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Abstract: Ginger extracts have been shown to have health-promoting pharmacological activity and
beneficial effects, including antioxidant and anticancer properties. The extraction of ginger by natural
deep eutectic solvents (NaDES) has been shown to enhance bioactivity, but the cytotoxicity of NaDES
extracts needs to be further determined. Signaling through the CXC chemokine receptor 4 (CXCR4)
expressed on colorectal cancer (CRC) cells has a pivotal role in tumor cell chemosensitivity. Oxaliplatin
is a third-generation platinum compound used as an effective chemotherapeutic drug for CRC
treatment. However, whether ginger extract and oxaliplatin could induce a synergistic cytotoxic effect
in oxaliplatin-resistant CRC cells through modulating CXCR4 expression is not known. In this study,
oxaliplatin-resistant HCT-116 (HCT-116/R) cells were generated first. Ginger was extracted using the
NaDES mixture betaine/lactate/water (1:2:2.5). Lactobacillus reuteri fermentation of NaDES-ginger
extract increased the total polyphenol content (12.42 mg gallic acid/g in non-fermented NaDES-
ginger extract and 23.66 mg gallic acid/g in fermented NaDES-ginger extract). It also increased the
antioxidant activity by about 20–30% compared to non-fermented NaDES-ginger extract. In addition,
it achieved low cytotoxicity to normal colonic mucosal cells and enhanced the anticancer effect on
HCT-116/R cells. On the other hand, the inhibition of NF-κB activation by fermented NaDES-ginger
extract significantly decreased the CXCR4 expression (p < 0.05) in HCT-116/R cells. The inactivation
of NF-κB by pharmacological inhibitor pyrrolidine dithiocarbamate further enhanced the fermented
NaDES-ginger extract-reduced CXCR4 expression levels (p < 0.05). Moreover, fermented NaDES-
ginger extract could synergistically increase the cytotoxicity of oxaliplatin by inhibiting CXCR4
expression and inactivating NF-κB, resulting in HCT-116/R cell death. These findings demonstrate
that fermented NaDES-ginger extract reduces the NF-kB-mediated activation of CXCR4 and enhances
oxaliplatin-induced cytotoxicity in oxaliplatin-resistant CRC cells.

Keywords: colorectal cancer; oxaliplatin resistance; ginger extract; natural deep eutectic solvents;
Lactobacillus fermentation

1. Introduction

Colorectal cancer (CRC) is the most commonly diagnosed gastrointestinal malignancy
and the second leading cause of cancer-related mortality worldwide. Improvements in
surgical techniques combined with effective chemotherapy strategies are currently the con-
ventional therapy regimens for CRC patients [1]. Nevertheless, about 50% of CRC patients
develop metastases and eventually have cancer recurrence [2]. Therefore, chemotherapy is
still one of the choices for patients with CRC. Oxaliplatin is a platinum-based anticancer
drug that induces apoptosis by disrupting DNA transcription and replication in tumor
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cells. However, the limitation to the effectiveness of CRC therapy lies in the development
of intrinsic or acquired drug resistance to oxaliplatin therapy [3]. Oxaliplatin resistance in
CRC is a major cause of treatment failure and results in poor prognosis in CRC patients;
therefore, identification of the influencing signaling pathways and molecules associated
with oxaliplatin resistance in cancer cells has an important role in the effective chemother-
apy of CRC. It is necessary to investigate the therapy targets and develop strategies to
enhance the chemosensitivity of oxaliplatin-resistant CRC cells.

Recently, a green solvent known as the natural deep eutectic solvents (NaDES) has
been widely used to extract bioactive compounds from plant materials due to a wide
range of advantages, including negligible volatility, non-flammability, biodegradability,
sustainability, low toxicity, low cost, and easy production [4]. The strong hydrogen bonding
between the extracted phytochemicals and the NaDES solutes increases the yield capacity
and exhibits high solubility for different compounds, which is better than that of tradi-
tional organic solvents. Zingiber officinale Roscoe (commonly known as ginger) has special
medicinal properties and has been shown to have beneficial pharmacological functions
such as anti-bacterial, antioxidant, anti-inflammatory, anticancer, and antimetabolic syn-
drome activities [5]. The health benefits of ginger extract mainly come from its bioactive
polyphenols, including gingerols and shogaols [6]. It has been reported that the antioxidant
activity of ginger extracted by NaDES was higher than that extracted using organic solvent
extract [7]. In addition, the NaDES mixture of betaine/lactate/water was found to be the
effective solvent for ginger extraction, with increased total phenolic content and better
antioxidant activity [8]. Nevertheless, the high viscosity of NaDES appears to increase
the cytotoxicity of NaDES [9]. Organic acids have also been reported to contribute to the
increased toxicity of NaDES mixtures [10].

