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Abstract

Purpose The present study aimed to investigate the
molecular mechanisms underlying the anticancer properties
of ginger extract (GE) in mice bearing solid Ehrlich car-
cinoma (SEC) and to evaluate the use of GE in combina-
tion with doxorubicin (DOX) as a complementary therapy
against SEC.

Methods SEC was induced in 60 female mice. Mice
were divided into four equal groups: SEC, GE, DOX and
GE +DOX. GE (100 mg/kg orally day after day) and DOX
(4 mg/kg i.p. for 4 cycles every 5 days) were given to mice
starting on day 12 of inoculation. On the 28th day, blood
samples were collected, mice were scarified, tumor volume
was measured, and tumor tissues were excised.

Results The anti-cancer effect of GE was mediated by
activation of adenosine monophosphate protein kinase
(AMPK) and down-regulation of cyclin D1 gene expres-
sion. GE also showed pro-apoptotic properties as evidenced
by elevation of the P53 and suppression of nuclear factor-
kappa B (NF-kB) content in tumor tissue. Co-administra-
tion of GE alongside DOX markedly increased survival
rate, decreased tumor volume, and increased the level of
phosphorylated AMPK (PAMPK) and improved related
pathways compared to DOX group. In addition, the his-
topathological results demonstrated enhanced apopto-
sis and absence of multinucleated cells in tumor tissue of
GE +DOX group.

Conclusion AMPK pathway and cyclin D1 gene expres-
sion could be a molecular therapeutic target for the
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anticancer effect of GE in mice bearing SEC. Combining
GE and DOX revealed a greater efficacy as anticancer ther-
apeutic regimen.
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Introduction

Breast cancer is one of the most prevalent cancers with a
high mortality rate all over the world [1]. Severe cardiotox-
icity is a major drawback in doxorubicin (DOX) treatment
for breast cancer due to its oxidative stress action. There-
fore, it is preferred to combine DOX with other compounds
as a complementary therapy to antagonize or neutralize its
prominent side effects [2].

The use of complementary and alternative medicine has
been growing alongside conventional medical treatments.
Complementary therapy is widely used as an aid for man-
agement of several diseases such as depression [3], arthritis
[4], asthma [5] and cancer [6]. Natural products and herbal
medicine have been used for treatment of various diseases
and have exhibited anticancer activities [7].

Ginger (Zingiber officinale), belonging to family Zin-
giberaceae, has been cultivated for thousands of years
as a spice and for medicinal purposes [8]. The biologi-
cally active constituents of ginger are gingerols, shogaols,
paradols and zingerone [8]. Ginger possesses antioxidant
[9], anti-inflammatory [10], antidiabetic [11] and antican-
cer activities [1]. Ginger has anti-tumorigenic effect both
in vivo and in vitro in different cancer types [12, 13]. Gin-
ger exhibits anti-cancer effect through the expression of
activating transcription factor 3 in human colorectal cancer
cells [14]. In addition, the crude ethanolic extract of ginger
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indicates promising anticancer activity against cholan-
giocarcinoma [15]. The anticancer effect of ginger and its
components is mediated by modulation of a wide range of
signaling molecules. Ginger extract (GE) increases anti-
oxidant enzymes including superoxide dismutase and glu-
tathione peroxidase [16]. In different cancers, GE inhibits
transcription of nuclear factor-kappa B (NF-kB) and the
inflammatory cytokine tumor necrosis factor-a (TNF-a).
GE could also modulate P53, P21, and vascular endothelial
growth factor expression [17].

Mitogenic signals can induce cyclin D1 expression and
binding to cdk4/ or cdk6 in G1 phase of the cell cycle to
induce proteins involved in DNA replication [18]. Previ-
ous studies reported that adenosine monophosphate pro-
tein kinase (AMPK) activation has a critical role in cellu-
lar physiology such as inhibition of cell proliferation and
growth, and activation of autophagy [19]. In the present
study, we evaluated the anticancer effect of GE in mice with
solid Ehrlich carcinoma (SEC) with emphasis on AMPK
pathway and cyclin D1 gene expression as molecular tar-
gets. An attempt was being made in this work to augment
DOX cytotoxicity using GE as a complementary therapy.

