in the healthy group (H), and mild swelling of
hepatocytes and focal mononuclear cell inflammatory in-
filtrates around the periportal spaces (arrows) in the con-
trol (CTRL) group (Fig. 5F). The same features were ob-
served in the D3 and G10 treatment groups. The G10D3
combination induced only slight inflammatory infiltrates
around the periportal spaces without swelling of hepato-
cytes (Fig. 5F). These observations suggest that the com-
bined regimen was able to reduce at least some of the
deleterious effects of doxorubicin.

Fig. 4 Combination of [10]-gingerol and doxorubicin inhibits tumor
growth and metastasis in an orthotopic syngeneic metastasis model (n =
15–16 in each group). (a) Primary tumor volumes measured from
treatment start to endpoint (28 days after IMFP injection). (b)
Representative images from primary tumors. (c) Circulating tumor cell

prevalence with representative images (colonies). (d) Relative tumor
burden of lungs, spines and femurs. Data are presented as mean and ±
SEM. One and two-way ANOVA followed by Dunnett’s post-test: * p <
0.01, ** p < 0.001, compared to the control group (CTRL)
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3.5 [10]-gingerol and doxorubicin combined regimen
inhibits primary tumor growth and decreases CTC
prevalence in an orthotopic xenograft TNBC model

Finally, an orthotopic cell-derived xenograft model was
used to further investigate the effects of isolated or [10]-
gingerol/doxorubicin combined treatments. We found that
the combination was the only therapy effective enough to
significantly reduce the volume of the tumors (Fig. 6A, B)
and the CTC prevalence (Fig. 6C). Unlike the findings for
the syngeneic model, there was no significant difference in
the body mass of the animals at the end point (Fig. 6D),
despite the fact that the D3 and G10D3 groups gained less
weight compared to the control and G10 treated mice
(Fig. 6E).

4 Discussion

Toxic side effects and chemoresistance induced by doxorubicin
are major obstacles in cancer therapy, limiting its clinical use

[32]. High cumulative doses of doxorubicin administration in-
duce irreversible cardio- [33] and hepatotoxicity [34, 35], as
well as damage to skeletal muscles and cachexia [12].
Moreover, resistance to doxorubicin is common in breast can-
cer and is frequently associated with a multi-drug resistance
phenotype [36]. Accordingly, the development of combined
treatment regimens with doxorubicin in association with
chemosensitizer agents which do not reduce its anticancer per-
formance, but rather increase the efficacy of anticancer re-
sponse as well as decrease its toxic effects, are highly desirable.

Previously, we have shown that [10]-gingerol inhibits primary
tumor growth and metastasis to multiple organs including lung,
bone and brain in a spontaneous syngeneic orthotopic triple-
negative breast cancer (TNBC) metastasis model [22]. Here,
we investigated the in vitro and in vivo effects of a combined
regimen based on [10]-gingerol and doxorubicin using not only
the aforementioned syngeneic model, but also a human TNBC
cell-derived xenograft model. When analyzing both murine and
human breast cancer cells in vitro, the combined regimen, used in
different proportions of IC50 values, led to cell cycle arrest,

Fig. 5 [10]-Gingerol reduces doxorubicin toxicity in an orthotopic
syngeneic metastasis model (n = 15–16 in each group). (a) Body mass
measured thrice a week since day 1 from IMFP injection. (b)Weight gain
from the first day until the endpoint (28 days after IMFP injection). (c)
Kaplan-Meier curve based on different treatments. (d) Liver weights. (e)
Hepatotoxicity and renal toxicity biomarker measurements. (f) Histology