The research on ginger extract in the chemoprevention of CRC has also received exten-
sive attention. It has been shown that ginger extract could inhibit cancer cell proliferation
and induce the apoptosis of multiple types of cancer in vitro [11]. However, there are no
relevant published reports on the anticancer activity of NaDES processed ginger extract
against chemotherapeutic drug-resistant CRC cells. C-X-C chemokine receptor type 4
(CXCR4) has been demonstrated to play a critical role in controlling the embryogenesis and
normal cell functions [12]. Conversely, increased CXCR4 activities have been observed in
many cancers, including CRC [12,13]. The overexpression of chemokine receptor CXCR4 in
CRC cells has been shown to be associated with drug resistance and poor prognosis [13]. In
oxaliplatin-resistant human CRC cells, the upregulation of CXCR4 has a critical role in the
development of oxaliplatin-resistant characteristics [14]. The CXCR4-mediated signaling
might have a specific role in regulating drug resistance mechanisms in CRC [15]. As a
growing number of studies have demonstrated that the expression level of CXCR4 in CRC
may influence the sensitivity of CRC to chemotherapeutic drugs such as oxaliplatin, the
expression of CXCR4 in drug-resistant CRC cell lines for cancer chemotherapy has still been
further elucidated. In here, we have evaluated the potential cytotoxicity of the fermented
NaDES-ginger in the oxaliplatin-resistant CRC and examined the possible role of CXCR4
level and the underlying mechanism in this process.

2. Materials and Methods
2.1. Materials

The cell culture media, reagents (FBS and antibiotics), and all other cell culture mate-
rials were purchased from Gibco (Grand Island, NY, USA). The antibody against CXCR4
(PA5-19857) was purchased from Invitrogen (Carlsbad, CA, USA). The antibody against
β-actin (#8457) and HRP–conjugate secondary antibody against rabbit IgG (#7074) was
purchased from Cell Signaling Technology (Beverly, MA, USA). The ginger powder was
obtained from Kemyth Biotech Co., Ltd., Taiwan. Pyrrolidine dithiocarbamate (PDTC),
anhydrous betaine, D,L-lactic acid (80% aq. soln.), and all other chemicals of analytical
grade were purchased from Sigma (St. Louis, MO, USA).
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2.2. NaDES-Ultrasound-Assisted Extraction of Ginger Powder

NaDES were prepared from betaine and D, L-lactic acid, as previously described [8].
Briefly, anhydrous betaine was dissolved and mixed in D, L-lactic acid in a 1:2 molar ratio
and placed in a round-bottom flask. The mixture was continuously stirred for 1 h at 60 ◦C
until the NaDES formed a homogeneous liquid. Then, water (including water present in
D- and L-lactic acid) was added to make the NaDES mixture into a betaine/lactate/water
(1:2:2.5).

For NaDES-ultrasound extraction, ginger powder (10 g) was extracted with 150 mL of
NaDES. The extraction conditions were set to 200 W at room temperature for 15 min. After
the ultrasound extraction, the ginger extract was filtered with Whatman No. 1 filter paper,
and the liquid was collected and then centrifuged at 5500× g rpm for 10 min at 4 ◦C. The
supernatant of NaDES-ginger extract was subsequently filtered using a nylon membrane
filter of 0.22 µm pore size and stored in the dark at 4 ◦C.

2.3. Fermentation of NaDES-Ginger Extract with L. reuteri

The Lactobacillus strain L. reuteri was tested and selected from the culture collection
of probiotic strains at National Chiayi University, Taiwan. The NaDES-ginger extract was
first adjusted to pH 6.0 by NaOH. The L. reuteri culture was prepared by culturing in MRS
broth at 37 ◦C under anaerobic conditions. The inoculum concentration of L. reuteri was
adjusted to 1 × 108 CFU/mL, shaken at 100 rpm for 48 h, and fermented to the late stage
of the stationary phase at 37 ◦C under the anaerobic condition. The solution of fermented
NaDES-ginger extract was centrifuged for 20 min at 5000× g rpm, and the supernatants
were collected. A stock solution of fermented NaDES-ginger extract (50 mg/mL) was
then sterilized with a filter of 0.22 µm pore size, which was diluted with a serum-free cell
culture medium before use. Since NaDES may not contain suitable carbon sources for
Lactobacillus growth, we found that the fermentation of L. reuteri in NaDES without ginger
extract did not increase the cell number of L. reuteri. In addition, the cytotoxicity effects
of fermented NaDES, NaDES and culture medium only on HCT-116 cells were similar,
and these control groups did not affect our experimental results. Therefore, the equivalent
amount of fermented NaDES was taken as the control [16].

