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Cancer can develop due to abnormal cell proliferation in any body’s cells, so there

are over a hundred different types of cancer, each with its distinct behavior and

response to treatment. Therefore, many studies have been conducted to slow

cancer progression and find effective and safe therapies. Nutraceuticals have

great attention for their anticancer potential. Therefore, the current study was

conducted to investigate the anticancer effects of curcumin (Cur), thymoquinone

(TQ), and 3, 3′-diindolylmethane (DIM) combinations on lung (A549) and liver

(HepG2) cancer cell lines’ progression. Results showed that triple (Cur + TQ +

DIM) and double (Cur + TQ, Cur + DIM, and TQ + DIM) combinations of Cur, TQ,

and DIM significantly increased apoptosis with elevation of caspase-3 protein

levels. Also, these combinations exhibited significantly decreased cell

proliferation, migration, colony formation activities, phosphatidylinositol 3-

kinase (PI3K), and protein kinase B (AKT) protein levels with S phase reduction.

Triple and double combinations of Cur, TQ, and DIM hindered tumor weight and

angiogenesis of A549 and HepG2 implants in the chorioallantoic membrane

model. Interestingly, Cur, TQ, and DIM combinations are considered promising

for suppressing cancer progression via inhibiting tumor angiogenesis. Further

preclinical and clinical investigations are warranted.
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Introduction

Cancer ranks as a leading cause of death worldwide (Bray et al.,

2021). The International Agency for Research on Cancer estimated

that lung cancer remained the leading cause of cancer death, with an

estimated 1.8 million deaths (18%), followed by colorectal (9.4%),

liver (8.3%), stomach (7.7%), and female breast (6.9%) cancers

worldwide (Sung et al., 2021). Thai et al. (2021) reported that

lung cancer was estimated at 2 million new cases and

1.76 million deaths per year worldwide. In the same context, liver

cancer is one of the leading causes worldwide deaths. Hepatitis B

virus, hepatitis C virus, alcohol consumption, and nonalcoholic fatty

liver disease are the primary causes of liver cancer (Lin et al., 2020).

A healthy diet that reduces cancer incidence has led many

researchers to focus on natural products to prevent cancer (den

Hollander et al., 2013). Nutraceuticals fight cancer by inhibiting

proliferation,migration,metastasis, angiogenesis, cell cycle arrest, and

increasing cancer cells’ sensitivity to radiotherapy and chemotherapy

(Li et al., 2017). The American Institute for Cancer Research and the

World Cancer Research Fund stated that 30%–40% of all cancers

could be prevented by appropriate diets and physical activity (Glade,

1999). Also, natural products in medicinal plants have been used to

treat human diseases for thousands of years in Asia (Koehn and

Carter, 2005). Curcumin (Cur) (Figure 1A), the active ingredient of

Curcuma longa L. (Kew Medicinal Plant Names Services (MPNS) -

validated), is the most studied compound described as a potential

anticancer agent due to its multi-targeted signaling/molecular

pathways (Sharma and Martins, 2020; Shah et al., 2021). Also,

Cur targeted phosphatidylinositol 3-kinase (PI3K)/protein kinase

B (AKT), Janus kinase/signal transducer and activator of

transcription, and nuclear factor kappa B (NF-κB) pathways

(Wong et al., 2021) in almost most cancer forms (El-Far et al.,

2020a; Joshi et al., 2021). The taxonomic hierarchy ofCurcuma longa

L. is shown in Table 1 (USDA Plants Database, 2022a).

Thymoquinone (TQ) (Figure 1B), the bioactive constituent of

Nigella sativa L. (MPNS - validated) seeds, is a well-known natural

bioactive compound used for themanagement of several cancer types

(El-Far, 2015; El-Far AH. et al., 2018, 2020b, 2020a, El-Far et al., 2021

A. H.). TQ induced their anticancer potential by preventing

inflammation and oxidative stress, inhibiting angiogenesis and

metastasis, and inducing apoptosis of cancer cells (Alhmied et al.,

2021). In the same context, 3,3′-diindolylmethane (DIM) (Figure 1C)

is present in cruciferous vegetables, including broccoli, Brussels

sprouts, cabbage, cauliflower, kale, turnips, collard greens,

kohlrabi, and mustard rutabaga has antiproliferative and

anticancer activities in various cancer cells (Zhang et al., 2014;

Munakarmi et al., 2021). The taxonomic hierarchy of Nigella

sativa L. is shown in Table 1 (USDA Plants Database, 2022b).

Cur, TQ, and DIM were incorporated in clinical trials

(https://clinicaltrials.gov/) for cancer therapy, as stated in

Supplementary Tables S1–S3, respectively. We have not found

a study about the combination of Cur, TQ, and DIM exploring

their role in cancer repression. Therefore, in the current study, we

investigated the combinatory effect of Cur, TQ, and DIM on lung

(A549) and liver (HepG2) cancer cell lines’ progression.

Materials and methods

Cell lines

Lung (A549) and liver (HepG2) cancer cell lines were

purchased from ATCC (Manassas, VA, United States). A549

and HepG2 cells were grown in low-glucose Dulbecco’s Modified

Eagle Medium supplemented with 10% fetal bovine serum and

1% penicillin/streptomycin solution.

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] and
combination index assays

The half-maximal inhibitory concentration (IC50) of Cur, TQ,

andDIMwas determined by seedingA549 orHepG2 cells in 24-well

plates (3 × 104 per well in 1.5 ml) and incubated for 48 h at 37°C in a

5% CO2 incubator. Cells were treated with 1 ml of Cur (0, 5, 10, 25,

50, or 100 μM dissolved in DMSO), TQ (0, 10, 25, 50, 100, or

200 μMdissolved inDMSO), andDIM (0, 10, 25, 50, 100, or 200 μM

dissolved in DMSO) and incubated for 24 h, then treated with MTT

reagent (1.25 mg/ml) and incubated for 2 h. The resulting formazan

crystals were dissolved in 1 ml DMSO, and the optical density was

determined using a microplate reader at 570 nm (El-Far et al.,

2020a). DMSO was used in a concentration of 0.1% of medium.

The data of the MTT assay was analyzed by CompuSyn

software (https://www.combosyn.com/) to determine the IC50 of

Cur and TQ against A549 and HepG2 cells. These experiments

were repeated three times (Chou, 2011). The combination index

of Cur, TQ, and DIMwere determined by CompuSyn software at

Fa 95 against A549 and HepG2 cells, shown in Table 2. The Fa is

the fraction affected, so; the Fa 95 value means the concentration

of the drug at which 5% of cells are affected by this drug.

Cytotoxicity assay

After determination of Fa 75, 90, 95, and 97 of Cur, TQ, and

DIM using CompuSyn software against A549 and HepG2 cells,

cells were seeded in 12-well plates (3 × 104 per well in 1.5 ml) and

incubated for 48 h at 37°C in a 5% CO2 incubator. Control, Cur,

TQ, and DIM groups of A549 cells were treated with Fa 95, 0.75

(Fa 95), 0.50 (Fa 95), and 0.25 (Fa 95) in 1 ml of the medium.

Similarly, control, Cur, TQ, and DIM groups of HepG2 cells were

treated with Fa 95, 0.75 (Fa 95), 0.50 (Fa 95), and 0.25 (Fa 95) in

1 ml of the medium (El-Far et al., 2020a). After 24 h, cells were

treated with MTT and visualized as described in the MTT assay.

