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Abstract
Background  Curcumin was found to possess numerous pharmacological activities in clinical research, however, its biologi-
cal effects together with radiation are yet to be addressed. The present study investigated whether the combined treatment 
of dendrosomal nanoformulation of curcumin (DNC) and gamma radiation can enhance the radiosensitivity of U87MG and 
MDA-MB-231 cell lines.
Methods  U87MG and MDA-MB-231 cell lines were exposed to 2 Gray (Gy) and 10 μM DNC determined by MTT assay, 
then subjected to clonogenic assay, cell cycle assay, and flow cytometric apoptosis analysis. Acridine Orange/Ethidium 
Bromide (AO/EB) and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) stained cells were used to study morphologic 
changes. The expression evaluation of putative cell cycle genes, i.e., P53, P21, CCND1, and CCNB1 was carried out by 
RT-qPCR.
Results  Our findings indicated that the combined treatment with DNC and radiation might cooperatively augment the 
efficacy of ionizing radiation in the cancer cells and notably decrease the survival and viability of the cells in a time- and 
concentration-dependent manner. In addition to a synergistic effect deducted by sensitizer enhancement ratio (SER) assess-
ment, co-treatment resulted in greater apoptotic cells than the individual treatments. Further experiments then indicated that 
DNC could effectively induce G2/M phase cell cycle arrest and apoptosis following irradiation. Conformably, there was a 
decrement of CCND1 and CCNB1 expression, and an increment of P53, P21 expression.
Conclusions  The data implied that DNC as a radiosensitizer can enhance the lethal effect of ionizing radiation on cancer 
cells which could be a promising adjuvant therapy in clinical treatments.
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Abbreviations
AO/EB	� Acridine orange/ethidium bromide
Ctrl	� Control

D	� Dosage
DAPI	� 4′,6-Diamidino-2-phenylindole dihydrochloride
DDR	� DNA damage response
DNC	� Dendrosomal nanoformulation of curcumin
Eq.	� Equation
Gy	� Gray
IQR	� Interquartile range
IC	� Inhibitory concentration
IR	� Irradiation
LQ	� Linear quadratic
OA	� Oleic acid
PE	� Plating efficiency
PEG	� Polyethylene glycol
PI	� Propidium iodide
Q	� Quartile
SF	� Surviving fraction
SER	� Sensitizer enhancement ratio
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Introduction

Radiotherapy is a mainstay in treating brain and spinal cord 
tumors [1]. The brain tumor is considered a risk factor for 
developing gliomas originating from breast cancer, the sec-
ond most common source of brain metastases [2, 3]. Ionizing 
radiation can damage DNA leading to cell death directly or 
indirectly via creating free radicals; however, the efficacy of 
this approach is limited by the phenomenon termed radiore-
sistance. An entangled network of DNA damage response 
(DDR), including DNA repair pathways, DNA damage toler-
ance, and cell-cycle checkpoints plays a critical role in the 
resistance of cancerous cells after being exposed to ioniz-
ing radiation [4, 5]. Based on research findings, irradiation 
induces a major cell cycle arrest via G1 and G2 phases, which 
in turn is controlled by the up-regulation of tumor suppres-
sor P53 and the cyclin-dependent kinase inhibitor P21, and 
its primary downstream target [6, 7]. Curcumin (Diferu-
loylmethane), a major component of turmeric (Curcuma 
longa) [8, 9], was indicated as a molecule that may exert 
anti-proliferative effects through its impacts on various bio-
logical pathways involved in cell cycle regulation, apoptosis, 
tumorigenesis, and metastasis [10–13]. Furthermore, it was 
suggested that the formulation of curcumin in nanoparticles 
shows a promising therapeutic properties compared to native 
curcumin [14, 15]. Therefore, to overcome the limitation of 
curcumin [16, 17], dendrosome was introduced as a biologic 
and biodegradable nanoscale carrier, since its interior core 
structure allows the assimilation of hydrophobic curcumin 
resulting in the enhancement of bioavailability, bioabsorp-
tion, and the biological activity of curcumin [18, 19]. Accord-
ing to published research, dendrosomal nanoformulation of 
curcumin (hence referred to as DNC) can inhibit cancer cell 
growth and cause apoptosis in vitro and in vivo. Moreover, 
it may exert its effect by controlling the expression of a large 
number of genes and non-coding RNAs, consequently regu-
lating epigenetic regulatory processes [20–27]. Upon this 
background, we assessed the radiosensitizing effects of DNC 
on brain and breast cancer cell lines after irradiation, then 
investigated its impacts on the expression of cell cycle and 
apoptosis regulatory genes. In this regard, U87MG and MDA 
MB 231 as two types of more invasive and radioresistant cell 
lines with varying levels of P53 were used [28, 29].

