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ABSTRACT

Background: Vitamin D was first hypothesized to play a role in cancer chemoprevention in 1980
when it was observed that there was a higher rate of colon cancer in the Northern USA as compared
with populations living in the South. While cholecalciferol (vitamin D3) has been tested in many
cancer-cell lines, published results for ergocalciferol (vitamin D2) are lacking for most epithelial
cell cancers, and combination studies of both D2 and D3 and vitamin A (retinoic acid) are lacking
in general. The goal of the study was to investigate the effects of vitamins D2, D3, and A, alone
and in combination on the growth of all gastric and colon cancer cell lines in vitro.

Methods: Colon (SW480 and HCT-116) and gastric (AGS and NCI-N87) cell lines were treated
with varying concentrations of D2, D3 and all-trans retinoic acid (ATRA) and combinations
thereof. Cell viability and cytotoxicity were measured using the CellTiter-Glo® 2.0 assay, while
caspase activities and cytotoxicity were determined using the Caspase-Glo® 3/7, Caspase 8,
ApoTox-Glo™ Triplex assays. Autophagy was determined using the CYTO-ID® Autophagy
Detection Kit 2.0. Gene expression studies were performed using gPCR.

Results: Both vitamin D2 and D3 inhibited the growth of all cell lines tested, with ICso ranging
from 19-56 uM. However, when combined (1:1), the ICso for the combination of D2 and D3 was
significantly reduced to a range of 5-6.0 uM indicating synergism. ATRA also inhibited the growth
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of all cell lines tested with an ICsp range of 2.6 to 5.6 uM. When ATRA was combined with D2
and D3, the 1Csos were significantly reduced to 0.65 to 1.4 uM, further indicating synergistic
effects. In the gastric and colon cancer cell lines, the combination induced apoptosis via caspase
3/7 and 8, increased the Bax/Bcl-2 ratio, while in the SW480 colon cancer line, the combination
also induced autophagy.

Conclusion: Our data demonstrated that vitamins D2, D3 and ATRA inhibit the proliferation of
colon and gastric cancer cells. The combinations of D2+D3 or ATRA+D2+D3 had synergistic
effects or additive effects on all cell lines tested, increased Bax expression and the Bax/Bcl-2 ratio,
and increased caspase 3/7 and 8 activities to favor apoptosis. In SW480 colon cancer cells the
combination also induced autophagy. This data suggest that combinations of vitamins A and D
have synergistic effects in colon and gastric cancers, and considering the potential clinical
implications, further research is justified.

Key words: apoptosis, autophagy cholcalciferol, ergocalciferol, gastric cancer, colon cancer,
caspase, synergism

BACKGROUND

In 1980, Garland and Garland hypothesized that ultraviolet light (UVB) and vitamin D may reduce
colon cancer risk [1]. Since then, this hypothesis has gained considerable support through wide
variety of scientific studies including geographical, ecological, observational, mechanistic, and
clinical trials [2-10]. It has now been shown that higher vitamin D levels reduced the risk of
colorectal, prostate, and breast cancers, and vitamin D deficiencies have been associated with
gastric adenocarcinomas [1-10]. Thus, for patients with gastric cancers, the serum level of vitamin
D is now considered a significant independent prognostic factor, and lower vitamin D levels are
associated with poorer prognosis [9]. For colorectal cancer, strong evidence suggests that elevated
serum vitamin D levels and intake are inversely associated with colorectal adenoma incidence and
recurrence [7,10-11]. Like gastric cancers, a better overall prognosis and survival were observed
in colorectal cancer patients having higher plasma vitamin D levels at diagnosis [10-11].

In a diet, vitamin D exists in two forms: vitamin D3 (cholecalciferol; synthesized from 7-
dehydrocholesterol; animal sources), and vitamin D2 (ergocalciferol; plant sources, Figure 1).
Cholecalciferol is naturally synthesized in the skin after exposure to UV-B light and is a pro-
hormone that is converted into the active 1,25-dihydroxyvitamin D via the liver and kidneys
(Figure 1) [8]. Ergocalciferol, is a pro-vitamin D2 compound produced by UV-B irradiation of the
plant sterol ergosterol in nuts, seeds, legumes and fungi (mushrooms; Figure 1). Ergocalciferol
(D2) differs from D3 by one double bond between C22 and C23 positions and one methyl group
at C24 in the side chain (Figure 1) [8]. These structural differences reduce vitamin D2’s affinity
for the vitamin D binding protein (VDBP), increases its clearance from blood, and limits its
conversion to 25-hydroxy vitamin D, as well as alters its metabolism [8]. However, both
1,25(0H)2D2 and 1,25(0OH)2D3 have similar affinities for the vitamin D receptor (VDR), and the
DNA binding sites of vitamin D response element (VDRE) [8].

Along with vitamin D, vitamin A exists in multiple forms including retinol, retinal, retinoic
acids, and provitamin A carotenoids, such as p-carotene. The impact of vitamin A on cancer risk
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was first reported in 1926, when it was observed that that gastric cancers were increased in rats
fed a vitamin A-deficient diet [12-13]. Later experimental data demonstrated that all-trans retinoic
acid (ATRA) was effective against leukemia and induced the differentiation of HL-60 leukemia
cells, as well as inhibited the growth of gastric and breast cancers [14-15]. ATRA is the preferred
isomer as compared with the cis-retinoic acid isomer, and it has been demonstrated that ATRA has
better efficiency both in vitro and in vivo [14-15]. Thus, along with vitamin D, vitamin A (retinol,
retinoic acid) and the carotenoids have also been shown to have a significant impact on cancer
chemoprevention and treatment, most notably in cancers derived from epithelial tissues [12-16].

Diet or Dietary Supplements

Cholcalciferol D3(Animal sources, Ergocalciferol (Plant sources peas,
dairy, eggs, fish) \ nuts, seeds, mushrogms)
Liver hydroxylation (CYP2R1; CYP27A1) Liver/Kidney

l

Calcidiol (25-hydroxy vitamin D) 1,25-hydroxy vitamin D2

Kidney Hydroxylation (CYP27B1)

S .