This experiment was repeated three times.
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FIGURE 1
Chemical structures, Fa values, and combination index of curcumin (Cur), thymoquinone (TQ), and 3,3′-diindolylmethane (DIM) against A549.
(A) Chemical structure of Cur. (B) Chemical structure of TQ. (C) Chemical structure of DIM. (D) Fa values of Cur against A549. (E) Fa values of TQ
against A549. (F) Fa values of TQ against A549. (G) Dose-effect curve of Fa 95 of Cur (12.71 µM) and TQ (48.71 µM). (H) Combination index plot of Fa
95 of Cur and TQ. (I) Dose-effect curve of Fa 95 of Cur (12.71 µM) and DIM (63.53 µM). (J) Combination index plot of Fa 95 of Cur and DIM. (K)
Dose-effect curve of Fa 95 of TQ (48.71 µM) and DIM (63.53 µM). (L) Combination index plot of Fa 95 of TQ and DIM. (M)Dose-effect curve of Fa 95
of Cur (12.71 µM), TQ (48.71 µM), and DIM (63.53 µM). (N) Combination index plot of Fa 95 of Cur, TQ, and DIM. The CI values represent the mean of
four experiments. CI > 1.3: antagonism; CI (1.1–1.3): moderate antagonism; CI (0.9–1.1): additive effect; CI (0.8–0.9): slight synergism; CI (0.6–0.8):
moderate synergism; CI (0.4–0.6): synergism; CI (0.2–0.4): strong synergism.
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Annexin-V assay

Apoptosis was analyzed by flow cytometry using annexin

V-fluorescein isothiocyanate (annexin-FITC) and propidium

iodide (PI) detection kit (BD Biosciences, San Jose, CA,

United States). A549 and HepG2 cells were cultured in T25

flasks for 48 h. A549 cells were treated with 0.75 (Fa 95) of Cur,

TQ, DIM, and their double (Cur + TQ, Cur + DIM, and TQ +

DIM) and triple (Cur + TQ + DIM) combinations in 10 ml of

medium for 24 h (Table 2). Also, HepG2 cells were treated with

0.75 (Fa 95) of Cur, TQ, and DIM and their double and triple

combinations in 10 ml of medium for 24 h (Table 2). Cells were

collected and centrifuged at 500 ×g for 5 min at room

temperature after their trypsinization. The pellet was rinsed

twice with phosphate-buffered saline (PBS) and then

resuspended in a proper volume of binding buffer. After

adding 10 μl of annexin V-FITC followed by gentle mixing,

incubated for 15 min at room temperature in the dark and

washed. The fluorescence intensity of FITC was carried on a

FACSCalibur™ (Becton Dickinson) instrument using Cell Quest

software (El-Far et al., 2020a; El-Far et al., 2021).

Cell cycle analysis

Using a FACSCalibur™ flow cytometer (Becton Dickinson,

San Jose, CA, United States) and Cell Quest software, the cell

cycle status was analyzed in A549 and HepG2 cells that were

cultured and treated with Cur, TQ, and DIM by the same method

mentioned in the annexin-V assay.

Cell proliferation assay

A549 or HepG2 cells were cultured in 12-well plates (3 × 104

per well in 1.5 ml) and incubated for 48 h at 37°C in a 5% CO2

incubator. Cells were treated with 0.75 (Fa 95) of Cur, TQ, DIM,

and their double and triple combinations in 1 ml for 24 h (Table 2).

Cells were visualized and counted by an inverted light microscope

(Primovert, Zeiss, Carl Zeiss Industrielle Messtechnik GmbH,

Oberkochen, Germany) at magnification, ×4 objective (El-Far

AHAM. et al., 2018). The total viable cell number was counted

using a hemocytometer using the dye exclusion method with 0.2%

trypan blue at room temperature (Thermo Fisher Scientific, Inc.).

This experiment was repeated three times.

Migration assay

Cell migration was evaluated using the monolayer

denudation assay as previously described (El-Far AHAM.

et al., 2018). Briefly, A549 or HepG2 cells were inoculated (5

× 104 per well in 1.5 ml) and were cultured to 100% confluence in a

12-well plate. Cells were then wounded by denuding a strip of the

monolayer with a 200 μl pipette tip. Cells were washed twice with

PBS and then incubated with 0.75 (Fa 95) of Cur, TQ, DIM, and

their double and triple combinations in 1 ml for 24 h (Table 2). The

rate of wound closure was assessed in four separate fields of view

using a light microscope (magnification, ×4 objective). This

experiment was repeated three times.

Colony formation assay

Two thousand five hundred cells (A549 or HepG2) per well

were plated in 12-well plates and were allowed to grow for about

4–5 days until small colonies could be seen. Cells were treated

with 0.75 (Fa 95) of Cur, TQ, DIM, and their double and triple

combinations in 1 ml for 24 h. Also, 0.50 (Fa 95) and 0.25 (Fa 95)

of Cur, TQ, and DIM were used to determine colony formation

in double and triple combinations (Table 2). Cells were fixed with

4% formaldehyde in PBS and stained with 0.1% crystal violet

(Guzmán et al., 2014), and images were taken for each well. This

experiment was repeated three times.

TABLE 1 Taxonomic hierarchy of Curcuma longa L. and Nigella sativa L.

Curcuma longa L Nigella sativa L

Kingdom Plantae - Plants Plantae - Plants

Subkingdom Tracheobionta - Vascular plants Tracheobionta - Vascular plants

Superdivision Spermatophyta - Seed plants Spermatophyta - Seed plants

Division Magnoliophyta - Flowering plants Magnoliophyta - Flowering plants

Class Liliopsida - Monocotyledons Magnoliopsida - Dicotyledons

Subclass Zingiberidae Magnoliidae

Order Zingiberales Ranunculales

Family Zingiberaceae - Ginger family Ranunculaceae - Buttercup family

Genus Curcuma L. - curcuma Nigella L. - nigella

Species Curcuma longa L. - common turmeric Nigella sativa L.—black cumin
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TABLE 2 Summarizes the data of Fa values and the concentrations of curcumin (Cur), thymoquinone (TQ), 3,39-diindolylmethane (DIM) and their
combinations that used in all assays.