Materials and methods
Drugs

Doxorubicin hydrochloride (Adriblastina(R) vials, Phar-
macia Italia S.P.A., Ttaly) was dissolved in 0.9% ster-
ile sodium chloride solution. Ethanolic ginger extract
(MEPACO Pharmaceutical Co., Sharqgia, Egypt) was dis-
solved in propylene glycol. The ethanolic ginger extract
contains [6]-gingerol 0.74%, [8]-gingerol 0.13%, [10]-gin-
gerol 0.15%, [6]-shogaol 0.14%, [8]-shogaol 0.011%,
[10]-shogaol 0.047, [6]-paradol 0.004%, [1]-dehydroging-
erdione 0.019%.

Animals and experimental design

Ehrlich carcinoma is a transplantable model for breast
cancer. The guidelines for the care and use of laboratory
animals approved by Research Ethics Committee (Fac-
ulty of Pharmacy, Tanta University, Egypt) (FPTU-REC,
129/2013/930) were followed. In this study, 60 female
Swiss albino mice aged 6-8 weeks old and weighed
18-22 g were obtained from National Research Center
(Cairo, Egypt). Mice were provided with standard pellet
diet and water ad libitum. The standard pellet diet is com-
posed of 5% lipids, 21% protein, 4% crude fiber, 1% cal-
cium, 8% ash, 0.6% phosphorus, 2% vitamin, 3.4% glucose,
and 55% carbohydrates. 1x 10° of the Ehrlich ascites car-
cinoma (EAC) cells was obtained from the Pharmacology

@ Springer

and Experimental Oncology Unit of the National Cancer
Institute (Cairo University, Egypt). The cell viability was
found to be more than 99% by trypan blue dye exclusion
method [20]. EAC cells were implanted subcutaneously
into the right thigh of the lower limb of mice. A palpable
solid tumor mass (about 100 mm?) was developed within
12 days. Then, animals were divided into 4 equal groups
as follows: SEC group—mice were given the vehicles, GE
group—mice were given 100 mg/kg GE by oral gavage, day
after day starting on the 12th day of inoculation until day
26 [21], DOX group—mice were injected i.p. with 4 mg/
kg DOX for 4 cycles every 5 days (on the 12th, 17th, 22nd,
and 27th day) according to [22], GE+DOX group—mice
were given both drugs at the specified doses and regimens.

The survival rate was calculated for each experimen-
tal group according to [23], using the following formula:
Survival rate=(number of live animals in a group on
the 28th day/number of animals in the same group at the
start of experiment) X 100. On the 12th day and then day
after day till the end of experiment, the dimensions of the
tumor were measured with a Vernier caliper (Tricle Brand,
Shanghai, China). Tumor volume was calculated accord-
ing to [24], using the following formula: Tumor volume
(mm?)=0.52 AB?, where: A is the length of minor axis and
B is the length of major axis. Tumor inhibition rate (TIR)
was calculated as follows: TIR=(mean tumor volume
of control tumor group—mean tumor volume of treated
group) X 100/mean tumor volume of control tumor group
[25].

On the 28th day, mice were anaesthetized by ether, blood
samples were withdrawn via cardiac puncture and then
mice were killed by cervical dislocation. Using cooling
centrifuge (Laborzentrifugen 3-30K, Sigma, Germany),
serum samples were obtained at 3000 rpm for 20 min and
stored at —80 °C for determination of P53 level. Tumor tis-
sue was carefully excised and divided into portions. One
portion was fixed in 10% formalin for histopathological
examination and the other portions were kept frozen at
—-80°C.

ELISA assay for PAMPK, NF-kB and P53

Enzyme-linked immunosorbent assay (ELISA) kits were
obtained from Glory Science Co. (USA) and utilized to
determine the level of phosphorylated AMPK (PAMPK)-
pT172 and (NF-xB)-p65 in tumor tissue and to assess the
level of the tumor suppressor gene P53 in serum, according
to the manufacturer’s protocol.