1,25-hydroxy vitamin D (calcitriol; active D3) 24,25-hydroxy vitamin D

Figure 1. Metabolism of vitamins D2 and D3 to the active form of vitamin D3 (1,25-
hydroxycholcaliferiol; calcitriol).

More recently, it has been hypothesized that combinations of dietary compounds, including
carotenoids and vitamin D, may be more effective in preventing or reducing cancer cell
proliferation [16-18]. In one study, a combination of vitamin A and D was observed to
synergistically enhance apoptosis in prostate cancer cells [18], suggesting that further research in
this area is justified. Research and development of vitamin A, beta-carotene and other carotenoids,
and vitamin D combinations in epithelial based cancer cell lines would greatly enhance our
understanding of potential benefits and may define novel mechanisms of action for future animal
and human studies. Since vitamins A and D have separately been shown to have anti-proliferative
effects in both colon and gastric cancers, we have investigated the antiproliferative and synergistic
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effects of all-trans retinoic acid (ATRA) in combination with vitamins D2 and D3 in gastric cancer
(GC) cell lines AGS and NCI-N87, as well as the colon cancer (CC) cell lines HCT-116 and
SW480.

METHODS

Cell culture and maintenance

The colon cancer cell lines SW480 and HCT116 were a gift from Dr. J.J. Johnson of the
Department of Pharmacy Practice, University of Illinois, Chicago. The gastric cancer cell lines
AGS (ATCC ® CRL1739TM) and NCI-N87 (ATCC ® CRL5822TM) were obtained from ATCC
Manassas, VA, USA. AGS cells were grown and maintained in F-12K medium (ATCC 30-2004)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Technology, Grand Island, NY,
USA) plus 1% antibiotics [10,000 U penicillin per mL and 10 mg per mL of streptomycin](1%
P/S) (Corning, Mediatech Inc., Manassas, VA, USA). NCI-N87 cells were grown and maintained
in RPMI 1640 (Gibco 1X) A 1049-01 plus 4.5 g/L D-Glucose, 2.83 g/L HEPES Buffer + L-
glutamine + 1.5 g/L sodium bicarbonate + 110 mg/L sodium pyruvate supplemented with 10%
FBS and 1% P/S. The SW480 cells were grown and maintained in MEM 1X medium (Gibco, Life
Technology, Grand Island, NY, USA) supplemented with 10% FBS plus 1% P/S. HCT 116 cells
were grown and maintained in McCoy’s 5a Medium (Gibco, Life Technology, Grand Island, NY,
USA) supplemented with 10% FBS and 1% P/S while All cells were incubated at 37°C in a
humidified atmosphere of 5% CO; and 95% air. The cells were grown in monolayer and
maintained in exponential growth. At 80% confluence, cells were harvested by adding 0.25%
trypsin/EDTA and counted by means of Trypan blue and hemocytometer. The cells were then re-
suspended at appropriate concentration and plated for cellular assays.

Cell Viability Assay

Colon and gastric cancer cells were seeded in triplicate at 2.5 x 10* cells in 100 pl/well in opaque-
walled 96-well plate. Control wells containing culture medium supplemented with 10-20% FBS
and 1% Penicillin/Streptomycin) without cells to determine background luminescence. The cells
were left to attach overnight in the plate. Vitamins A, D2, D3 and ATRA were purchased from
Sigma-Aldrich (St. Louis, MO) and analyzed by LC/MS. The culture medium was aspirated and
the fresh medium added to the wells before the addition of the vitamin A, D3, D2 (1-100 pg/ml in
0.01% DMSO) and combinations thereof. Drug control (5-Fluorouracil and Doxorubicin) and
vehicle control (0.01% DMSO) wells were also prepared simultaneously and plates incubated in a
humidified incubator at 37°C in an atmosphere of 5% CO; for 72 hours. At the end of the
incubation period, the plate and its contents were equilibrated to room temperature for
approximately 30 minutes. A 100 pl of CellTiter-Glo 2.0 Reagent (Promega Corporation,
Madison, W1, USA) was added to each well. The contents were mixed for 2 minutes on an orbital
shaker to induce cell lysis and the plate was incubated at room temperature for 10 minutes to
stabilize the luminescent signal. Luminescence signal was read using the Synergy HT Plate reader
(Biotek, Winooski, VT) and Gen5 1.11 software. The 1Cso defined as the concentration that causes
50% inhibition of cell growth after exposure to extract for 72 hours was calculated using log
(inhibitor) vs. normalized response analysis with GraphPad Prism 8.0. (GraphPad Software, Inc.
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La Jolla, CA, USA). The ATP content of the cells was also measured using the CellTiter-Glo 2.0
assay Kit. The results of this assay were measured at A 570nm using an Enzyme-Immunoassay
plate reader, using five concentrations to determine ICsos (Biorad, USA).

Apoptosis Assays, Caspase-Glo®3/7 and Caspase-Glo®8

Test cells were seeded in triplicate at a density of 2.5 x 10 cells in 100 pL/ well in opaque-walled
96-well plate. The cells were left to attach overnight in the plate. The vitamin D2, D3 and ATRA
were added to the test wells at the 1Cso concentrations. Caspase-Glo® 3/7 and Caspase-
Glo®8reagents (Promega Corporation, Madison, WI, USA) were prepared according to
manufacturer’s instruction and allowed to equilibrate to room temperature. The test plates
containing treated cells as well as controls were removed from the incubator after incubation and
allowed to equilibrate to room temperature. A 100 ul of Caspase-Glo® 3/7 or Caspase-Glo® 8
reagent was added to each well of a 96-well plate containing 100 pl of blank, negative control cells
and treated cells in culture medium. The contents of wells were gently mixed using a plate shaker
at 300-500 rpm for 30 seconds and incubated at room temperature for 2 hours. The luminescence
of each sample was read using the Synergy HT Plate reader (Biotek, Winooski, VT, USA) and
Genb5 1.11 software.