2.4. High-Performance Liquid Chromatography (HPLC) Analysis

The compounds of ginger extract were analyzed by HPLC (HITACHI, Primaide 1430
Diode Array Detector (DAD), Tokyo, Japan, Column: YMC-Triart C18, 250 mm 1 × 4.6 mm,
5 µM, Kyoto, Japan) consisting of a binary pump and an injector value with 20 µL loop.
The temperature of the column was maintained at 40 ◦C. The mobile phase was water:
methanol (20:80, v/v) for detecting 6-Shogaol (Figure S1). The flow rate was 1 mL/min for
20 min at a detection wavelength of 280 nm.

2.5. The DPPH and ABTS Antioxidant Assays

The percentage of the antioxidant activity of each sample was analyzed by 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) free radical assays. DPPH was dissolved in methanol for a DPPH reagent
concentration of 80µL/mL. Ginger extract samples in series of different concentrations
were mixed with the DPPH reagent in methanol. After incubation, the absorbance was
measured at 514 nm using the spectrophotometer; 100% methanol was used as a control.
The scavenging activity percentage was measured using the formula: Inhibition (%) = [(A
Control − A Sample)/A Control] × 100.

The ABTS radical was generated by 2 mM of ABTS solution and stored in the dark for
16 h. The samples were prepared by mixing 10 µL of each sample with 990 µL of ABTS; 100%
methanol was used as blank. The ABTS solution (1 mL) was reacted with various concentra-
tions of ginger extract, which was followed by measuring the absorbance at 734 nm using a
spectrophotometer between 3 and 7 min. The following formula was used to assess the
ABTS scavenging capacity: Inhibition (%) = [(A Control − A Sample)/A Control] × 100.
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2.6. Total Phenolic Content (TPC) Analysis

TPC was determined using the Folin–Ciocalteu reagent [17]. Non-fermented and
fermented NaDES-ginger extract (100 µL) were mixed with 500 µL Folin–Ciocalteu reagent
and diluted with water (2.4 mL). Then, 2 mL of 7.5% sodium carbonate was added to the
mixture and left for 1 h at room temperature. The absorbance was measured at 760 nm
using a spectrophotometer. Gallic acid equivalents (GAE) were used to calculate the amount
of TPC in milligrams per gram of the sample (mg GAE/g).

2.7. Cell Culture

NCM460, a cell line derived from normal colon mucosa, was obtained from INCELL
Corporation (San Antonio, TX, USA) and incubated in M3F media supplemented with 10%
FBS in a cell culture incubator. The CRC cell line HCT-116 was ordered from the cell bank
of the Taiwan Food Industry Research and Development Institute (Hsinchu, Taiwan). HCT-
116 cells were grown in DMEM supplemented with 10% FBS in a humidified 95% air and
5% CO2 condition and maintained at 37 ◦C. The oxaliplatin-resistant cell line HCT-116/R
was established as previously described [14].

2.8. Cell Viability Assay

Cytotoxicity evaluation and cell growth inhibition were assessed with the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, which is used to measure
cellular metabolic activity as an indicator of cell viability and cytotoxicity. Normal NCM460
cells and CRC HCT-116/R cells with a density of 5 × 103 cells per well were seeded in
96-well microplates. Different concentrations of ginger extract were added to 96-well plates
after plating to evaluate cell viability. After treatment, the MTT solution (0.5 mg/mL) in
serum-free medium was added to the wells and further incubated for 4 h at 37 ◦C. The
purple formazan crystals were dissolved in DMSO, and the absorbance of the wells was
measured immediately at 570 nm using a spectrophotometer [18].

2.9. Trypan Blue Staining Assay

Trypan blue solution is used to assess the proportion of cell death. After administration,
cells were washed with PBS buffer followed by trypsin treatment. Cells were then harvested
and centrifuged, and the cell pellet was resuspended in a complete medium. A 10 µL
aliquot of the cell suspensions was mixed thoroughly with 0.4% trypan blue dye (90 µL),
and the viable cells (unstained cells) and dead cells (stained cells) were counted using a
hemocytometer. The proportion of dead cells was calculated as follows: trypan blue (+)
cells ratio (%) = (stained cell number/total cell number) × 100.

2.10. Live/Dead Assay

A live/dead cell assay kit (L-3224 Invitrogen, Carlsbad, CA, USA) was used to analyze
cell cytotoxicity after the treatment of HCT-116/R cells with fermented NaDES-ginger
extract. Calcein AM is retained by viable cells and emits green fluorescence, whereas the
ethidium homodimer generates red fluorescence in dead or damaged cells. Reactive dyes
were prepared, and cells were stained according to the instructions in the kit and incubated
at 37 ◦C for 30 min. Subsequently, the cells were observed by fluorescence microscopy.