Assays Drugs A549 HepG2

Fa values Cur (μM) Fa 0.50 = 59.73 Fa 0.50 = 101.80

Fa 0.75 = 33.53 Fa 0.75 = 56.58

Fa 0.90 = 18.82 Fa 0.90 = 31.45

Fa 0.95 = 12.71 Fa 0.95 = 21.10

Fa 0.97 = 9.61 Fa 0.97 = 15.88

TQ (μM) Fa 0.50 = 124.85 Fa 0.50 = 105.78

Fa 0.75 = 87.88 Fa 0.75 = 61.71

Fa 0.90 = 61.86 Fa 0.90 = 36.00

Fa 0.95 = 48.71 Fa 0.95 = 24.95

Fa 0.97 = 41.10 Fa 0.97 = 19.22

DIM (μM) Fa 0.50 = 137.26 Fa 0.50 = 163.18

Fa 0.75 = 102.97 Fa 0.75 = 109.75

Fa 0.90 = 77.25 Fa 0.90 = 73.82

Fa 0.95 = 63.53 Fa 0.95 = 56.36

Fa 0.97 = 55.28 Fa 0.97 = 46.52

Combination index Cur (μM) Fa 95 = 12.71 Fa 95 = 21.10

TQ (μM) Fa 95 = 48.71 Fa 95 = 24.95

DIM (μM) Fa 95 = 63.53 Fa 95 = 56.36

Cytotoxicity percentages Cur (μM) Fa 95 = 12.71 Fa 95 = 21.10

0.75 (Fa 95) = 9.53 0.75 (Fa 95) = 15.83

0.50 (Fa 95) = 6.36 0.50 (Fa 95) = 10.55

0.25 (Fa 95) = 3.18 0.25 (Fa 95) = 5.28

TQ (μM) Fa 95 = 48.71 Fa 95 = 24.95

0.75 (Fa 95) = 36.53 0.75 (Fa 95) = 18.71

0.50 (Fa 95) = 24.36 0.50 (Fa 95) = 12.48

0.25 (Fa 95) = 12.18 0.25 (Fa 95) = 6.24

DIM (μM) Fa 95 = 63.53 Fa 95 = 56.36

0.75 (Fa 95) = 47.65 0.75 (Fa 95) = 42.27

0.50 (Fa 95) = 31.77 0.50 (Fa 95) = 28.18

0.25 (Fa 95) = 15.88 0.25 (Fa 95) = 14.09

Annexin-V positive cell percentages Cur (μM) 0.75 (Fa 95) = 9.53 0.75 (Fa 95) = 15.83

TQ (μM) 0.75 (Fa 95) = 36.53 0.75 (Fa 95) = 18.71

DIM (μM) 0.75 (Fa 95) = 47.65 0.75 (Fa 95) = 42.27

Cell cycle analysis Cur (μM) 0.75 (Fa 95) = 9.53 0.75 (Fa 95) = 15.83

TQ (μM) 0.75 (Fa 95) = 36.53 0.75 (Fa 95) = 18.71

DIM (μM) 0.75 (Fa 95) = 47.65 0.75 (Fa 95) = 42.27

Cell proliferation assay Cur (μM) 0.75 (Fa 95) = 9.53 0.75 (Fa 95) = 15.83

TQ (μM) 0.75 (Fa 95) = 36.53 0.75 (Fa 95) = 18.71

DIM (μM) 0.75 (Fa 95) = 47.65 0.75 (Fa 95) = 42.27

Migration assay Cur (μM) 0.75 (Fa 95) = 9.53 0.75 (Fa 95) = 15.83

TQ (μM) 0.75 (Fa 95) = 36.53 0.75 (Fa 95) = 18.71

DIM (μM) 0.75 (Fa 95) = 47.65 0.75 (Fa 95) = 42.27

Colony formation assay Cur (μM) Fa 95 = 12.71 Fa 95 = 21.10

0.75 (Fa 95) = 9.53 0.75 (Fa 95) = 15.83

0.50 (Fa 95) = 6.36 0.50 (Fa 95) = 10.55

0.25 (Fa 95) = 3.18 0.25 (Fa 95) = 5.28

TQ (μM) Fa 95 = 48.71 Fa 95 = 24.95

0.75 (Fa 95) = 36.53 0.75 (Fa 95) = 18.71

(Continued on following page)
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Enzyme-linked immunosorbent assay

A549 or HepG2 cells by the density of 30 × 104 were

cultured in a T25 flask for 48 h. Seeded cells were treated

with 10 ml 0.75 (Fa 95) of Cur, TQ, DIM, and their double

and triple combinations for 24 h. Also, 0.50 (Fa 95) and 0.25 (Fa

95) of Cur, TQ, and DIM (Table 2) were used to determine the

effect of double and triple combinations on caspase-3, PI3K,

and AKT protein levels. Cells in each flask were trypsinized and

centrifuged to produce a clear cell pellet. Cells were

homogenized in RIPA buffer using TissueLyser (Qiagen Co.,

Germantown, MD, United States). Caspase-3, PI3K, and AKT

levels were determined by the FineTest ELISA kit (Wuhan Fine

Biotech Co., Wuhan, Hubei, China) according to the

manufacturer’s instructions at 450 nm. The Bradford method

determined protein levels in all samples (Bradford, 1976).

Chorioallantoic membrane model

The effect of Cur, TQ, DIM, and their combinations on A549

and HepG2 implants’ Chorioallantoic membrane model (CAM) of

tumor weight and tumor angiogenesis were carried out as previously

described by Mousa et al. (2020). Seven-day-old chick embryos were

purchased from Charles River Avian Vaccine Services (Norwich, CT,

United States) and incubated at 37°C with 55% relative humidity. A

hypodermic needlewas used tomake a small hole in the shell of the air

sac. A second hole wasmade on the broadside of the egg, directly over

an avascular portion of the embryonic membrane that was identified

by candling. A false air sac was created beneath the second hole by

applying negative pressure at the first hole, causing the CAM to

separate from the shell. A window, approximately 1.0 cm2,

was made in the shell over the dropped CAM using a small

craft grinding wheel (Dermal, Division of Emerson Electric

Co., Racine, WI, United States), allowing direct access to the

underlying CAM.

A549 or HepG2 cells were implanted at 1 million cells per

CAM in Matrigel® in the 7-day-old fertilized chick egg.

Treatment effects on tumor weight and angiogenesis were

determined on day 7 after tumor cell implantation. For these

studies, Matrigel was thawed overnight at 4°C and placed on ice.

In the exponential growth phase, cells were harvested using

0.25% trypsin–EDTA, washed, and suspended in the medium.

Only suspensions of single cells with viability exceeding 95%

were used. Approximately 1 × 106 cells in 30 μl of mediummixed

with the same volume of Matrigel were implanted on the CAM.

The treatment groups were Matrigel with A549 or HepG2 cells

(control), Matrigel/A549 or HepG2 with Cur (3.5 μg/CAM and

TABLE 2 (Continued) Summarizes the data of Fa values and the concentrations of curcumin (Cur), thymoquinone (TQ), 3,39-diindolylmethane (DIM)
and their combinations that used in all assays.

Assays Drugs A549 HepG2

0.50 (Fa 95) = 24.36 0.50 (Fa 95) = 12.48

0.25 (Fa 95) = 12.18 0.25 (Fa 95) = 6.24

DIM (μM) Fa 95 = 63.53 Fa 95 = 56.36

0.75 (Fa 95) = 47.65 0.75 (Fa 95) = 42.27

0.50 (Fa 95) = 31.77 0.50 (Fa 95) = 28.18

0.25 (Fa 95) = 15.88 0.25 (Fa 95) = 14.09

Enzyme-linked immunosorbent (ELISA) assay Cur (μM) Fa 95 = 12.71 Fa 95 = 21.10

0.75 (Fa 95) = 9.53 0.75 (Fa 95) = 15.83

0.50 (Fa 95) = 6.36 0.50 (Fa 95) = 10.55

0.25 (Fa 95) = 3.18 0.25 (Fa 95) = 5.28

TQ (μM) Fa 95 = 48.71 Fa 95 = 24.95

0.75 (Fa 95) = 36.53 0.75 (Fa 95) = 18.71

0.50 (Fa 95) = 24.36 0.50 (Fa 95) = 12.48

0.25 (Fa 95) = 12.18 0.25 (Fa 95) = 6.24

DIM (μM) Fa 95 = 63.53 Fa 95 = 56.36

0.75 (Fa 95) = 47.65 0.75 (Fa 95) = 42.27

0.50 (Fa 95) = 31.77 0.50 (Fa 95) = 28.18

0.25 (Fa 95) = 15.88 0.25 (Fa 95) = 14.09

Chorioallantoic membrane (CAM) model Cur (μg) 3.5 5.8

TQ (μg) 6 3

DIM (μg) 11.7 10.4
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5.8 μg/CAM), TQ (6 μg/CAM and 3 μg/CAM), DIM (11.7 μg/

CAM and 10.4 μg/CAM), and their combinations of Cur + DIM,

Cur + TQ, TQ + DIM, and Cur + TQ + DIM (Table 2).