Apoptosis Assay: ApoToxGlo™ Triplex Assay

Ninety-six (96) well assay plates containing cells in medium at a density of 2.5 x 10* cells in 100
pl/ well in triplicate were set up. After overnight incubation to allow attachment of cells, the
combination of vitamin D2, D3 and ATRA at the ICso concentrations and vehicle controls were
added to appropriate wells at a final volume of 100 pl per well. Plates were incubated
appropriately, before addition of 20 pl of viability/cytotoxicity reagent containing both GF-AFC
substrate and bis-AAF-R110 substrate to all wells, and briefly mixed by orbital shaker (300-500
rpm for ~30 seconds). Plates were incubated for 30 minutes at 37°C and fluorescence measured at
400ex/505em (viability) and 485ex/520em (cytotoxicity). A 100 ul of Caspase-Glo® 3/7 reagent
was added to all wells, briefly mixed by orbital shaker (300-500 rpm for~30 seconds) and
incubated for 30 minutes at room temperature. Luminescence was measured using the Synergy HT
Plate reader (Biotek, Winooski, VT) and Gen5 1.11 software to detect caspase activation.

Autophagy

Autophagy was monitored and measured using a Cyto-ID Autophagy Detection Kit. Cyto-1D
Autophagy Detection Kit (Enzo Biochem Inc., New York, NY) for detecting autophagy, according
to manufacturer instructions. The assay provides a rapid, specific and quantitative approach for
monitoring autophagic activities in vitro. The 488nm-excitable green fluorescent detection reagent
supplied in kit has strong fluorescence in vesicles produced during autophagy. Exponentially
growing SW480 cells were seeded into 96 well plate at a density of 2.5 x 10° cells. After overnight
incubation at 37°C, cells were exposed to the combination ATRA+V2+V3 at the ICso
concentration and rapamycin (RPM; inducer of autophagy), and chloroquine (CLQ); a lysosomal
inhibitor) were included as positive controls. Following treatment, the cells were washed once in
PBS and resuspended in 100 ul of dual color detection solution (Cyto-ID Green and Hoechst
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autophagy detection reagent) and incubated at 37°C for 30 minutes. The cells were washed twice
with assay buffer and re-suspended in 100 ul assay buffer. Plate was analyzed with Synergy HT
Plate reader (Biotek, Winooski, VT) and Gen5 software with (Excitation ~480 nm, Emission ~530)
for Cyto ID green, and the Hoechst 33342 Nuclear Stain was read with a (Excitation ~340,
Emission ~480).

RNA Isolation

Test cells were seeded at a density of 1.0 — 1.2 x 10° cells in 1 ml per well of a 6-well plate and
incubated overnight for cell attachment. Total RNA was extracted from cells after treatment for 2,
4, 8 hours at the 1Cso concentration using Trizol (ThermoFisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. Untreated control cells were included as negative
controls. The concentration and quality of RNA were determined by measuring absorbance at 260
nm and 280 nm on Synergy HT Take 3 (Biotek, Winooski, VT, USA) and Gen5 1.11 software.

Quantitative polymerase chain reaction

Total RNA was reverse transcribed and amplified using Power SYBR Green RNA- to-CT 1- step
kit (Applied Biosystems, Foster City, CA, USA), as described by manufacturer, with the Step One
Plus Real Time PCR System (Applied Biosystems, Foster City, CA, USA). Primer sequences were
selected from previously published papers and are shown in Table 1. Briefly, each reaction was
performed in triplicate in a 10 ul volume containing Power SYBR Green RT-PCR Mix (2X), 200
nM of each primer, RT Enzyme Mix (125X) and 100ng RNA. The cycling conditions were as
follows: 48°C for 30 minutes, 95°C for 10 minutes, followed by 50 cycles of 95°C for 15 seconds
and 60°C for 1 minute. PCR reaction specificity was confirmed by melt curve analysis at 95°C for
15 seconds, 60°C for 15 seconds, 95°C for 15 seconds. The quantitation of gene expression was
performed using (3-actin gene as an endogenous control and relative to the calibrator (control cells)
using the AACT calculation.

Table 1: Sequences of human primer used in real-time PCR analysis were obtained from
previously published works [19-25].

Human gene Forward primer sequence (5' to 3') Reverse primer sequence (5' to 3")

Bcl-2 CGCATCAGGAAGGCTAGAGT AGCTTCCAGACATTCGGAGA
Bax TGCCAGCAAACTGGTGCTCA GCACTCCCGCCACAAAGATG
B-actin TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG

Combination assay and fractional inhibitory concentration

The combination effect of the test compounds was investigated using in 96 well plates and
evaluated using fractional inhibitory concentration (FIC) index as previously described [26-27].
The ICso protocol remained the same as above. The concentrations tested ranged from three
dilutions below the ICs to twice the 1Cso. All possible combinations, including a control without
any vitamins or ATRA, were tested and performed in triplicate. The combination results were
quantified using the fractional inhibitory concentration (FIC) index calculated from the 1Cso of A
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in combination divided by the ICso of the concentrations of A alone. Similarly, for compound B
and C. The XFIC index was calculated using the equation 2FIC = FIC A + FIC B + FIC C and the
results used to determine if synergy, addition or antagonism as a result of interactions between the
pure compound. Using this method, the ZFIC index was interpreted as follows: < 0.5, synergy; >
0.5to 1, additive; > 1 to 4, indifference; > 4, antagonism [26-27].

To further investigate the cytotoxicity of the test agents, a time—kill study was performed using
the ApoToxGlo®Kit according to the manufacturer’s instructions. ApoTox-Glo™ Triplex Assay
combines measures viability, cytotoxicity and apoptosis events in the same cell-based assay well.
Viability and cytotoxicity are determined by simultaneously measuring two differential protease
biomarkers. The live-cell protease activity is measured using a fluorogenic, cell-permeant peptide
substrate (GF-AFC Substrate) and is restricted to live cells. A cell-impermeant, fluorogenic
peptide substrate (bis-AAF-R110 Substrate) can simultaneously to measure dead-cell protease
activity in cells that have lost membrane integrity. The second reagent containing luminogenic
DEVD-peptide substrate for caspase-3/7 and Ultra-Glo™ Recombinant Thermostable Luciferase,
in which caspase-3/7 cleavage of the substrate releases luciferin, and the light output was
measured, allowing for the correlation of caspase-3/7 activation as a key indicator of apoptosis.
Luminescence was measured using the Synergy HT Plate reader and Gen5 1.11 software to detect
caspase activation.