2.11. Real-Time Quantitative Polymerase Chain Reaction (PCR)

The total RNA was isolated by the Trizol reagent. cDNA was synthesized from 1 µg of
total RNA using a high-capacity reverse-transcription kit after the RNA purity and integrity
were checked. A real-time PCR assay of the indicated genes was carried out using the SYBR
Green Master Mix (Thermo, Waltham, MA, USA) in 96-well plates. The PCR primers were
synthesized by PROtech Technology, Inc., Taipei, Taiwan. The following oligonucleotide
primers of the indicated genes were used as previously described [19]: CXCR4 forward
primer, 5′-ACTAC ACCGA GGAAA TGGGC T-3′, CXCR4 reverse primer, and 5′-CCCAC
AATGC CAGTT AAGAA GA-3′; GAPDH forward primer, 5′-AGGTG AAGGT CGGAG
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TCAAC-3′; reverse primer, 5′-CCATG TAGTT GAGGT CAATG AAGG-3′). The GAPDH
gene was employed as the internal control. All RT-PCR was determined in duplicate from
three independent experiments. The relative expression of the target genes was calculated
using the ∆∆Ct method and normalized into GAPDH mRNA levels [18].

2.12. Western Blot Analysis

The cells were seeded overnight at a density of 1 × 106 cells in 60 mm culture dishes
before treatment. After administration, the cells were harvested, and the total protein was
extracted with ice-cold lysis buffer (Thermo Scientific, Rockford, IL, USA). Protein concen-
tration was quantified according to the Bradford protein assay kit (Bio-Rad, Hercules, CA,
USA). Equal amounts of total protein lysates were loaded and separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and blotted onto a nitrocellulose paper. The
immunoreactive bands of designated primary antibodies were probed with secondary anti-
bodies and detected with an enhanced chemiluminescence kit (The original, representative
blots are shown in Figure S2).

2.13. siRNA Transfection

The CXCR4 siRNA (sc-35421) and non-targeting siRNA (sc-37007) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HCT-116 cells were incubated in a
complete medium and transfected with 200 nM CXCR4 siRNA using the Lipofectamine
RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA). CXCR4 siRNA transfec-
tion caused at least an 80% reduction in the respective mRNA and protein expression levels
compared with the siRNA control vector (data not shown).

2.14. NF-κB p65 Transcription Factor Activity Assay

The nuclear extracts of the cells were isolated and collected by nuclear protein ex-
tract kits (Item No. 10009277, Cayman Chemical, Ann Arbor, MI, USA). The NF-κB p65
transcriptional activity by detecting specific nuclear DNA binding was determined with
NF-κB (p65) Transcription Factor Assay kit (Item No. 10007889, Cayman Chemical, Ann
Arbor, MI, USA). Equal amounts of nuclear proteins for each condition were analyzed
according to the manufacturer’s protocol. Sample absorbances were measured at 450 nm
by a microplate reader.

2.15. Statistical Analysis

Results are presented as mean ± standard error (S.E). The data were analyzed for
significance by one-way analysis of variance (ANOVA) followed by Scheffe’s test for
multiple comparisons. p-values less than 0.05 were considered significant.

3. Results
3.1. Fermentation Process to Changes of Chemical Compositions and Antioxidant Properties of
Ginger Extract in NaDES

The antioxidant activity of NaDES-ginger extract before and after L. reuteri fermenta-
tion was determined using the DPPH and ABTS free radical scavenging assays. The DPPH
and ABTS free radical scavenging activities of non-fermented and fermented NaDES-ginger
extract with various concentrations were tested, as shown in Figure 1A,B, respectively. Our
results showed that the fermented NaDES-ginger extract exhibited significantly higher
DPPH and ABTS antioxidant activities than the non-fermented NaDES-ginger extract. In
addition, as shown in the HPLC-based profile in Figure 1D, the compounds in the fer-
mented NaDES-ginger extract were drastically changed compared to the non-fermented
NaDES-ginger extract (Figure 1C).