DNA content of tumor tissue

Using G-spin™ total DNA extraction kit (iNtRON Biotech-
nology Co., Korea), DNA was extracted from tumor tissue
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and its concentration was measured at 260 nm according to
[26] using spectrophotometer (Unicam, England).

Real time-polymerase chain reaction (RT-PCR)
for cyclin D1

Total RNA was isolated from tumor tissue using RNA-
spin™ total RNA extraction kit (iNtRON Biotechnology
Co., Korea) under liquid nitrogen according to the manu-
facturer’s protocol. Primers (Biosearch technologies Co.,
USA) used in RT-PCR are presented in Table 1 and were
prepared according to [27]. Total RNA was reverse tran-
scribed to cDNA using SYBR Green I PCR (iNtRON Bio-
technology Co., Korea). Real-time PCR was performed at
the following conditions: 95°C, 30 s (Pre-denaturation),
then 40 cycles (95 °C for 5 s for denaturation and 55 °C for
10 s for annealing/extension). Each sample was analyzed
and normalized to the level of housekeeping gene (f-actin)
and expressed as relative copy number (RCN). Ct (thresh-
old cycle) values of the sample were calculated, and tran-
script levels were analysed by the 272" method.

Histopathological examination

Sections of tumor tissue were prepared (3—5 um thick) and
stained with hematoxylin and eosin (H&E). Tumor tissues
were examined for the histopathological features as well
as the count of apoptotic cells and images were recorded
using Olympus microscope (Japan) equipped with spot dig-
ital camera, and computer program MATLAB software.

Statistical analysis

Analysis of data was performed with statistical package for
social science (SPSS) software version 16. Data are pre-
sented as mean + SD. Comparison between groups was per-
formed with one-way analysis of variance (ANOVA) using
Fisher’s least-significant differences (LSD) option. Statisti-
cal significance was obtained at P> 0.05 [28].

Table 1 Primers for the studied genes in gRT-PCR

Gene Forward primer Reverse primer
Cyclin D1 5-AGTCAGGGCACCTGG 5-AACAGA
ATTGTTC-3 TTAAAT
GATGCA
CCGGAG
A-3
B-Actin 5-TGCCTGACGGTCAGG 5-CAGGAA
TCA-3 GGAAGG
CTGGAA
G-3

Results
Effect on survival rate and tumor volume

The survival rate was 67% in SEC group and increased
to 80% in DOX group, and to 100% in GE group and
GE+DOX group (Fig. 1a). The tumor volume in SEC
group on day 12 was 120.2+5.12 mm® and increased
gradually till it reached 1585.5+168.6 mm® on day 28.
Treatment of SEC-bearing mice with GE, DOX, or both
drugs exhibited a significant decrease (P <0.05) in tumor
volume on day 28 to 1280.6+140.4, 1120.9+113.1, and
960.5+100 mm?, respectively, compared to SEC group
(Fig. 1b). Regarding tumor inhibition rate, co-treatment
with GE and DOX exerted TIR of 38.9% versus 22.9% in
GE group and 33.9% in DOX group (Fig. lc).

Effect on PAMPK, NF-kB and P53 levels

Figure 2a shows that treatment of SEC mice with DOX
significantly (P<0.01) reduced the level of PAMPK in
tumor tissue (0.1857 +0.022 ng/g tissue) compared to SEC
group (0.305+0.038 ng/g tissue). On the other hand, GE
alone or co-treatment with GE and DOX caused a signifi-
cant increase (P <0.001) in the level of PAMPK to reach
1.55+0.065 and 1.39+0.058 ng/g tissue, respectively,
compared to SEC group. In addition, the level of PAMPK
was significantly increased in GE group (P <0.01) and co-
treatment group (P <0.001) compared to DOX group.