HCT116 and SW480 were cultured in media supplemented with 10% fetal bovine serum
(FBS) and incubated at 37 °C with 24 hours. A final inoculum was measured at time O and
subsequent viable counts were carried out at 8, 12, 24, 48 and 72 hours. The killing rates were
determined by plotting log10 cell counts against time. A cytotoxic effect was determined by a>3
10g10 (99.9% Killing) decrease in cell count at the specified time.

Statistical Analysis

Statistical analysis was performed using GraphPad/Prism version 8.0 (GraphPad Software, Inc. La
Jolla, CA, USA). Data was presented as mean + SD. For the gPCR analysis, one-way ANOVA
followed by Tukey’s and Dunnett’s Multiple Comparison Tests were used. Statistical findings of
p < 0.05 were considered statistically significant.

RESULTS

Vitamins D2, D3 and ATRA and combinations inhibit colon and gastric cancer cell proliferation
and are synergistic in combination

Vitamins D2, D3 and ATRA and combinations thereof inhibited the growth of all colon and gastric
cancer cell lines tested (Table 2). However, neither -carotene or retinol alone were active in
concentrations up to 50 ug/ml. Both vitamins D2 and D3 inhibited the growth of all colon (CC)
and gastric cancer (GC) cell lines in a concentration-dependent manner, with inhibitory
concentrations (ICso) ranging from 19.43 to 57.71 uM (Table 2; Figures 2-5). However, when
vitamin D2 and D3 were combined together, at a ratio of 1:1, the ICso for the combination was
reduced by 4 to 10-fold to a range of 5.0 to 6.5 uM depending on the cell line, indicating synergistic
activities, with the exception of SW480 CC cells where the combination of D2+D3 was additive
(Tables 3 and 4; Figure 6). All-trans retinoic acid (ATRA) also inhibited the proliferation of all
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cell lines tested, with an ICsp range of 1.8 to 5.6 uM (Table 2, Figure 6). When ATRA was
combined with D2 and D3, the ICso concentrations were significantly (p <0.0001) reduced by 3 to
4-fold to 0.65 to 1.38 uM, also indicating synergism (Tables 3 and 4, Figure 6). The FICs were
calculated from the ICsp of the compounds in combination, divided by the ICso of the
concentrations of the compound alone (Table 3). Change in the FIC (2FIC) for the combination
of ATRA+D2+D3 and the combination of D2 + D3 were determined using the FIC results and are
presented in Table 4. The XFIC index was calculated using the equation 2 FIC = FIC A+ FIC B +
FIC C and the results used to determine synergism, addition or antagonism as a result of
interactions between the pure compounds. Using this method, the ZFIC index was interpreted as
follows: < 0.5, synergy (S); > 0.5 to 1, additive (A); > 1 to 4, indifference (I); > 4, antagonism
(AN). The combinations of D2+D3 were synergistic in HCT-116, AGS and NCI-N87 cell lines,
but in SW480 CC cells, the combination of D2+D3 was additive (Table 4). The combination of
ATRA+D2+D3 was synergistic in both the GC and CC cell lines (Table 4). 5-Fluoruracil (5-FU),
a pyrimidine analogue used as an anticancer agent used to treat solid tumors such as colon, rectal,
breast, gastric, pancreatic, ovarian, bladder and liver cancers was used as a positive control drug,
and was active against all four cell lines (Table 2). While doxorubicin, an anthracycline derivative
that blocks topo isomerase 2, was active against the gastric cancer cell lines, with ICsg
concentrations comparable with those reported in the published literature (Table 2) [28-31]. These
results demonstrate that the combinations of D2+D3 and ATRA+D2+D3 were synergistic in
reducing colon and gastric cancer cell proliferation. Interestingly, in the case of the SW480 colon
and AGS gastric cancer cell lines, the in vitro data suggest that the combination of ATRA+D2+D3
maybe more effective than 5-FU (Table 2).

Table 2. ICso concentrations of tested compounds against colon and gastric cancer cell lines. The
ICso defined as the concentration that causes 50% inhibition of cell growth after exposure to extract for 72 hours was
calculated using GraphPad Prism 8.0. (GraphPad Software, Inc. La Jolla, CA, USA). NA = not active in concentrations
tested.

Cell Beta Vitamin A All- Vit D2 Vit D3 Vit D2 + Vit D2 + 5-Fluoro-  Doxorubicin
lines carotene Up  (retinol) Up to transretinoic  1Cso 1Cs0 D3 ICso D3 + uracil (5-  (Doxo) ICso

to 50 ecg/ml 50 acg/ml acid (ATRA) oM oM oMl ATRA ICsy  FU) ICso acg/ml

1Cs0 oM oM ocg/ml

SwW480 NA NA 3.83 1943 3091 6.51 1.38 3.42 ND
HCT-116 NA NA 5.66 3412 29.97 6.22 1.1 0.98 ND
AGS NA NA 2.93 2232 57.71 6.32 0.81 18.64 0.079
NCI-N87 NA NA 2.66 31.63 40.02 6.33 0.65 0.097 0.048

Table 3. Fractional inhibitory concentration (FIC) index for ATRA, D2 and D3. FICs were calculated
from the 1Cso of the compound in combination divided by the 1Cso of the concentrations of the compound alone. A =
in combination with ATRA+D2+D3; b= in combination with D2+D3.

FIC HCT116 SW480 AGS NCI-N87
ATRA 0.19 0.36 0.27 0.22

D22 0.03 0.07 0.03 0.02

D3? 0.04 0.04 0.01 0.02

D2° 0.18 0.33 0.28 0.2

D3’ 0.21 0.21 0.11 0.16
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Table 4. Change in the FIC (2FIC) for the combinations of ATRA+D2+D3 and the combination

of D2 + D3. The ZFIC index was calculated using the equation YFIC = FIC A + FIC B + FIC C and the results used
to determine if synergy, addition or antagonism as a result of interactions between the pure compounds. Using this
method, the XFIC index was interpreted as follows: < 0.5, synergy (S); > 0.5 to 1, additive (A); > 1 to 4, indifference
(); > 4, antagonism (AN).