The TPC in the ginger extract was reported to be related to its antioxidant capac-
ity [20]. Therefore, we analyzed the effect of L. reuteri fermentation on TPC in non-
fermented and fermented NaDES-ginger extract. The TPC of fermented NaDES-ginger
extract (23.66 ± 0.34 mg of GAE/g) was found to be significantly increased (p < 0.05) com-
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pared to that of the non-fermented NaDES-ginger extract (12.42 ± 0.25 mg of GAE/g).
Increased TPC in fermented NaDES-ginger extract may reflect improved antioxidant ca-
pacity, as shown in Figure 1A,B, and increased compound composition (peaks a, b, c), as
shown in Figure 1D.
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Figure 1. Changes in chemical compositions and antioxidant activity of the ginger extract in NaDES
after fermentation. (A) DPPH radical scavenging activity and (B) ABTS radical scavenging activity
of non-fermented NaDES-ginger extract and fermented NaDES-ginger extract. Bars represent the
standard deviation from triplicate determination of each concentration. * p < 0.05 vs. non-fermented
NaDES-ginger extract. HPLC profiles of (C) non-fermented NaDES-ginger extract and (D) fermented
NaDES-ginger extract showing the main peaks increased (peaks a, b, and c) in fermented NaDES-
ginger extract.

3.2. Cytotoxicity Evaluation of NaDES-Ginger Extract on Human Normal Colonic Mucosa Cell
Line NCM460 after L. reuteri Fermentation

The MTT assays were used to investigate the cytotoxicity effect on normal human
mucosa cell line NCM460 of NaDES-ginger extract before and after L. reuteri fermentation.
Treatments for the non-fermented NaDES-ginger extract at the concentration of 50 µg/mL
or greater induced a significant decrease in cell viability (Figure 2A). After Lactobacillus-
fermentation, the cytotoxicity of NaDES-ginger extract was completely changed, with no
cytotoxicity up to 500 µg/mL (Figure 2B).

3.3. Cytotoxicity and CXC Chemokine Receptor 4 Expression of HCT-116 and
Oxaliplatin-Resistant HCT116/R Cells

To determine the mechanism underlying oxaliplatin resistance, oxaliplatin-resistant
HCT-116 (HCT116/R) cells were created. Consistent with the previous research find-
ings [14], the 50% inhibitory concentration values (IC50) of oxaliplatin in the HCT-116
and HCT-116/R cells were determined to be 4.7 µM and 24.5 µM, respectively. We also
found that the expressions of CXCR4 mRNA (Figure 3A) and protein (Figure 3B) were
significantly increased in HCT-116/R cells.

3.4. Fermented NaDES-Ginger Extract Decreased the Cell Viability of HCT-116/R Cells

Before Lactobacillus fermentation, the NaDES-ginger extract is significantly cytotoxic to
normal human mucosa cells (Figure 2A). In order to avoid cytotoxicity caused by NaDES-
ginger extract, we only used fermented NaDES-ginger extract to analyze the anticancer
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effect on HCT-116/R cells. After incubating HCT-116/R cells with vehicle (fermented
NaDES) or different concentrations of fermented NaDES-ginger extract for 24–72 h, the
cell viability was determined by MTT assay and expressed as a percentage relative to the
control group, which was set as 100%. As shown in Figure 4A, the fermented NaDES-ginger
extract decreased the HCT-116/R cell viability in both time- and dose-dependent manner.
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NCM460 cells.
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Figure 3. The CXCR4 expression of oxaliplatin-resistant CRC HCT-116/R cells and the parental cell
line HCT-116. (A) Real-time polymerase chain reaction analysis of CXCR4 mRNA expression in
HCT-116 and HCT-116/R cells. (B) Western blot analysis for the expression of CXCR4 in HCT-116
and HCT-116/R cells. * p < 0.01 vs. HCT-116/R cells.

The Trypan blue staining assay also showed that fermented NaDES-ginger extracts
enhanced the HCT-116/R cell death in a dose-dependent manner (Figure 4B). In addition,
fermented NaDES-ginger extracts at 100 µg/mL were observed to increase HCT-116/R cell
death in a time-dependent manner (Figure 4C). The live/dead cell viability assay further
confirmed the dose-dependent effect on the induction of cell death in the HCT-116/R cells
by fermented NaDES-ginger extract treatment (Figure 4D).

3.5. Downregulation of CXCR4 mRNA and Protein Levels in HCT-116/R Cells after Treatment by
Fermented NaDES-Ginger Extract