GE alone or in combination with DOX significantly
(P<0.001) lowered NF-xB content in tumor tissue to
8.7+0.9 and 1.85+0.37 ng/g tissue, respectively, com-
pared to SEC group (10.3 +1.06 ng/g tissue) (Fig. 2b). On
the other hand, treatment of SEC mice with DOX resulted
in a significant increase (P<0.01) in NF-xB content
(11.2+1.24 ng/g tissue) compared to SEC group. However,
the combined treatment with GE and DOX significantly
(P<0.001) lowered NF-kB content compared to each treat-
ment alone.

Treatment of SEC-bearing mice with GE, DOX, or
both drugs resulted in a significant increase (P<0.001)
in serum P53 level to 480.08+35.1, 863.08+49.1, and
1445.2 +73.8 pg/mL, respectively, compared to SEC group
(109.46+11.6 pg/mL) (Fig. 2c). In addition, co-treatment
with GE and DOX raised serum P53 level significantly
(P<0.01) compared to either GE or DOX group.

Effect on tumor DNA content
Treatment of SEC-bearing mice with GE, DOX, or both
drugs resulted in a significant decrease (P<0.001) in

DNA content (72+10, 4149, and 20+4 pg/g tissue,
respectively) compared to SEC group (132+15 pg/g
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tissue) (Fig. 3). Co-treatment with GE and DOX sig-  Effect on cyclin D1 gene expression

nificantly lowered tumor DNA content versus GE

monotreated group (P <0.001) and versus DOX group  Figure 4 shows that treatment of SEC mice with DOX sig-
(P<0.01). nificantly (P<0.05) increased cyclin D1 gene expression
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Fig. 4 Effect of co-treatment with GE and DOX on cycin D1 gene
expression in tumor tissue of SEC-bearing mice. Data are presented
as mean=+ SD. a Significant versus SEC group. b Significant versus
GE group. ¢ Significant versus DOX group

in tumor tissue (0.119+0.023 RCN) compared to SEC
group (0.0975+0.0095 RCN). On the other hand, GE
alone or in combination with DOX caused a significant
decrease (P <0.01) in cyclin D1 gene expression to reach
0.04+0.0063 and 0.013+0.0062 RCN, respectively, com-
pared to SEC group. Cyclin D1 gene expression was sig-
nificantly decreased in GE group compared to DOX group
(166.3%, P<0.01). Combined treatment with GE and DOX
significantly decreased (P <0.001) cyclin D1 gene expres-
sion by 67.5% versus GE group and 89% versus DOX
group (Fig. 4).

Histopathological results

Tumor sections from SEC group showed numerous multi-
nucleated cells, dilated blood vessels and few apoptotic
residual bodies (Fig. 6a). On the other hand, tumor sections
from mice treated with GE showed a significant increase

(P<0.001) in apoptotic cell count to reach (40+4.1 cells)
compared to SEC group (16+0.8 cells) (Figs. 5, 6b).
Treatment of SEC mice with DOX resulted in a signifi-
cant increase (P <0.001) in apoptotic cell count (20+0.82
cells) compared to SEC group (Figs. 5, 6¢). Co-treatment
group showed absence of multinucleated cells in tumor tis-
sue with a significant increase (P <0.001) in apoptotic cell
count (5045 cells) compared to SEC group (Figs. 5, 6d).
However, the apoptotic cell count in co-treatment group
showed a significant increase (P <0.01) versus DOX mono-
treatment group (Fig. 5).

Discussion

The major problem in breast cancer chemotherapy is the
toxicity of the established drugs [29]. However, plants and
plant-derived products have proved effective and safe in the
treatment and management of cancer. Many natural prod-
ucts and their analogues have been identified as potent anti-
cancer agents including ginger and its constituents [30].
In the current study, we hypothesized that the anticancer
effects of ginger extract might potentiate the effectiveness
of DOX in treatment of breast cancer mice.