YFIC HCT116 (AorS) | SW480 (AorS) | AGS (AorS) | NCI-N87 (A or S)
ATRA+D2+D3  0.26 (S) 0.47 (S) 0.31 (S) 0.26 (S)
D2+D3 0.39 (S) 0.54 (A) 0.39 (S) 0.36 (S)
150
-e— SW480
= HCT116
g % —+ AGS
o -+ NCI-N87
G
= 50
3 2 A 0 1 2
Log(ug/ml)

Figure 2. Concentration-dependent effects of vitamin D2 on colon and gastric cancer

proliferation. This shows a concentration dependent reduction in HCT116 and SW480 colon cancer proliferation
after treatment with vitamin D2 or D3.
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Figure 3. Concentration-dependent effects of vitamin D3 on colon and gastric cancer cell

proliferation. This shows a concentration-dependent reduction in cell proliferation in gastric cancer cell lines AGS
and NCI-N87 after treatment with increasing concentrations of D2 or D3.

Figures 2-3. HCT116 and SW480 colon cancer and AGS and NCI-N87 gastric cells were treated
with increasing concentrations of D2 or D3 at 1-100 pg/mL in 96 well plates and incubated at
37°C in 5% CO2 for 72 hours. Cell proliferation/cytotoxicity was determined using a CellTiter-
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Glo® 2.0 Reagent. Luminescence signal was determined using a Synergy HT Plate reader (Biotek,
Winooski, VT) and Gen5 1.11 software.
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Figure 4. Concentration-dependent effects of ATRA on gastric and colon cancer cell proliferation.
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Figure 5. Concentration dependent effects of the combination of vitamins D2, D3, and ATRA on
colon and gastric cancer cell proliferation.

Figures 4-5. HCT116 and SW480 colon cancer and AGS and NCI-N87 gastric cells were treated
with increasing concentrations of ATRA or the combination D2+D3+ATRA (1:1:1) at 1-10 pg/mL
in 96 well plates and incubated at 37°C in 5% CO- for 72 hours. Cell proliferation/cytotoxicity was
determined using a CellTiter-Glo® 2.0 Reagent. Luminescence signal was determined using a
Synergy HT Plate reader (Biotek, Winooski, VT) and Gen5 1.11 software. Each figure shows a
concentration dependent reduction in HCT116 and SW480 colon cancer and gastric cancer cell
lines AGS and NCI-N87 after treatment.
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Statistical analysis of the differences between the 1Cso concentrations for ATRA treatments
alone and the ATRA+D2+D3 combination treatment of HCT116 colon cancer, and the AGS and
NCI-N87 gastric cancer cell lines showed that the I1Cso for the combination was significantly lower
(****p < 0.0001) than that of ATRA alone in all three cell lines (Figure 6).

*kkk

6 |
Hokkk Bl HCT116
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(&)
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Figure 6. Statistical analysis of the change in ICso concentrations in HCT-116, AGS and NCI-N87
cells treated with ATRA (left columns) or the combination ATRA+D2+D3 (right columns) shows

that the combination was more effective than ATRA alone. The change in the ICso was statistically
significant (****p < 0.0001). The statistics were performed using one-way ANOVA, followed by Tukey’s Multiple
Comparison test, with p < 0.05 considered statistically significant.

Time study of ATRA+D2+D3 treated cells and cytotoxicity

In timed studies, the ATRA+D2+D3 combination and the D2+D3 combination reduced cell
proliferation, and increased cytotoxicity and caspase activities in SW480 and HCT-116 CC cells
and AGS GC cells as compared with D2 or D3 alone and reduced the time to cytotoxicity (Figures
7-9). When compared with negative controls (cells treated with DMSO 0.01%), a 50% inhibition
of SW480 cell proliferation was observed at 8 hours for D2 or D3 alone, and the combination of
D2+D3 (Figure 7). However, SW480 cells treated with the ATRA+D2+D3 combination showed
a 50% reduction of cell proliferation at 4 hours (Figure 7). After treatment with ATRA+D2+D3,
significant cytotoxicity (p <0.0001) was observed in SW480 cells between 2-24 hours as compared
with D2 or D3 alone, or the D2+D3 combination (Figure 8). A similar pattern was observed in
HCT-116 cells (Figures 9A and B) where the combination of ATRA+D2+D3 reduced cell
proliferation more rapidly than D2 or D3 alone, and significantly induced cytotoxicity after 8 hours
of treatment (p<0.0001).



Functional Foods in Health and Disease 2019; 9(12): 735-748 Page 760 of 771

[ Control
1 VvitD2
500 3 VitD3
I VitD2 + D3
i + +
400 B VitD2 + D3 + RA
5 I
®
E 300- I
©°
s T
= 200
Q
(3]
°
. I..
FI e H‘ ” ‘ﬂ] “.j
0 T T T 1 | T 11
4 8