After incubation at 37°C with 55% relative humidity for 3

days, the CAM tissue directly beneath each filter disk was

resected from control and treated CAM samples. Tissues were

washed 3 times with PBS and placed in 35-mm Petri dishes.

Results are presented as mean tumor weight (mg) per treatment

group (n = 5 eggs per group) and tumor hemoglobin (Hb) (mg/

dl) ± standard deviation of the mean (n = 5 per group).

Results

MTT and Fa values of Cur, TQ, and DIM
against A549 cells

As shown in Figures 1D–F, MTT assay data was analyzed by

CompuSyn software revealing the Fa values of Cur (Fa 0.50 =

59.73, Fa 0.75 = 33.53, Fa 0.90 = 18.82, Fa 0.95 = 12.71, and Fa

0.97 = 9.61 µM) against A549 cells. Similarly, Fa 0.50 = 124.85, Fa

0.75 = 87.88, Fa 0.90 = 61.86, Fa 0.95 = 48.71, and Fa 0.97 =

41.10 µM were determined for TQ, while Fa 0.50 = 137.26, Fa

0.75 = 102.97, Fa 0.90 = 77.25, Fa 0.95 = 63.53, and Fa 0.97 =

55.28 µM for DIM against A549 cells, as shown in Table 2.

The most exciting aspect is the combination index of Cur +

TQ (Figures 1G,H), Cur + DIM (Figures 1I,J), TQ + DIM

(Figures 1K,L), and Cur + TQ + DIM (Figures 1M, N), which

revealed synergistic effect for Cur + TQ and moderate synergism

for the rest combinations.

Cytotoxicity percentages of Cur, TQ, and
DIM against A549 cells

As shown in Figures 2A–D, Fa 95 concentrations of Cur, TQ,

and DIM were used to determine the cytotoxicity percentages of

Cur, TQ, DIM and their double and triple combinations. Also, 0.75

(Fa 95), 0.50 (Fa 95), and 0.25 (Fa 95) concentrations were elevated

for cytotoxicity percentages compared with control untreated A549

cells. The data revealed that Cur, TQ, DIM, and their double and

triple combinations at Fa 95 and 0.75 (Fa 95) concentrations

significantly decreased the cytotoxicity percentages compared

with control A549 cells except Cur at 0.75 (Fa 95).

Annexin-V positive cell percentages of
A549 cells treated with Cur, TQ, DIM, and
their combinations

Determination of annexin-V positive cell percentages is a key

marker for cell apoptosis. In Figure 2F, we can see that Cur-

treated cells exhibited 28.73% of annexin-V positive cells

compared with control (Figure 2E). In Figure 2G, the

annexin-V positive cell percentage of TQ-treated cells is

30.84%, while DIM (Figure 2H) was 21.89% compared with

control A549 cells. The combination of Cur and TQ possessed

48.35% of annexin-V positive cells (Figure 2I). Similarly, Cur +

DIM (Figure 2J), TQ + DIM (Figure 2K), and Cur + TQ + DIM

(Figure 2L) exhibited annexin-V positive cells of 28.50, 25.75, and

69.03%, respectively.

Cell cycle analyses and proliferation assay
of A549 cells treated with Cur, TQ, DIM,
and their combinations

The results of cell cycle analysis are presented in Figures

3A–H showed S phase inhibition of A549 cells treated with Cur,

TQ, DIM, Cur + TQ, Cur + DIM, TQ + DIM, and Cur + TQ +

DIM by concentrations of 0.75 (Fa 95).

The results obtained from the proliferation assay of Cur-,

TQ-, DIM-, Cur + TQ-, Cur + DIM-, TQ + DIM-, and Cur +

TQ + DIM-treated A549 cells with concentrations of 0.75 (Fa 95)

are set out in Figure 3I and revealed significant decreases in

proliferation percentages of A549 cells compared with

control cells.

Migration and colony formation assays of
A549 cells treated with Cur, TQ, DIM, and
their combinations

Migration assay was performed by induction of a wound of

A549 monolayer before and 24 h after treatment with Cur, TQ,

DIM, and their combinations (Figure 4A). Cur-, TQ-, DIM-, Cur

+ TQ-, Cur + DIM-, TQ + DIM-, and Cur + TQ + DIM-treated

A549 cells with concentrations of 0.75 (Fa 95) exhibited

significant reductions in migration activity. Similarly, colony

formation activities of Cur-, TQ-, DIM-, Cur + TQ-, Cur +

DIM-, TQ + DIM-, and Cur + TQ + DIM-treated A549 cells with

concentrations of 0.75 (Fa 95), Cur + TQ + DIM at a

concentration of 0.50 (Fa 95), and Cur + TQ + DIM at a

concentration of 0.25 (Fa 95) were significantly decreased

compared with control (Figure 4B).