Inoculation of EAC cells into the right thigh of the lower
limb of mice induced tumor development and neoplastic
changes as shown by the histopathological results. SEC
group showed numerous multinucleated cells and dilated
blood vessels. The histopathological changes observed
in SEC group, herein, were partially corrected by ginger
extract treatment. Ginger extract group showed a significant
increase in apoptotic cell count compared to SEC group.
In addition, co-treatment of SEC mice with ginger extract
and DOX showed absence of multinucleated cells in tumor
tissue and significantly increased apoptosis compared to
each of SEC and DOX groups. The phenolic substances
present in ginger, generally, possess strong anti-oxidative

60 -
a a.c

£ 50
3
o
O __ 40
T 9
g2
o E 30 a
- 3
2E
2~ 20
<]
o
< 10 -

0 - . . .

SEC GE DOX  GE+DOX

Fig. 5 Effect of co-treatment with GE and DOX on apoptotic cell
count in mice bearing SEC. Data are presented as mean=+SD. a Sig-
nificant versus SEC group. ¢ Significant versus DOX group
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Fig. 6 Haematoxylin and eosin (H&E) photomicrographsx40 of
tumor sections from SEC-bearing mice. a SEC group showing a large
fibrotic sheet (half moon symbol), groups of multinucleated cells
(closed down arrows), dilated blood vessels (four-pointed star), few
apoptotic residual bodies (open “L” symbol) and increased apoptosis

and anti-inflammatory properties and exert substantial anti-
mutagenic and anti-carcinogenic activities [12].

Our histopathological findings were parallel with the
regression of tumor volume and also with the increase of
serum level of P53 by each of ginger extract, DOX and
both. P53 is a key tumor suppressor that plays a critical role
in preventing cancer progression by inhibiting proliferation
and inducing apoptosis of tumor cells [31]. Ginger induced
apoptosis in endometrial cancer cells by increasing the
expression of P53 and Bax and simultaneously decreasing
the expression of Bcl-2 [13]. In addition, [32] reported that
DOX induced apoptosis in mammary gland carcinoma.

Treatment of SEC mice with DOX significantly
decreased PAMPK level. It was reported that DOX induced
inhibition of AMPK and resulted in genotoxic stress and
P53 activation in both carcinoma and non-carcinoma cells
[33]. These effects may be accounted for inability of DOX
to affect signaling upstream of AMPK including liver
kinase B1 (LKB1) [34] and this is the mechanism behind
its cardiotoxicity.

However, in the current study, ginger extract treatment
induced a significant increase in the level of active phos-
phorylated form of AMPK. It was reported that ginger
extract induced AMPK activation through a Ca*? calm-
odulin-dependent protein kinase kinase (CaMKK) path-
way [35]. Several upstream kinases, including LKB1 and
CaMKK pathways, activate AMPK by phosphorylation of
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(open triangles) (H&Ex40). b GE group showing increased apop-
tosis (open triangles) (H&E x40). ¢ DOX group showing increased
apoptosis (open triangles) (H&E x40). d GE+DOX group showing
absence of multinucleated cells, and an area of necrosis (open oval)
with increased apoptosis (open triangles) (H&E x40)

a threonine residue (Thr172) [36]. The anticancer effect
of AMPK is linked to inhibition of anabolic pathways that
promote cell growth, such as synthesis of phospholipids,
fatty acids, ribosomal RNA, and proteins [37]. Herein, the
combination of ginger extract with DOX caused a signifi-
cant increase in the level of PAMPK to 7.5 folds compared
to DOX group. Activation of AMPK could mediate the
anticancer effect of ginger extract by which ginger extract
potentiated the cytotoxic effect of DOX and compensated
for the deleterious inhibitory effect of DOX on AMPK in
the co-treatment group.

NF-kB signaling is activated by extracellular stimuli,
which are recognized by receptors and transmitted into the
cell [38]. These signaling cascades can activate [kB kinase
(IKK), which phosphorylates the inhibitory IxB subunit of
the NF-xB-IxB complex in the cytoplasm [39]. This phos-
phorylation leads to IxkB degradation by the proteasome
and releasing NF-kB from the inhibitory complex. The
freed NF-xB proteins are then transported into the nucleus
where they bind to their target genes for transcription [39].
Our results revealed that ginger extract treatment signifi-
cantly decreased NF-kB content in tumor tissue. These
results were in agreement with [35], who reported that gin-
ger extract induced suppression of NF-kB activity through
inhibition of IKK and stabilization of inhibitory IkBa.