To determine whether CXCR4 expressions are associated with the anticancer effect
by fermented NaDES-ginger extract administration, HCT-116/R cells were treated with
the fermented NaDES-ginger extract (100 µg/mL) for 4–24 h or at various concentrations
(50, 100, 250 µg/mL) for 24 h. The CXCR4 mRNA and protein expression levels in HCT-
116/R cells were evaluated by real-time PCR and Western blot analysis, respectively.
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The results show that the decreased CXCR4 mRNA (Figure 5A) and protein (Figure 5C)
expressions were time-dependent in HCT-116/R cells by the fermented NaDES-ginger
extract treatments. In addition, the decreased expression of CXCR4 mRNA and protein
in HCT-116/R cells after treatment with 100 µg/mL fermented NaDES-ginger extract
treatment was dose-dependent (Figure 5B,D).
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Figure 4. Cell survival of HCT-116/R cells treatment with fermented NaDES-ginger extract. (A) After
starvation, HCT-116/R cells were treated with various concentrations of fermented NaDES-ginger
extract (50–250 µg/mL) for 24, 48, and 72 h. Cell viability was determined by MTT assay. Cells
were observed after the treatment with different concentrations of fermented NaDES-ginger extract
for 24 h (B), and 100 µg/mL fermented NaDES-ginger extract for 24, 48, and 72 h (C). HCT-116/R
cells were collected and stained with trypan blue dye, and the number of dead cells was manually
counted. The percentage of trypan blue-positive cells represented the population of dead cells, and the
mean ± standard error of the mean was from three independent experiments. * p < 0.05, ** p < 0.01 vs.
control cells (cells treated with fermented NaDES without ginger extract). (D) HCT-116/R cells were
treated with the indicated concentrations of fermented NaDES-ginger extract for 24 h. Cell death was
determined by the live/dead cell viability assay.

3.6. Down-Regulation of CXCR4 Expression Enhanced Cell Cytotoxicity and Cell Death in
HCT-116/R Cells

Next, we examined the effect of CXCR4 gene knockdown by specific CXCR4 siRNA
on fermented NaDES-ginger extract-induced cell cytotoxicity and cell death in HCT-116/R
cells. The inhibition of CXCR4 expression by si-CXCR4 exhibited increased cytotoxicity
to fermented NaDES-ginger extract treatment as compared to control siRNA transfected
cells (Figure 6A). Moreover, the downregulation of CXCR4 expression could enhance the
fermented NaDES-ginger extract-induced death of HCT-116/R cells (Figure 6B).

3.7. Inhibition of NF-κB Activation Enhances the Reduction in CXCR4 Expression in
HCT-116/R Cells

HCT-116/R cells were treated with fermented NaDES-ginger extract (50 and 100 µg/mL)
for 24 h, and then, the activation of NF-κB was analyzed by NF-κB transcription factor
activity assays. Cells treated with fermented NaDES-ginger extract resulted in a significant
decrease in NF-κB p65 activity compared to the untreated control (Figure 7A). To determine
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whether CRCR4 expression in HCT-116/R cells is regulated by NF-κB, cells were pretreated
with DMSO or PDTC, a specific inhibitor for NF-κB, for 1 h and then treated with fermented
NaDES-ginger extract (50 and 100 µg/mL) for 24 h. Pretreating HCT-116/R cells with
NF-κB inhibitor enhanced the expression of fermented NaDES-ginger extract-reduced
CXCR4 mRNA as compared with DMSO-pretreated cells (Figure 7B).
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Figure 5. Fermented NaDES-ginger extract decreased the CXCR4 expression in a dose and time-
dependent manner. (A) HCT-116/R cells were cultured in a complete medium and then exposed
to fermented NaDES-ginger extract (100 µg/mL) for 4, 8, 12, or 24 h. (B) Various concentrations
of fermented NaDES-ginger extract (50–250 µg/mL) were added to cells for 24 h in the complete
medium. The total RNA was isolated and examined by real-time polymerase chain reaction for
CXCR4 mRNA expression. Data represent the mean ± standard error of the mean from three
independent experiments. * p < 0.05 vs. control cells. (C,D) After treatment as above, the cell extracts
were examined by Western blot for determination of CXCR4 protein levels. Results in (C,D) are
representative of three independent experiments with similar results.
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Figure 6. Downregulation of CXCR4 expression enhanced the fermented NaDES-ginger extract-
induced cytotoxicity and cell death. (A) HCT-116/R cells were transfected with siRNA against
CXCR4 (si-CXCR4) or scrambled (si-CL) in the complete medium for 24 h prior to the treatment with
fermented NaDES-ginger extract (50–250 µg/mL). Cytotoxicity was determined by (A) MTT assay
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and (B) trypan blue exclusion assay. The results (mean ± standard error of the mean) were from three
independent experiments. * p < 0.05 vs. si-CL-transfected cells.
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Figure 7. Fermented NaDES-ginger extract decreased CXCR4 expression via NF-κB inactiva-
tion in HCT-116/R cells. (A) HCT-116/R cells were cultured in a complete medium, and then,
50 or 100 µg/mL of fermented NaDES-ginger extract were added to the cells and incubated for
24 h. The NF-κB p65 activity was analyzed by enzyme-linked immunosorbent assay. The results
(mean ± standard error of the mean) were from three independent experiments. * p < 0.05 vs.
control cells. (B) NF-κB inhibitor pyrrolidine dithiocarbamate (PDTC; 10 µM) was added to HCT-
116/R cells for 1 h before fermented NaDES-ginger extract treatment for a further 24 h. The results
(mean ± standard error of the mean) were from four independent experiments. * p < 0.05 vs. cells
treated with DMSO.