MTT and Fa values of Cur, TQ, and DIM
against HepG2 cells

MTT assay has been used to determine the Fa values of Cur,

TQ, and DIM against HepG2 cells (Figure 5). Fa values of Cur

against HepG2 were 101.80 µM for Fa 0.50, 56.58 µM for Fa 0.75,

31.45 µM for Fa 90, 21.10 µM for Fa 0.95, and 15.88 µM for Fa

0.97 (Figure 5A). Also, Fa 0.50 = 105.78 µM, Fa 0.75 = 61.71 µM,

Fa 0.90 = 36.00 µM, Fa 0.95 = 24.95 µM, and Fa 0.97 = 19.22 µM
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FIGURE 2
Cytotoxicity and annexin-V positive cell percentages of A549. (A) Cytotoxicity percentages of 0.25 (Fa 95), (B) 0.50 (Fa 95), (C) 0.75 (Fa 95), and
(D) Fa 95 of curcumin (Cur), thymoquinone (TQ), and 3,3′-diindolylmethane (DIM) against A549. (E) Annexin-V positive cell percentages of control
A549 cells. (F) Cur-treated cells with 0.75 (Fa 95) = 9.53 µM. (G) TQ-treated cells with 0.75 (Fa 95) = 36.53 µM. (H) DIM-treated cells with
0.75 (Fa 95) = 47.65 µM. (I)Cur + TQ treated cells with 0.75 (Fa 95) of Cur and TQ. (J)Cur +DIM treated cells with 0.75 (Fa 95) of Cur andDIM. (K)
TQ+DIM treated cells with 0.75 (Fa 95) of TQ andDIM. (L)Cur + TQ+DIM treated cells with 0.75 (Fa 95) of Cur, TQ, andDIM. The data were analyzed
with one-way ANOVA followed by Tukey’s multiple comparison test. Error bars represent mean ± SD. ***p < 0.001 vs. control. xxxP < 0.001 vs. Cur.
+p < 0.05 and +++p < 0.001 vs. TQ. ##p < 0.01 and ###p < 0.001 vs. DIM.
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FIGURE 3
Cell cycle analysis and proliferation percentage of A549. (A) Cell cycle analysis of control A549. (B) Cell cycle analysis of Cur-treated cells with
0.75 (Fa 95) = 9.53 µM. (C)Cell cycle analysis of TQ-treated cells with 0.75 (Fa 95) = 36.53 µM. (D)Cell cycle analysis of DIM-treated cells with 0.75 (Fa
95) = 47.65 µM. (E) Cell cycle analysis of Cur + TQ treated cells with 0.75 (Fa 95) of Cur and TQ. (F) Cell cycle analysis of Cur + DIM treated cells with
0.75 (Fa 95) of Cur andDIM. (G)Cell cycle analysis of TQ+DIM treated cells with 0.75 (Fa 95) of TQ andDIM. (H)Cell cycle analysis of Cur + TQ+
DIM treated cells with 0.75 (Fa 95) of Cur, TQ, and DIM. (I) Proliferation percentages of control and A549-treated cells with 0.75 (Fa 95) of Cur, TQ,
DIM, Cur + TQ, Cur + DIM, TQ + DIM, and Cur + TQ + DIM. The data were analyzed with one-way ANOVA followed by Tukey’s multiple comparison
test. Error bars represent mean ± SD. ***p < 0.001 vs. control. xxP < 0.01 vs. Cur.
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FIGURE 4
Migration and colony formation assays of A549. (A)Migration assay of control and A549-treated with 0.75 (Fa 95) of Cur, TQ, DIM, Cur + TQ,
Cur + DIM, TQ + DIM, and Cur + TQ + DIM at 0 and 24 h. (B) colony formation assay of control, A549-treated with 0.75 (Fa 95) of Cur, TQ, DIM,
Cur + TQ, Cur + DIM, TQ + DIM, and Cur + TQ + DIM, A549-treated with 0.50 (Fa 95) of Cur + TQ + DIM, and A549-treated with 0.25 (Fa 95) of
Cur + TQ + DIM.
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were recognized for HepG2 treated with TQ (Figure 5B). In

addition, DIM exhibited Fa 0.50, Fa 0.75, Fa 0.90, Fa 0.95, and Fa

0.97 values of 163.18, 109.75, 73.82, 56.36, and 46.52 µM as

shown in Figure 5C and stated in Table 2.

Cytotoxicity percentages of Cur, TQ, and
DIM against HepG2 cells

Cytotoxicity percentages of Fa 95, 0.75 (Fa 95), 0.50 (Fa 95),

and 0.25 (Fa 95) of Cur, TQ, DIM, and their double and triple

combinations against HepG2 cells are shown in Figures 6A–D.

Compared with control, treated HepG2 cells with these drugs

and combinations exhibited significant increases in cytotoxicity

percentages.

Annexin-V positive cell percentages of
HepG2 cells treated with Cur, TQ, DIM,
and their combinations

Results shown in Figures 6E–L treated HepG2 cells with Cur,

TQ, DIM, Cur + TQ, Cur + DIM, TQ + DIM, and Cur + TQ +

DIM exhibited significant increases in annexin-V positive cells by

percentages of 75.73, 19.43, 13.00, 89.97, 68.66, 18.47, and 93.23,

respectively compared with 12.00 of control.

Cell cycle analyses and proliferation assay
of HepG2 cells treated with Cur, TQ, DIM,
and their combinations

Cell cycle analysis of HepG2 cells treated with Cur, TQ, DIM,

Cur + TQ, Cur + DIM, TQ + DIM, and Cur + TQ + DIM by 0.75

(Fa 95) doses showed S phase inhibition (Figures 7A–H).

Concentrations of these drugs significantly decreased

proliferation percentages of HepG2 cells (Figure 7I).

Migration and colony formation assays of
HepG2 cells treated with Cur, TQ, DIM,
and their combinations

Cur-, TQ-, DIM-, Cur + TQ-, Cur + DIM-, TQ + DIM-, and

Cur + TQ + DIM-treated HepG2 cells with concentrations of

0.75 (Fa 95) exhibited significant decreases in migration activity

as presented in Figure 8A. By the same concentrations, colony

formation activities of the Cur-, TQ-, DIM-, Cur + TQ-, Cur +

DIM-, TQ + DIM-, and Cur + TQ + DIM-treated HepG2 cells

with concentrations of 0.75 (Fa 95), Cur + TQ + DIM at

concentrations of 0.50 (Fa 95), and 0.25 (Fa 95) were

significantly decreased compared with control (Figure 8B).

Caspase-3, PI3K, and AKT protein levels in
A549 and HepG2 cells treated with Cur,
TQ, DIM, and their combinations

It can be seen from the data in Figure 9A that caspase-3

protein levels were significantly increased in Cur-, TQ-, DIM-,

Cur + TQ-, Cur + DIM-, TQ + DIM-, and Cur + TQ + DIM-

treated A549 cells with concentrations of 0.75 (Fa 95), Cur +

TQ + DIM at concentrations of 0.50 (Fa 95), and 0.25 (Fa 95).

A549 cells treated with the same concentrations exhibited

significant decreases in the PI3K (Figure 9C) and AKT

(Figure 9E) protein levels compared with control.

Caspase-3 protein levels were significantly increased in the

Cur-, TQ-, DIM-, Cur + TQ-, Cur + DIM-, TQ + DIM-, and

Cur + TQ + DIM-treated HepG2 cells with concentrations of

0.75 (Fa 95), Cur + TQ + DIM at a concentration of 0.50 (Fa 95),

and Cur + TQ + DIM at a concentration of 0.25 (Fa 95)

(Figure 9B). On the contrary, HepG2 cells treated with the

same concentrations exhibited significantly decreased PI3K

(Figure 9D) and AKT (Figure 9F) protein levels compared

with control.

Tumor weight and hemoglobin
concentrations of A549 and HepG2
implant in CAM

Tumor weights and Hb concentrations of A549 (Figures

10A,B, respectively) and HepG2 (Figures 10C,D, respectively)

cells’ implants treated with Cur, TQ, DIM, and their

combinations significantly decreased compared with the

control group. The tumor weights of implanted A549 cells

were significantly decreased Cur (0.0618 ± 0.0012 g), TQ

(0.0570 ± 0.0023 g), DIM (0.0531 ± 0.0012 g), Cur + TQ

(0.0353 ± 0.0045 g) Cur + DIM (0.0373 ± 0.0001 g), TQ +

DIM (0.0301 ± 0.0023 g), and Cur + TQ + DIM (0.0210 ±

0.0001 g) than control (0.0810 ± 0.0012 g). Similary, HepG2

implants exhibited significant decreases in the Cur (0.0650 ±

0.0012 g), TQ (0.0600 ± 0.0023 g), DIM (0.0693 ± 0.0012 g),

Cur + TQ (0.0443 ± 0.0045 g) Cur + DIM (0.0463 ± 0.0001 g),

TQ + DIM (0.0401 ± 0.0023 g), and Cur + TQ + DIM (0.0190 ±

0.0001 g) tumor weight than control (0.0980 ± 0.0012 g).