On the other hand, DOX mono-treatment, herein, sig-
nificantly increased NF-kB content in tumor tissue. The



Eur J Nutr (2018) 57:981-989

987

atypical NF-xB activation was induced by DOX through
inhibition of c-Abl tyrosine kinase in breast cancer cells
and therefore, sensitivity of the cancer cells to DOX was
diminished [40]. In the present study, a greater reduction of
NF-xB content (|83.5%) in tumor tissue was achieved by
co-treatment with ginger extract and DOX, thereby correct-
ing the effect of DOX on NF-«B level.

Cyclin D1 is a biomarker of cancer progression. During
G1 phase, cyclin D1 is synthesized rapidly, then degraded
when the cell enters the S phase. Activation of cyclin-
dependent kinases (CDKs), CDK4 and CDK®6, by cyclin
D1 is responsible for cancer progression [41]. Our data
indicated that the anticancer effect of ginger extract was
associated with a significant reduction in cyclin D1 gene
expression. These results were in agreement with [42], who
reported that ginger extract induced GO/G1 cells’ arrest in
HT 29 and HCT 116 colon cancer cell lines. It was reported
that ginger extract down-regulated cyclin D1 gene expres-
sion via mTOR and Wnt/p-catenin pathways in colon
cancer cells [43]. In addition, 6-Shogaol, a constituent of
ginger, decreased the level of several signal transducer and
activator of transcription 3(STAT3) and NF-xB-regulated
target genes including cyclin D1 [44]. However, treatment
of SEC mice with DOX in the current work resulted in a
significant increase in cyclin D1 gene expression. DOX
induced overexpression of cyclin D1 in human breast can-
cer T47D cells at the G2/M phase [45]. It was reported that
DOX induced resistance in HL-60 cells which is related to
increase in S-phase cells and increased telomerase activity
[46]. These effects may be explained by the inhibition of
AMPK activity by DOX. On the other hand, the increased
AMPK activity leads to SIRT1 activation and decreasing
inflammation [47]. It was found that inhibition of SIRT1
is associated with increased telomerase activity [48, 49].
Fortunately, combined treatment with ginger extract and
DOX induced a greater down-regulation of cyclin D1
gene expression compared to mono-treatment groups that
indicated the synergistic effect of ginger extract on DOX
treatment.

Aggressiveness of various neoplasms is increased with
uncontrolled proliferation and a parallel increase in cel-
lular DNA content. Cyclin D1 depletion increased cas-
pase-3 activities, apoptosis and induced DNA damage
[50]. Activation of AMPK and down-regulation of cyc-
lin D1, as observed in this work, resulted in reduction of
DNA content in ginger extract mono-treatment group and
co-treatment group. These results were in agreement with
[51], who reported that ginger inhibited prostate cancer cell
proliferation. Despite DOX diminished AMPK activity and
induced cyclin D1 up-regulation, it significantly decreased
DNA content in DOX mono-treatment group because its
anticancer effect is related to free radicals’ generation that
causes damage to cellular membranes, DNA and proteins

[52]. Moreover, DOX can intercalate itself into DNA mol-
ecules and causing inhibition of DNA polymerase activity
and ultimately ceasing DNA replication [53]. DOX was
reported to reduce DNA content in mammary gland carci-
noma [32].

Conclusion

The antineoplastic properties of ginger extract were proved
in the present work, the molecular mechanisms mediating
the anti-proliferative activity of ginger extract in SEC mice
involved activation of AMPK pathway and down-regulation
of cyclin D1 and consequently induction of apoptosis and
reduction of DNA and NF-kB contents in tumor tissue. Co-
treatment of SEC mice with both ginger extract and DOX
showed a greater anticancer efficacy than mono-treatment
with either drug. The use of ginger extract as a complemen-
tary therapy with DOX could augment its cytotoxic effects
through different molecular mechanisms.
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