1
0 2 4 8244872 244872 0 2 4 8244872 0 2 4 8244872 024 8244872

Time in hours

Figure 7. Comparison time study of the proliferation of SW480 colon cancer cells treated with the 1Cso
concentration of D2 or D3 or the combination of ATRA+D2 + D3 or control (vehicle solvent 0.01% DMSO)
and cell were harvested up to 72 hours to determine kill times.
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Figure 8. Caspase 3/7 and 8 were activated in SW480 colon cancer cells treated with the 1Cso of
the combination D2+D3+ATRA. Induction of apoptosis by caspase activation was determined by

the ApoTox-Glo™, Caspase-Glo®3/7 and Caspase-Glo®8 assay Kits (Promega). Treated cells were
incubated appropriately at different time before addition of assay reagents according to manufacturer’s instructions.
Luminescence was measured using the Synergy HT Plate reader and Gen5 1.11 software to detect caspase activation.
Activity above control values was considered activation of caspase 3/7 and 8. Statistics were performed using one-
way ANOVA, followed by Dunnett’s Multiple Comparisons test, comparing all other time points against time zero
(0). ****p< 0.0001; ***p< 0.001; **p<0.01.
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Figure 9A. Time kill study for vitamins D2, D3 or the D2+D3+ATRA combination in HCT-116

colon cancer cells. Cells were treated with the ICso concentration of D2, D3 or the combination of D2 + D3 +
ATRA and cell were harvested up to 72 hours determine cytotoxicity. Statistics were performed using one-way
ANOVA, followed by Tukey’s Multiple Comparisons test, comparing all other time points against time zero (0).
*+xn< 0.0001. As compared with D2 or D3, the combination was significantly faster at increasing cell death.
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Figure 9B. Effects of combination of Vitamin D2, D3, and ATRA on the cytotoxicity and caspase
3/7 activity in HCT116 colon cancer cells. Caspase 3/7 was activated in HCT-116 colon cancer cells treated
with the 1Cso of the combination D2+D3+ATRA. Induction of apoptosis by caspase activation was determined by the
ApoTox-Glo™ and Caspase-Glo®3/7 assay kits (Promega). Treated cells were incubated appropriately at different
time before addition of assay reagents according to manufacturer’s instructions. Luminescence was measured using
the Synergy HT Plate reader and Gen5 1.11 software to detect caspase activation. Activity above control values was
considered activation of caspase 3/7. No effect on caspase 8 activity was observed in HCT-116 cells. Activity above
control values was considered activation of caspase 3/7 and 8. Statistics were performed using one-way ANOVA,

followed by Dunnett’s Multiple Comparisons test, comparing all other time points against time zero (0). ****p< 0.0001;
**p< 0.001; **p<0.01.

ATRA+D2+D3 treatments induce apoptosis by increasing caspase activities and the Bax/Bcl-2
gene expression ratio

Measurement of caspase 3/7 and 8 activities over a 72 hour time period showed that treatment with
the combination of ATRA+D2+D3 significantly increased caspase 3/7 and 8 activation (p<0.0001
and p < 0.001, respectively) in SW480 colon cancer cells at 2 hours (Figure 8), and in HCT-116
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cells at 8 hours (p < 0.0001; Figure 9B). These data suggest that the combination treatment induced
apoptosis, with the activation of executioner caspases 3 and 7 playing a predominant role in both
HCT116 and SW480 cells, as well as activation of the initiator caspase 8 in SW480 cells. These
data corresponded with a concomitant increase in cytotoxicity (Figures 8 and 9B). The results
suggest the involvement of the intrinsic apoptotic pathway in HCT-116 cells, and possibly both
the intrinsic and extrinsic apoptotic pathways in SW480 cells. Similar effects were observed in
AGS GC cells with the ATRA+D2+D3 combination significantly (p <0.001) inducing caspase 3/7
activities, suggesting the induction of intrinsic apoptosis. These data also correlated with a
significant increase in cytotoxicity (p<0.0001) and reduction in cell viability (p< 0.01) at 4-8 hours
in SW480 cells (Figure 10 A and B).

Since the induction of caspases is well known to up-regulate the expression of the pro-
apoptotic protein Bax, as well as reduce expression of the anti-apoptotic protein Bcl-2, we
investigated the expression of Bax and Bcl-2 mRNA, and the Bax/Bcl-2 ratio in treated cells, using
gPCR. The quantitation of gene expression was performed using [3-actin gene as an endogenous
control and relative to the calibrator (control cells) using the AACT method. Treatment of HCT-
116 with the combination of ATRA+D2+D3 at the ICso for 4 hours significantly reduced Bcl-2
MRNA expression by ~50% (p<0.0001) and increased BAX mRNA expression by 35% (p<0.01),
as well as significantly increased the Bax/Bcl-2 ratio (p<0.0001) indicating the induction of
intrinsic apoptosis in HCT-116 CC cells (Figure 11A). Treatment of SW480 CC cells with the
combination of ATRA+D2+D3 at the 1Cso for 4 hours significantly increased BAX mRNA
expression (p<0.0001), as well as significantly increased the Bax/Bcl-2 ratio by ~3 fold (p<0.0001)
indicating the induction of intrinsic apoptosis in HCT-116 CC cells (Figure 11B). No effect was
observed on Bcl-2 mRNA expression in SW480 cells.
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Figure 10A-B. A. Caspase 3/7 was activated in AGS gastric cancer cells treated with the ICs of the
combination ATRA+D2+D3. Induction of apoptosis by caspase activation, cytotoxicity and viability were
determined by the ApoTox-Glo™ and Caspase-Glo®3/7 assay kits (Promega). Treated cells were incubated
appropriately at different time before addition of assay reagents according to manufacturer’s instructions.
Luminescence was measured using the Synergy HT Plate reader and Gen5 1.11 software to detect caspase activation.
Activity above control values was considered activation of caspase 3/7. B. Reduction in AGS cell viability after
treatment corresponded with the increase in cytotoxicity. Statistics were performed using one-way ANOVA,

followed by Dunnett’s Multiple Comparisons test, comparing all other time points against time zero (0). ****p< 0.0001;
***n< 0.001; **p<0.01.
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Figure 11A. Expression of Bax and Bcl-2 and the Bax/Bcl-2 ratio in HCT-116 cells treated with
a combination of vitamins D2+D3=ATRA as compared with control
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Figure 11B. Expression of Bax and Bcl-2 and the Bax/Bcl-2 ratio SW480 colon cancer cells
treated with a combination of vitamins D2+D3+ATRA as compared with control.

Figures 11A-B. Apoptotic gene expression of Bax and Bcl-2 in HCT-116 and SW480 was
determined after treatment with the 1Cso of the combination of D2+D3+ATRA or vehicle control
for 4 hours after which total RNA was isolated using the Trizol method. Total RNA was reverse
transcribed and amplified using Power SYBR Green RNA- to-CT 1- step kit for gene
quantification. The quantitation of gene expression was performed using [-actin gene as an
endogenous control and relative to the calibrator (control cells) using the AACT calculation.
Statistics were performed using one-way ANOVA, followed by Dunnett’s Multiple Comparisons
test, comparing all other time points against time zero (0). ****p< 0.0001; ***p< 0.001; **p<0.01.