3.8. Fermented NaDES-Ginger Extract and Oxaliplatin Exert a Synergistic Cytotoxic Effect on
HCT-116/R Cells

We sought to determine whether the fermented NaDES-ginger extract could enhance
the cytotoxic effect of oxaliplatin by inhibiting the expression of CXCR4 in HCT-116/R
cells. The MTT assays were used to examine the synergistic effect of combined treatments
on cell viability. According to Figure 8, the combined treatment for 24 h with fermented
NaDES-ginger extract (100 µg/mL) and oxaliplatin (10 and 20 µM) led to an increased
reduction in cell viability in HCT-116/R cells compared to the control cells (co-treated with
NaDES and oxaliplatin).
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Figure 8. Fermented NaDES-ginger extract enhanced the reduction in cell viability in oxaliplatin-
exposed HCT-116/R cells. HCT-116/R cells were cultured in a complete medium and then treated
with fermented NaDES-ginger extract (100 µg/mL) and oxaliplatin (10 and 20 µM) for 24 h. After



Antioxidants 2022, 11, 2057 11 of 14

treatment, cell cytotoxicity was determined by MTT assay. The results (mean ± standard error of
the mean) were from three independent experiments. * p < 0.05 vs. control cells (cells treated with
fermented NaDES without ginger extract.

4. Discussion

CRC is one of the most commonly diagnosed malignancies and causes of cancer deaths
around the world. The development of resistance to chemotherapeutic drugs during cancer
treatment limits the effectiveness of cancer therapy; thus, it is crucial to develop potential
strategies to overcome drug-resistant CRC cells [21]. The aims of this study were to explore
the roles of CXCR4 in oxaliplatin-resistant CRC cells and the mechanism underlying the
regulation of CXCR4 expression. We also investigated the anticancer activity of the newly
designed fermented NaDES-ginger extract and further elucidated its role in the treatment
effectiveness of the oxaliplatin-resistant CRC cell line. Fermented NaDES-ginger extract
was then combined with the chemotherapeutic drug oxaliplatin to analyze the efficacy of
the drug combination. We created oxaliplatin-resistant cells in CRC cell line HCT-116 (HCT-
116/R cells) and found a higher level of CXCR4 expression in HCT-116/R cells than in the
parental cells. We also found that NF-κB signaling is involved in the CXCR4 expression
in HCT-116/R cells. The fermented NaDES-ginger extract exerted an effective anticancer
activity against HCT-116/R cells through the downregulation of NF-κB activation and
CXCR4 expression. Compared to using a chemotherapeutic drug alone, the combination
with oxaliplatin showed enhanced anticancer activity on drug-resistant CRC cells.

Due to the insufficiency of traditional organic solvents and water, the development of
green solvents is a priority for the application in plant extraction techniques [22]. NaDES is
a new class of green chemical solvent consisting of at least one hydrogen bond acceptor
and one hydrogen bond donor with a wide range of applications in organic synthesis,
electrochemistry, plant extraction media, biosynthesis, and separation processes, enzymatic
reactions or other biomedical applications [23]. However, the use of NaDES in medicinal
plant extraction must be controlled and studied. A previous study showed that NaDES,
comprised of betaine and glycerol, improved the extraction efficiency of chlorogenic acid
from green coffee beans. However, the oral administration of 3 mL NaDES-green coffee
bean extract by gavaged for 14 days resulted in the death of two out of six exposed rats,
while no deaths occurred in the control group (six rats gavaged with 3 mL of water). In
addition, weight loss, hepatomegaly, and elevated plasma oxidative stress levels were
also observed [24]. Natural plant materials contain a variety of biologically active com-
pounds or antioxidants, which have anti-aging, anticancer, anti-inflammatory, and other
biological activities. However, it is unstable and sometimes irritating after extraction,
implying toxicity to the human body [25]. Therefore, reducing toxicity or converting these
phytochemicals into stable derivatives to increase their effectiveness requires further study.
Furthermore, it has been reported that the transformation of phytochemicals by probiotics
can lead to various consequences, such as increased bioavailability, improved pharma-
cological effects, and reduced toxicity [26]. Based on a previous study [8], we directly
selected betaine/lactate/water as the NaDES solvent for ginger extraction in this study.
The cytotoxic effect of different concentrations of NaDES-ginger extract before and after
L. reuteri fermentation was determined on a normal human mucosa cell line NCM460 cells.
We herein showed a dramatic change of functional properties of NaDES-ginger extract
from the compositional as well as the antioxidant aspect. In addition, after Lactobacillus fer-
mentation, the cytotoxicity of NaDES-ginger extract was completely decreased. Therefore,
careful selection of ingredients and how they are used is necessary when using NaDES as a
solvent for plant extraction.