The Cur + TQ +DIM, Cur + DIM, Cur + TQ, and TQ +DIM

treated implants exhibited more significant reductions in tumor

weights and Hb concentrations of A549 and HepG2 cells’

implants compared with single drugs, Cur, TQ, and DIM.

Excellent correlation (r2 = 0.99) between tumor growth

inhibition and tumor angiogenesis inhibition was

demonstrated for the various natural bioactive compounds

and their combinations, which suggest a key role for their

anti-angiogenesis activities in suppressing tumor progression

(Figures 10E,F).
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FIGURE 5
Fa values and combination index of curcumin (Cur), thymoquinone (TQ), and 3,3′-diindolylmethane (DIM) against HepG2. (A) Fa values of Cur
against HepG2. (B) Fa values of TQ against HepG2. (C) Fa values of DIM against HepG2. (D) Dose-effect curve of Fa 95 of Cur (12.71 µM) and TQ
(24.95 µM). (E)Combination index plot of Fa 95 of Cur and TQ. (F)Dose-effect curve of Fa 95 of Cur (21.10 µM) and DIM (56.36 µM). (G)Combination
index plot of Fa 95 of Cur and DIM. (H)Dose-effect curve of Fa 95 of TQ (24.95 µM) and DIM (56.36 µM). (H) Combination index plot of Fa 95 of
TQ andDIM. (J)Dose-effect curve of Fa 95 of Cur (21.10 µM), TQ (24.95 µM), and DIM (56.36 µM). (K)Combination index plot of Fa 95 of Cur, TQ, and
DIM. The CI values represent the mean of four experiments. CI > 1.3: antagonism; CI (1.1–1.3): moderate antagonism; CI (0.9–1.1): additive effect; CI
(0.8–0.9): slight synergism; CI (0.6–0.8): moderate synergism; CI (0.4–0.6): synergism; CI (0.2–0.4): strong synergism.
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FIGURE 6
Cytotoxicity and annexin-V positive cell percentages of HepG2. (A) Cytotoxicity percentages of 0.25 (Fa 95) (B) 0.50 (Fa 95) (C) 0.75 (Fa 95), and
(D) Fa 95 of curcumin (Cur), thymoquinone (TQ), and 3,3′-diindolylmethane (DIM) against HepG2. (E) Annexin-V positive cell percentages of control
HepG2 cells. (F) Cur-treated cells with 0.75 (Fa 95) = 15.83 µM. (G) TQ-treated cells with 0.75 (Fa 95) = 18.71 µM. (H) DIM-treated cells with 0.75 (Fa
95) = 42.27 µM. (I) Cur + TQ treated cells with 0.75 (Fa 95) of Cur and TQ. (J) Cur + DIM treated cells with 0.75 (Fa 95) of Cur and DIM. (K) TQ +
DIM treated cells with 0.75 (Fa 95) of TQ and DIM. (L)Cur + TQ+DIM treated cells with 0.75 (Fa 95) of Cur, TQ, and DIM. The data were analyzed with
one-way ANOVA followed by Tukey’s multiple comparison test. Error bars represent mean ± SD. *p < 0.05 and ***p < 0.001 vs. control. xxxP < 0.001
vs. Cur. +p < 0.05 and +++p < 0.001 vs. TQ. ###p < 0.001 vs. DIM.
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FIGURE 7
Cell cycle analysis and proliferation percentage of HepG2. (A) Cell cycle analysis of control HepG2. (B) Cell cycle analysis of Cur-treated cells
with 0.75 (Fa 95) = 15.83 µM. (C) Cell cycle analysis of TQ-treated cells with 0.75 (Fa 95) = 18.71 µM. (D) Cell cycle analysis of DIM-treated cells with
0.75 (Fa 95) = 42.27 µM. (E) Cell cycle analysis of Cur + TQ treated cells with 0.75 (Fa 95) of Cur and TQ. (F) Cell cycle analysis of Cur + DIM treated
cells with 0.75 (Fa 95) of Cur and DIM. (G) Cell cycle analysis of TQ + DIM treated cells with 0.75 (Fa 95) of TQ and DIM. (H) Cell cycle analysis of
Cur + TQ + DIM treated cells with 0.75 (Fa 95) of Cur, TQ, and DIM. (I) Proliferation percentages of control and HepG2-treated cells with 0.75 (Fa 95)
of Cur, TQ, DIM, Cur + TQ, Cur + DIM, TQ + DIM, and Cur + TQ + DIM. The data were analyzed with one-way ANOVA followed by Tukey’s multiple
comparison test. Error bars represent mean ± SD. ***p < 0.001 vs. control. xxP < 0.01 vs. Cur. ++p < 0.01 and ++p < 0.01 vs. TQ. ##p < 0.01 vs. DIM.
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FIGURE 8
Migration and colony formation assays of HepG2. (A)Migration assay of control and HepG2-treatedwith 0.75 (Fa 95) of Cur, TQ, DIM, Cur + TQ,
Cur + DIM, TQ + DIM, and Cur + TQ + DIM at 0 and 24 h (B) colony formation assay of control, HepG2-treated with 0.75 (Fa 95) of Cur, TQ, DIM,
Cur + TQ, Cur + DIM, TQ + DIM, and Cur + TQ + DIM, HepG2-treated with 0.50 (Fa 95) of Cur + TQ + DIM, and HepG2-treated with 0.25 (Fa 95) of
Cur + TQ + DIM.
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FIGURE 9
Enzyme-linked immunosorbent (ELISA) assay. (A) Caspase-3 (ng/ng protein) (C) phosphatidylinositol 3-kinase (PI3K, pg/µg protein), and (E)
Protein kinase B (AKT, pg/ng protein) levels in control, A549-treated with 0.75 (Fa 95) of Cur, TQ, DIM, Cur + TQ, Cur + DIM, TQ + DIM, and Cur +
TQ + DIM, A549-treated with 0.50 (Fa 95) of Cur + TQ + DIM, and A549-treated with 0.25 (Fa 95) of Cur + TQ + DIM. (B) Caspase-3 (ng/ng protein)
(D) PI3K (pg/µg protein), and (F) AKT (pg/ng protein) levels in control, HepG2-treated with 0.75 (Fa 95) of Cur, TQ, DIM, Cur + TQ, Cur + DIM,
TQ + DIM, and Cur + TQ + DIM, HepG2-treated with 0.50 (Fa 95) of Cur + TQ + DIM, and HepG2-treated with 0.25 (Fa 95) of Cur + TQ + DIM. The
data were analyzed with one-way ANOVA followed by Tukey’s multiple comparison test. Error bars represent mean ± SD. *p < 0.05, **p < 0.01, and
***p < 0.001 vs. control. xP < 0.05, xxP < 0.01, and xxxP < 0.001 vs. Cur. +p < 0.05, ++p < 0.01, and +++p < 0.001 vs. TQ. #p < 0.05, ##p < 0.01, and
###p < 0.001 vs. DIM.
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FIGURE 10
Chorioallantoic membrane (CAM) model. (A) Tumor weight per g for A549 implant (B)Hemoglobin concentration (mg/ml) for A549 implant (C)
Tumorweight per g for HepG2 implant, and (D)Hemoglobin concentration (mg/ml) for HepG2 implant. (E)Correlation coefficient (r2) of percentages
of inhibition of tumor weight and hemoglobin concentrations for A549 implant. (F) Correlation coefficient (r2) of percentages of inhibition of tumor
weight and hemoglobin concentrations for HepG2 implant. The treatment groups were Matrigel with A549 or HepG2 cells (control), Matrigel/
A549 or HepG2 with Cur (3.5 μg/CAM and 5.8 μg/CAM), TQ (6 μg/CAM and 3 μg/CAM), DIM (11.7 μg/CAM and 10.4 μg/CAM), and their
combinations of Cur + DIM, Cur + TQ, TQ + DIM, and Cur + TQ + DIM. The data were analyzed with one-way ANOVA followed by Tukey’s multiple
comparison test. Error bars represent mean ± SD. **p < 0.01 and ***p < 0.001 vs. control. xxP < 0.01 and xxxP < 0.001 vs. Cur. ++p < 0.01 and +++p <
0.001 vs. TQ. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. DIM.
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Discussion