In AGS gastric cancer cells, treatment with ATRA+D2+D3 for 4 hours also increased Bax
expression and reduced Bcl-2 expression, thereby increasing the Bax/Bcl-2 ratio to favor
apoptosis, also suggesting the involvement of intrinsic apoptosis (data not shown).
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The combination of ATRA+D2+D3 induced autophagy in SW480 colon cancer cells

In addition to apoptosis, our data further suggested that the combination of ATRA+D2+D3
induced autophagy in SW480 colon cancer cells. Autophagy is a known mechanism by which cells
can recycle or remove unnecessary proteins and whole organelles [32-35]. While autophagy is
normally thought to be a cytoprotective process to maintain healthy normal cells, increased
activation of autophagy under specific certain circumstances has been linked to apoptosis [32-35].
Microplate-based profiling of autophagy in SW480 cells is shown in Figure 12. SW480 cells were
stained with a CYTO-ID® Green Detection Reagent 2 after being cultured for 20 hours in DMSO
(control), 0.5 uM Rapamycin (RPM) [35], 10 uM Chloroquine (CLQ), or both 0.5 uM RPM and
10 uM CLQ or D2 or D3 or D2+D3 or the combination ATRA+D2+D3 at the 1Cso concentration.
In this assay, positive control cells treated with RPM (500 nM) or RPM (500 nM) + CHQ (10 uM)
induced autophagy of (Figure 12, ~3.0 and 4.5), while values of ~2.0 and 2.6 were observed for
the combination of D2+D3 (p < 0.05) and the combination of D2+D3+ATRA (p < 0.0001),
respectively suggesting the induction of autophagy. No statistical difference was observed in
SW480 cells treated with D2 or D3 alone (Figure 12). No induction of autophagy was observed
in HCT116 or AGS cells with any of the treatments.
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Figure 12. Microplate-based profiling of autophagy in SW480 colon cancer cells. SW480 cells were
stained with the CYTO-ID® Green Detection Reagent 2 after being cultured for 18 hr in DMSO 0.01
(negative control), 0.5 uM Rapamycin (RPM, positive control), or 10 uM Chloroquine (CHQ), and both
0.5 uM Rap and 10 uM CHQ or D2 or D3 or D2+D3 or ATRA+D2+D3 at the ICso concentration. Cells were
also stained with Hoechst 33342 for cell number normalization. Cells treated with RPM, RPM+CHQ or D2+D3 or
the ATRA+D2+D3 combination showed an increase in autophagic activity in SW480 cells, as measured by the CYTO-
ID® Green Detection Reagent 2. Treated cells were analyzed at excitation ~480 nm, emission ~530 nm for Cyto-ID
green and excitation ~340 nm. Statistics were performed using one-way ANOVA followed by Tukey’s multiple
comparison test using GraphPad/Prism 8.0. *p< 0.05; ****p<0.0001 as compared with controls.

DISCUSSION

Previously published works have reported the anti-proliferative effects of vitamin D
(cholecalciferol, calciferol) in colon cancer (CC) cell lines, including Caco-2 cells [36-39], HT-29
[40-42]; SW480-ADH cells [43], HCT116 and CBS [44]. More recently, the combination of
vitamin D3 with metformin or other cancer chemotherapeutic drugs (such as 5-FU) has been
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shown to increase cytotoxicity, and enhance cancer cell apoptosis by upregulating pro-apoptotic
proteins (including Bax) and downregulating the anti-apoptotic protein Bcl-2 [45-47]. In addition
to vitamin D and the retinoids (vitamin A derivatives) have been reported to inhibit cancer cell
growth, induce differentiation, and cytotoxicity in breast, leukemia, neuroblastoma, prostate and
gastric cancers by interacting with retinoid receptors [48-52]. However, very few studies have
investigated the anti-proliferative effects of combinations of vitamin A and D in cancer cells. In
1999, Muto et al. reported that the addition of 1,25-dihydroxyvitamin (D3) to a retinoic acid-
resistant acute promyelocytic leukemia cell line induced differentiation [53]. In 2006, Lu and
Zheng reported that a combination of ATRA and D3 exerted synergistic inhibitory effects on the
growth of the human hepatoma cell line HepG2 [54]. In a more recent 2013 study, Sha et al.
reported that the combination of vitamin A and vitamin D3 significantly increased prostate cancer
cells apoptosis, by enhancing Bax expression and reducing Cyclin D1 expression [55]. Vitamin
D2 has been much less investigated as an anticancer agent, with the exception of MT19c, a semi-
synthetic ergocalciferol derivative, that induced cytotoxicity in SKOV-3, BXPC-3 (pancreatic
cancer), PC-3 and LNCaP (prostate cancer), SMS-KCNR, SK-N-SH and SH-SY5Y
(neuroblastoma) cancer cell lines, where it induced caspase-dependent apoptosis, DNA
fragmentation and cell cycle arrest [56]. However, no previous studies have reported the effects of
D2 in gastric and cancer cells, or the combinations of D2+D3 or ATRA+D2+D3 in colon and
gastric cancer cell lines.