The bioconversion of bioactive compounds by Lactobacillus fermentation was recently
demonstrated to exhibit enhanced anticancer and antioxidant activities [16,27]. Strains
of L. rhamnosus have been used earlier for the biotransformation of various glycosylated
phytochemicals [28,29]. The use of Lactobacillus fermentation can also raise the rate of
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bioconversion to bioactive metabolites and give rise to the release of aglycones [30]. Var-
ious phenolic compounds in plants can be converted into aglycone forms, which have
higher antioxidant and anticancer activities [31,32]. The phenolic compounds are major
components of ginger extracts, which can inhibit carcinogenesis and mutagenesis through
antioxidant activity [33]. Studies have also found that the TPC of many plant extracts
can be significantly increased after Lactobacillus fermentation, which is accompanied by
an increase in antioxidant capacity [34,35]. The results of the present study also found
that the NaDES-ginger extract significantly increased TPC and antioxidant capacity after
L. reuteri fermentation.

Ginger extract has been shown to modulate a variety of signaling molecules or up- or
downregulate gene expression in cancer cells, including transcription factors, inflamma-
tory mediators, protein kinases, drug resistance proteins, and chemokine receptors [11].
A previous study also reported that ginger extract could enhance the anticancer effect
of the chemotherapeutic drug 5-fluorouracil in addition to inhibiting the carcinogene-
sis of CRC cells [36]. In this study, we conducted the fermentations using our L. reuteri
strain. This fermentation product showed significantly increased anticancer activity in
oxaliplatin-resistant CRC cells. Our results showed that inhibiting CXCR4 expression by a
fermented NaDES-ginger extract enhanced cytotoxicity in oxaliplatin-resistant HCT-116/R
cells. Liu et al. reported that elevated NF-κB activity can lead to increased chemoresistance
in cancer cells and also found a correlation between NF-κB activation and drug resistance-
induced tumor progression [37]. In neuroblastoma, the expression status of NF-κB-p65
was positively correlated with the expression level of CXCR4 [38]. Furthermore, NF-κB
could activate CXCR4 expression through binding to the CXCR4 promoter, subsequently
leading to increased migration and metastasis of cancer cells [39]. The evaluation of the
fermented NaDES-ginger extract and the possible mechanism—by which its combina-
tion with oxaliplatin promotes the death of drug-resistant CRC cells—demonstrates the
importance of the biotransformation of ginger extract for its anticancer effects through
fermentation. Our study revealed that increased CXCR4 expression in oxaliplatin-resistant
CRC cells was mediated via NF-κB activation. Although the correlation between CXCR4
expression and CRC resistance was not precisely quantified, the results shown in Figure 3
confirmed that oxaliplatin-resistant CRC cells have a significantly increased expression of
CXCR4. In addition, the stimulation of fermented NaDES-ginger extract on HCT-116/R
cells dramatically decreased the expression of CXCR4 (Figure 5), while the siRNA-mediated
inhibition of CXCR4 gene expression would further enhance the lethal effect of fermented
NaDES-ginger extract on CRC cells (Figure 6). Our results suggested that differences in
the degree of CXCR4 expression could influence the susceptibility of drug-resistant CRC
cells to chemotherapeutic agents and hence the eventual virulence effects. Thus, CXCR4
and NF-κB signaling may be effective targets for drug delivery and the development of
anticancer therapies for drug-resistant CRC cells.

5. Conclusions

Our study demonstrates that fermented NaDES-ginger extract augments the cytotoxic
and therapeutic effects of oxaliplatin in oxaliplatin-resistant CRC cells through the suppres-
sion of NF-κB and CXCR4. The results of this study suggest that the pharmacological effects
of chemosensitivity in drug-resistant CRC cells may be enhanced by inhibiting CXCR4
expression. Further research is needed to examine the function of possible metabolites in
ginger extracts after fermentation. In addition, the role of fermented NaDES-ginger extracts
and other chemotherapeutic drugs and their combination under chemoresistant conditions
in vivo also requires further exploration. Nonetheless, the combination of a fermented
NaDES-ginger extract with oxaliplatin appears to offer a therapeutic strategy for treating
chemoresistance in CRC.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11102057/s1, Figure S1: The HPLC profile for 6-shogaol
standard; Figure S2: Original, representative blots corresponding to figures in this study.
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