Nutraceuticals are derived from various natural sources such

as medicinal plants, marine organisms, vegetables, and fruits

(Kuppusamy et al., 2014). Many food components have been

associated with chemopreventive properties, including Cur, TQ,

DIM, lycopene, resveratrol, ellagic acid, and costunolide (El-Far

AH. et al., 2018, 2020a, 2020b, El-Far et al., 2021 AH., 2021b;

Mousa et al., 2020; Sudha et al., 2020).

By searching in the comparative toxicogenomics database

(http://ctdbase.org/), we stated Cur, TQ, and DIM’s anticancer

effect against numerous cancer types targeting numerous genes

represented in Supplementary Tables S4–S6, respectively. To explain

the combinatory effect of Cur, TQ, and DIM, we summarized the

effect of them and their targets in Supplementary Table S7. Cur and

TQ, Cur and DIM, and the three drugs have common targets that

explain their combinatory anticancer, which increased in double and

highly increased in the triple combination. On the contrary, no

common targets were recognized for TQ and DIM, suggesting they

did their effect by different mechanisms if used together.

In the present study, Cur, TQ, and DIM combinations

significantly induced apoptosis and increased caspase-3

protein levels while significantly decreasing cell proliferation,

migration, colony formation activities, and PI3K and AKT

protein levels in A549 and HepG2 with S phase reduction in

both cells. Also, caspase-3 levels were expressed at low levels in

the patient’s samples, while PI3K and AKT were expressed at

high levels (Supplementary Figure S1).

Lung cancer is one of the leading causes of cancer-related

deaths in males and females worldwide. Approximately 85%

of lung cancer cases are diagnosed as non-small-cell lung

cancer (Molina et al., 2008). Numerous studies have

investigated the anticancer effect of Cur against A549 cells

through downregulation of urothelial cancer-associated 1

(Wang WH. et al., 2018). Also, Cur induced Bad

dephosphorylation in an AKT-dependent fashion in A549

cells (Endo et al., 2020). In addition, Cur induced

phosphorylation and activation of c-Jun N-terminal kinase,

p38, and extracellular signal-regulated kinase (ERK) (Yao

et al., 2015) and activation of autophagy (Liu et al., 2017)

TABLE 3 Docking score of curcumin (Cur), thymoquinone (TQ), and 3, 39-diindolylmethane (DIM) against some of their common targets.

Cur TQ DIM

Binding
Free
Energy
(kcal/
mol)

Binding
affinity
(pKi)

Ligand
Efficiency
(kcal/mol/
non-H
atom)

Binding
Free
Energy
(kcal/
mol)

Binding
affinity
(pKi)

Ligand
Efficiency
(kcal/mol/
non-H
atom)

Binding
Free
Energy
(kcal/
mol)

Binding
affinity
(pKi)

Ligand
Efficiency
(kcal/mol/
non-H
atom)

AKT1 (4ekk) −8.40 6.16 0.31 −6.30 4.62 0.53 −8.10 5.94 0.43

CASP8 (1i4e) −6.60 4.84 0.24 −6.10 4.47 0.51 −7.60 5.57 0.40

CDK4 (2w96) −6.50 4.77 0.24 −5.60 4.11 0.47 −7.30 5.35 0.38

CYP1A1 (6o5y) −9.70 7.11 0.36 −6.50 4.77 0.54 −9.00 6.60 0.47

CYP1A2 (2hi4) −9.10 6.67 0.34 −5.90 4.33 0.49 −10.60 7.77 0.56

CYP1B1 (6iq5) −9.10 6.67 0.34 −7.70 5.65 0.64 −10.20 7.48 0.54

HMOX1 (6eha) −7.50 5.50 0.28 −6.60 4.84 0.55 −8.80 6.45 0.46

JAK2 (7f7w) −8.50 6.23 0.31 −5.70 4.18 0.48 −7.50 5.50 0.39

KDR (7juy) −7.50 5.50 0.28 −5.30 3.89 0.44 −8.20 6.01 0.43

MAPK1 (1tvo) −7.20 5.28 0.27 −5.50 4.03 0.46 −7.90 5.79 0.42

MAPK3 (6ges) −7.50 5.50 0.28 −5.40 3.96 0.45 −8.00 5.87 0.42

MMP2 (1ck7) −7.00 5.13 0.26 −5.90 4.33 0.49 −9.10 6.67 0.48

MMP9 (1gkc) −8.30 6.09 0.31 −6.40 4.69 0.53 −8.60 6.31 0.45

MPO (5wdj) −7.30 5.35 0.27 −6.10 4.47 0.51 −9.50 6.97 0.50

mTOR (4jsv) −7.30 5.35 0.27 −5.80 4.25 0.48 −8.90 6.53 0.47

NME1 (5ui4) −8.00 5.87 0.30 −6.00 4.40 0.50 −8.00 5.87 0.42

NQO1 (2f1o) −6.60 4.84 0.24 −6.80 4.99 0.57 −7.70 5.65 0.41

PARP1 (1uk0) −9.50 6.97 0.35 −6.20 4.55 0.52 −8.80 6.45 0.46

PIK3CA (7r9y) −8.90 6.53 0.33 −6.30 4.62 0.53 −8.50 6.23 0.45

TALDO1 (1f05) −6.60 4.84 0.24 −5.10 3.74 0.43 −7.10 5.21 0.37

TOP2A (1zxm) −7.40 5.43 0.27 −5.70 4.18 0.48 −8.20 6.01 0.43

TYMS (1hzw) −7.10 5.21 0.26 −5.50 4.03 0.46 −8.30 6.09 0.44
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in A549. Fluorescent liposomes containing a combination of

TQ and Cur decreased A549 lung cancer cell viability (Fahmy,

2019). Another nanoformulation of Cur-chrysin-loaded

alginate-chitosan hydrogels significantly induced apoptosis

and G2/M cell cycle arrest in both A549 and T47D cell

lines (Abbasalizadeh et al., 2021). Also, the cell cycle has

been arrested by the Cur and Cur/paclitaxel combination in

A549 cells (Lee et al., 2020). In another study, Cur increased

the sensitivity of A549 cells to gemcitabine therapy. It

significantly decreased the migration and invasion of A549/

gemcitabine cells in response to reduced expression of matrix

metalloproteinase-9, vimentin, and N-cadherin (Dong et al.,

2021). By another mechanism, Cur inhibited A549 cells

migration and invasion through suppression of PI3K/AKT/

mammalian target of rapamycin (mTOR) signaling pathway

(Wang et al., 2020).