In this study, both vitamin D3 and D2 alone inhibited the proliferation of both gastric and
colon cancer cells in a concentration and time-dependent manner. When D2 and D3 were
combined, the effects of the combination were highly synergistic in HCT-116 CC cells and had
additive effects in SW480 CC cells. In the GC cells lines AGS and NCI-N87, the combination of
D2+D3 was also highly synergistic. In addition, treatment of SW480, HCT116, AGS and NCI-
N87 cells with ATRA alone also inhibited the proliferation of all cell lines in a concentration and
time dependent manner. However, when ATRA was combined with D2+D3, the combination was
highly synergistic and significantly reduced the ICso (p < 0.0001) and the time to cell death. In the
time kill studies of HCT116 and SW480 CC cells, D3 appeared to be slightly more effective than
D2 at 24 hours, but the combination of ATRA+D2+D3 significantly (p<0.0001) inhibited cell
proliferation at 24-72 hours, as compared with D2 or D3 alone. Furthermore, treatment of both
HCT-116 and SW480 CC cells with the combination of ATRA+D2+D3 significantly increased
cytotoxicity in SW480 cells at 2-24 hours, and in HCT-116 cells at 8-16 hours (p < 0.0001). In
AGS GC cells, the combination of ATRA+D2+D3 significantly reduced cell viability (p < 0.01)
and increased cytotoxicity (p < 0.0001) at 8 hrs.

Previously published studies have shown that vitamins A and D increased apoptosis in cancer
cells [53-57]. In mammalian cells there are two distinct, but convergent, apoptotic pathways [58-
59]. The intrinsic or mitochondrial pathway is regulated by the Bcl-2 family of proteins, and the
extrinsic or death receptor pathway that is activated by members of the tumor necrosis factor
receptor family [58-59]. In the Bcl-2-regulated pathway, apoptosis is initiated by the
transcriptional and/or posttranscriptional upregulation of the pro-apoptotic members of the Bcl-2
protein family (Bax, Bak) [58]. These proteins bind and inhibit the pro-survival Bcl-2 proteins
(Bcl-2, Bel-XL) and activate the death effectors, Bax and Bak leading to increased permeability
of the mitochondrial outer membrane and release of cytochrome thereby activating a cascade of
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aspartate specific cysteine proteases (caspases) and inducing apoptosis [58-59]. In the extrinsic
pathway, apoptosis is activated by the recruitment and activation of the pro-form of caspase-8,
often with consequential activation of the effector caspases (caspase-3 and -7) [58-59]. In this
work, treatment of HCT-116 and SW480 cells with the combination of ATRA+D2+D3
significantly increased the expression of Bax mRNA (p<0.01 for HCT-116; p< 0.0001 for
SW480), while expression of Bcl-2 expression was significantly decreased only in SW480 cells
between 4-8 hours. The ratio of Bax/Bcl-2 was also significantly increased in both CC lines (p <
0.0001) at these time points indicating induction of apoptosis. These data correlated with
significant activation of caspase 3/7 in SW480, HCT-116 and AGS cells (p<0.0001). In SW480
cells, treated with the combination of ATRA+D2+D3, there was also a significant increase in
caspase 8 activity (p < 0.01) at 2 hours, suggesting that the extrinsic pathway may also be involved
in apoptosis in this cell line. Previous studies have shown that treatment of AML with ATRA alone
induced apoptosis through activation of cleaved caspase 3 in AML cancer cells [60]. Our data
support these results, and further suggest that the combination of ATRA+D2+D3 induces caspase
3/7 activities in HCT-116 and AGS GC cells. Treatment of SW480 CC cells with the
ATRA+D2+D3 increased caspase 3/7 and 8 activities suggesting that both the intrinsic and
extrinsic apoptotic pathways may be involved in this cell line. Earlier investigations have also
shown that ATRA treatments inhibited cell cycle progression and increased apoptosis in GC cell
lines, as well as reduced GC tumor growth in vivo [61, 62]. Our data confirmed the in vitro
antiproliferative and apoptotic effects of ATRA in GC cells, supporting these published works, but
further suggest that the combination ATRA+D2+D3 was more effective than ATRA alone, and
synergistically reduced GC cell proliferation, as well as induced apoptosis. Interestingly, ATRA,
and its combination with vitamins D2 and D3, were more effective in reducing AGS cell
proliferation than 5-FU (Table 2).

Like apoptosis, autophagy is a highly regulated and conserved process used by eukaryotic
cells to induce lysosome-mediated intracellular degradation and recycle the dysfunctional cellular
components [63-64]. Activation of autophagy proceeds through the inhibition of the mammalian
target of rapamycin (MTOR), and other autophagy-related proteins [63-64]. mTOR is a protein
kinase that controls cell growth, proliferation, and survival that is often upregulated in cancer.
Rapamycin (RPM) binds to mTOR at a domain separate from the catalytic site and induces
autophagy. The process of autophagy is considered to include tumor suppression based on indirect
evidence from oncogene and tumor suppressor gene alteration studies [63-64]. In this work,
treatment of SW480 cells with RPM (p<0.0001) or RPM+CLQ (p<0.0001) or D2+D3 (p<0.05),
or ATRA+D2+D3 (p<0.0001) significantly increased autophagic activity, suggesting that the
combination may also inhibit mTOR and downstream signaling. These effects were not observed
in any of the other three cell lines. Thus, in addition to apoptosis, the combination of
ATRA+D2+D3 may also act in SW480 cells through the initiation of autophagy.

CONCLUSIONS

A growing body of evidence supports the hypothesis that combinations of vitamin A and D may
be more effective than either vitamin alone in epithelial cell cancers, which may have significant
clinical impact. It has been suggested that the anticancer effects of vitamin A and D may be
mediated through their respective receptors [9, 10]. Vitamin A (retinoids) are ligands for the
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retinoic acid receptor (RXR), and both vitamin D2 and D3 are ligands for the (vitamin D receptor,
VDR). After ligand binding, these two receptors then form heterodimers, a VDR-RXR complex,
that can enhance or inhibit transcription of target genes [53]. In this study, we have demonstrated
that ATRA, D2, and D3 inhibit the growth of four gastric and colon cancer cells, and when used
in combination, have synergistic effects and significantly reduce the ICso concentrations. Thus, it
is possible that the synergistic effects of vitamin A and D combinations may be mediated through
enhanced formation of the VDR-RXR complex and gene transcription. The mechanisms by which
the combination works appear to be pleiotropic in that they involve the regulation of signaling
pathways involved in cell survival/apoptosis (Bcl-2, Bax, caspase 3/7), and autophagy (mTOR).
Further investigations of the combinations are currently underway in mouse xenograph models,
and to determine the molecular mechanisms of action.
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