of livers: arrows mark mild swelling of hepatocytes and slight focal
mononuclear cell inflammatory infiltrates around periportal spaces.
Data are presented as mean and ± SEM. One and two-way ANOVA
followed by Tukey’s post-test. * p < 0.05, ** p < 0.01, compared to
control or between groups, as indicated. a: control versus G10D3; b:
G10 versus D3; c: D3 versus G10D3 and d: control versus D3
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concomitantly with decreased cyclin-dependent kinase (Cdk)
levels. Cdk-cyclin complexes represent key factors regulating
cell cycle progression and are overexpressed in several cancer
types [37]. Additionally, the observed increase in the sub-G0 cell
population is concordant with high levels of apoptosis, in part
involving caspase 3 activation, consistent with our previous re-
sults for [10]-gingerol only [22], as well as with other studies in
cervical [38] and colon cancer cells [39]. Particularly, the
G50D50 combination significantly increased the proportion of
cells in late apoptosis, which agrees with the increased levels of
active caspase 3 in 4T1 cells. Consistent with these results, the
levels of γH2AX, an indicator of DNA double strand breaks
[40], were increased only after G50D50 treatment in
4T1 cells, and after D50 treatment and all combinations
in MDA cells. This result at least partly explains the
strong inhibitory effects of the combination treatment
in primary TNBC tumor and metastasis formation
in vivo.

It has been reported that doxorubicin causes weight loss
[41, 42], and that its continued use and high dosage may
ultimately lead to death. Accordingly, we found that treatment
with doxorubicin alone could indeed be lethal, since five out

of sixteen mice receiving doxorubicin exclusively were found
dead. The combined regimen, however, allowedmice to better
tolerate the treatment, since only one mouse out of sixteen was
found dead when [10]-gingerol was given along with doxoru-
bicin, and a reduction in chemotherapy-induced weight loss
was noted. Importantly, no deaths were registered when mice
received only [10]-gingerol. It has been reported that losing
more than 30% of body weight may be lethal, and that even a
weight loss as little as < 5% already results in worse outcome
[43, 44]. Therefore, the reversion in chemotherapy-induced
weight loss observed here in mice receiving [10]-gingerol
could be important to ameliorate the general health status
and to allow doxorubicin treatment to be maintained.

To the best of our knowledge, no other studies have eval-
uated the in vitro and in vivo antitumor/metastatic effects of a
combined treatment with doxorubicin and ginger-derived sub-
stances on TNBC. Other compounds have, however, been
studied in combination with doxorubicin. Toosendanin
(TSN), for example, a triterpenoid extracted from Melia
toosendan, showed similar effects, improving doxorubicin
sensitivity of doxorubicin-resistant MCF-7 breast cancer cells
[45]. TSN exerts its anticancer activity by inhibiting the

Fig. 6 Combination of [10]-gingerol and doxorubicin inhibits primary
tumor growth in an orthotopic xenograft model (n = 6 for each group).
(a) Primary tumor volume from treatment start to endpoint (35 days after
IMFP injection). (b) Representative images from primary tumor at
endpoint. (c) Circulating tumor cell prevalence with representative

images. (d) Body mass measured thrice a week since day 1 from IMFP
injection. (e) Weight gain from the first day until the endpoint. Data are
presented as mean and ± SEM. One and two-way ANOVA followed by
Tukey’s post-test. p < 0.05, a: control versus G10D3; b: G10 versus D3
and c: D3 versus G10D3
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PI3K/Akt signaling pathway and downregulating ABCB1 ex-
pression, a protein involved in multi-drug resistance.
Consistent with our results, the combination of TSN and
doxorubicin was able to inhibit primary tumor growth, with
no evident effect on animal weight [45].

It is well known that metastasis is the main cause of cancer-
related death [1, 2]. 4T1 murine TNBC cells, following their
inoculation into the mammary fat pad, spontaneously spread
to different organs such as the lungs, liver, brain and bone,
giving rise to metastases similar to breast cancer in humans
[23, 46, 47]. One key advantage of this model is its ability to
recapitulate the entire metastatic process, from primary breast
cancer establishment to the spontaneous spread of metastatic
cells to distant organs, in immunocompetent animals [48, 49].
Evaluation of the relative tumor burden (RTB) by qPCR in
organs collected after euthanasia allows a precise measure-
ment of the efficacy of a particular treatment [23]. In accor-
dance with our previous study, in which we used the same
model, G10 (on day 28) reduced the size of primary tumors
[22]. D3 treatment and the G10D3 combination (from day 21
to 28) were even more effective in reducing the size of the
primary tumors in the animals. More importantly, we found
that only the G10D3 combination reduced the metastatic bur-
den in all the organs analyzed (lungs, spine and femurs),
highlighting the promising anticancer efficacy of such combi-
nation therapy.