TQ promoted apoptosis in A549 cells by the activation of p53

and caspase cascade-dependent pathways (Samarghandian et al.,

2019), and reactive oxygen species (ROS) generation (Alhakamy

et al., 2020), and extracellular signal-regulated kinase 1/2

pathway (Yang et al., 2015). Furthermore, TQ significantly

reduced the expression of B-cell lymphoma 2 (Bcl2), an anti-

apoptotic protein, and induced Bcl2-associated X (Bax) protein, a

proapoptotic, leading to apoptosis of A549 cells (Alam et al.,

2022). In addition, the p-AKT, p-mTOR, caspase-3, p-53, and

NF-κB expression levels were significantly reduced in TQ and

TQ/indirubin-3-monoxime-treated A549 cells (Dera et al., 2020).

Also, TQ induced the antimitotic mechanism of A549 cells by its

direct binding to the tubulin-MT network (Acharya et al., 2014).

Khan et al. (2022) treated A549 with polyethylene glycol (PEG)-

coated DSPC/cholesterol comprising TQ liposomes (PEG-Lip-

TQ) that induced several-fold decreases in the PEG-Lip-TQ’s

IC50 and showed changes in cell cycle analysis in comparison

with free TQ. In the same context, TQ nanoformulations induced

cell cycle arrest of A549 (Alhakamy et al., 2020; Asfour et al.,

2021). Also, transferrin-decorated thymoquinone-loaded PEG-

PLGA nanoparticles restricted the A549 cells migration

(Upadhyay et al., 2019). Furthermore, as confirmed by

Western blot analysis, Yang et al. (2015) stated that TQ

inhibited A549 cell proliferation, migration, and invasion

through the ERK1/2 pathway.

Cur induced HepG2 cells’ death by increasing apoptosis and

ROS generation process (Liang et al., 2021). This effect could

be attributed to the activation of caspase-3 (Dai et al., 2013)

and the downregulation of the PI3K/AKT signaling pathway

(Chang et al., 2017; Han et al., 2020). In addition, Cur induced

mitochondrial and mitochondrial DNA damage (Cao et al.,

2007) besides fatty acid synthase inhibition (Fan et al., 2014)

in HepG2. In addition, Cur significantly inhibited HepG2 cell

migration, as stated by Duan et al. (2014), Zhao et al. (2016),

and Wang L. et al (2018).

TQ induced G2/M phase cell cycle arrest and apoptosis in

HepG2 cells with a significant increase in Bax/Bcl2 ratio

(ElKhoely et al., 2015). HepG2 treated with TQ exhibited

significant apoptosis explained in many studies. It could be

due to increased miR-16 and miR-375 levels and caspase-3

and Bcl2 expressions (Bashir et al., 2020). Also, HepG2

treated with TQ exhibited significant increases in

caspase-3 (Aslan et al., 2021) and decreased AKT (Attoub

et al., 2013) levels. In addition, TQ enhanced the TRAIL-

induced death of HepG2 cells and inhibited NF-κB (Ashour

et al., 2014).

DIM inhibited HepG2 cell proliferation in a

concentration- and time-dependent (Jiang et al., 2019).

Also, DIM induced S-phase retardation and mitotic delay

in HepG2 cells through topoisomerase II-α catalytic

inhibition (Gong et al., 2006).

Angiogenesis is a multistep process triggered by various

biological signals and has a physiological and pathological

role (Park et al., 2020). Angiogenesis is regulated by

balancing angiogenic growth and inhibitory factors in

healthy tissues (Al-Ostoot et al., 2021). Neovascularization

in tumor masses is caused by vascular endothelial growth

factor (VEGF), angiopoietin families, and cytokines

(Saaristo et al., 2000).

In the current study, the CAM system has been used to

investigate Cur, TQ, and DIM’s anti-angiogenic effect and their

combinations. Triple and double combinations significantly

reduced tumor weight and Hb concentrations in tumor

masses. The CAM system has been widely used to study

human tumor growth (Klingenberg et al., 2014; Herrmann

et al., 2016; Mousa et al., 2020). Also, the anti-angiogenic

effect of Cur (Deng et al., 2016; Buzzá et al., 2019), TQ

(Shanmugam et al., 2018; Ndreshkjana et al., 2019), and DIM

(Mousa et al., 2020) were applied in CAM. Furthermore, many

studies reported the anti-angiogenic effect of Cur and TQ against

the A549 and HepG2 mouse xenograft model leading to

reductions in tumor growth and vascularization targeting

VEGF (Yoysungnoen et al., 2006, 2008; ElKhoely et al., 2015;

Wang et al., 2015; Jiao et al., 2016; Li et al., 2018; Tian et al., 2021).

Our data supported the key role of Cur, TQ, and DIM and their

combinations on angiogenesis suppression and its highly

correlated effects on tumor growth inhibition.

The current study stated that Cur, TQ, and DIM increased

A549 and HepG2 apoptosis. Interestingly, double and triple

combinations of Cur, TQ, and DIM induced more apoptosis

of A549 and HepG2 with significant decreases in proliferation,

migration, and colony formation activities. This action could be

attributed to the enhanced effects of Cur, TQ, and DIM

combinations.

Conclusion and prospective

The present study was designed to determine the

combinatory effect of Cur, TQ, and DIM on A549 and
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HepG2 cells. The most obvious finding from this study is that

triple (Cur + TQ +DIM) and double (Cur + TQ, Cur + DIM, and

TQ + DIM) combinations increased apoptosis and decreased

proliferation and migration colony formation activities with S

phase reduction. In addition, triple and double combinations

significantly reduced tumor weight and Hb concentrations in

A549 and HepG2 cells’ implants in the CAM model.

Therefore, Cur, TQ, and DIM combinations are promising

agents for suppressing tumor growth and angiogenesis.

Further preclinical and clinical studies are warranted trying

to use their approved doses as stated in Supplementary Tables

S1–S3.

Cur, TQ, and DIM have common targets as stated in

Supplementary Table S7, except TQ and DIM have not

shared targets. For future consideration, we determined the

binding free energy, binding affinity (pKi), and the ligand

efficiency of common targets with Cur, TQ, and DIM have

been determined using InstaDock software (Hassan et al.,

2017) and represented in Table 3. Generally, Cur has the

highest binding affinities with target proteins, followed by

DIM and then TQ. Furthermore, because Cur, TQ, and

DIM have different and common targets, we suggest

treating different cancer cells with these drugs with time

intervals even for 1 h in between and determine the most

effective combination for each cancer types, especially

mitogen-activated protein kinase (MAPK), matrix

metalloproteinases (MMPs), and AKT/PI3K/mTOR

pathways, as stated in Table 3. In the same context, we

encourage researchers to investigate Cur, TQ, and DIM

combination with chemotherapeutic agents investigating the

effect of natural products combined with commonly used

chemotherapeutics for cancer therapy.
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