Doxorubicin has been reported to be hepatotoxic in breast
cancer patients, with a significant impact on their clinical out-
come [34]. Hepatotoxicity in these patients can be noted by
increased levels of plasma alanine aminotransferase (ALT)
and aspartate aminotransferase (AST), commonly found in
drug-induced hepatic necrosis [50]. The levels of these en-
zymes can be prognostic in several types of cancer [51–54].
Accordingly, in our model, doxorubicin treatment led to a
significant elevation of the ALT and AST plasma levels, and
we observed a particular reduction of chemotherapy-induced
liver toxicity in tumor-bearing mice treated with the [10]-
gingerol and doxorubicin (G10D3) combination.

Finally, we tested the efficacy of the combination in an
orthotopic xenograft TNBC model by injecting MDA-MB-231
HMTL.6 cells into the mammary fat pad of nude mice. Partially
in agreement with the syngeneic model, where both D3 and
G10D3 reduced the primary tumor size, in the xenograft model
the G10D3 combination showed an antitumor effect, andwas the
only treatment that decreased CTC prevalence, lending further
support to the therapeutic efficacy of the combined [10]-gingerol
and doxorubicin regimen against TNBC.

CTCs are motile cells originating from primary or second-
ary tumors that enter the circulation, either as single invasive
cells or as clusters or micro-emboli, sometimes long before
cancer is diagnosed [55]. The reduction in CTCs that we ob-
served in both models indicates that the combined treatment is
able to inhibit the exit of cells from the primary tumor and/or

to provoke their death in circulation. Unlike the syngeneic
model, in which distant metastases can be detected within 3–
4 weeks of primary tumor inoculation, in our xenograft model
using nude mice, even though we have detected CTCs, spon-
taneous metastases would take longer to grow (up to 60 days).
Therefore, they could not be detected in this model [25, 56].
This may explain why the two models used (4T1.13 - synge-
neic and MDA-MB 231 HMTL.6 - xenograft) responded dif-
ferently regarding weight loss. 4T1 tumors were already met-
astatic (lung and bones) at the time of harvest, whereas MDA
tumors were not. Furthermore, it has been reported thatMDA-
MB-231 tumor-bearing mice do develop cachexia, but do not
lose weight [57]. On the other hand, 4T1 tumors may lead to
body weight loss, especially when they are metastasized [22,
58]. Indeed, when analyzing only control groups at the end-
point, on average we found that untreated 4T1-bearing mice
did not gain additional weight (the 4T1 tumors were 2 g and
the weight gain for this group was also 2 g). In contrast, MDA-
bearing mice did gain weight (the average tumor weight was
1 g and the weight gain was 3.5 g). Since severe host-wasting
is frequently linked to metastasis and worsens chemotherapy-
induced side effects [43, 44], mice bearing 4T1 tumors were
probably more sensitive to the deleterious effects of doxoru-
bicin, as indicated by the weight loss only seen in this model.
Additionally, we found that the side effects of doxorubicin
were decreased by the administration of [10]-gingerol, as in-
dicated by the attenuation in weight loss and liver damage in
this group, compared to mice only receiving doxorubicin.

Taken together, our results indicate that the combina-
tion of [10]-gingerol and doxorubicin represents an effec-
tive regimen for the treatment triple-negative breast can-
cer, reducing tumor growth, CTC prevalence and metasta-
tic burden, while alleviating some of the chemotherapy-
induced side effects.
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