Materials and methods

Cell culture

The human high-grade glioma cell line U87MG and triple-
negative breast cancer cell line MDA MB 231 were pur-
chased from the National Cell Bank of Pasteur Institute, 

Iran, and grown in Dulbecco’s Modified Eagle Medium 
(Life Technologies, Carlsbad, CA, USA), supplemented 
with 100 mL/L FBS (Gibco, USA), 100 U/mL penicillin 
and 100 mg/mL streptomycin (Gibco, USA). They were 
incubated in a humidified atmosphere (5% CO2) at 37 °C 
and adjusted to expand to the extent of exponential growth.

Preparation of DNC

Dendrosome, polymeric micelles of oleic acid (OA) and pol-
yethylene glycol 400 (PEG 400), as a carrier (OA400) was 
obtained from the Institute of Biochemistry and Biophys-
ics, University of Tehran, Iran, and loaded with curcumin 
(Darmstadt, Germany) by the purity of 95% on the report of 
optimized weight ratio of 1:25, to gain a maximum ratio of 
drug loading nanoparticles as described previously [18, 20, 
21]. The prepared stock solution was stored in a dark glass 
bottle at 4 °C, then was diluted to the favorable concentra-
tions by culture medium once for use.

Cell viability assay

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazo-
lium bromide) tetrazolium reduction assay (Sigma-Aldrich, 
USA) was used to measure the cytotoxic effects of DNC on 
cell lines. For this purpose, about 1 × 104 cells/well, obtained 
based on the standard curve, were seeded in 96-well plates 
and allowed to attach overnight. Then, various concentra-
tions of DNC, dendrosome OA400, and curcumin were 
added to a 10% FBS/DMEM culture medium and incubated 
for 48 h. Then, the media were removed, and the cells were 
exposed to 200 μL per well of DMEM consisting final con-
centration of 0.5 mg/ml MTT for up to 3 h at 37 °C in a 5% 
CO2 incubator. Then, the media were substituted with 200 
μL dimethylsulfoxide (Sigma‐Aldrich, USA), and the plate 
was kept in the dark at room temperature for 3 h. Because 
mitochondrial activity is related to the number of viable 
cells, the amount of formazan dye (assumed to represent the 
percentage of living cells) was measured using microplate 
spectrophotometers (BioTek, ELX 800, USA) based on the 
optical density of dye solution at 570 nm [30]. Ultimately, 
the percentage of viable cells was calculated using (Eq. 1); 
(equation is abbreviated as Eq). In parallel, gamma irradia-
tion was carried out using a source of Cobalt-60 (Theratron 
780, Canada) at a dose rate of 100 cGy/min at the Cancer 
Institute, Tehran University of Medical Sciences, Iran. Con-
trol cells were under the same storage condition as irradiated 
cells. The cells were incubated up to 48 h after treatment, 
and then the viability assessment was undertaken.
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To estimate the half-maximal inhibitory concentration 
(IC50) of DNC, a dose–response curve with respect to nor-
malized absorbance was drawn for cells were exposed to 
2 Gy at various DNC concentrations.

Clonogenic survival assay

The plating efficiency (PE) of cells exposed to radiation 
was determined to estimate their ability for regeneration 
and reproductive integrity. The proportion of plated cells 
that differentiate into colony-forming cells is indicative of 
post-treatment survival. Exponentially growing cells were 
treated with varying radiation doses, between 0 and 8 Gy 
in all replicates. In the case of combined treatment, 10 μM 
DNC (a lower dose than IC50 value) was added to the cul-
tures 4 h prior to irradiation to ensure that a requisite amount 
of DNC was absorbed by the cells [31], then treated cancer 
cells exposed to the defined radiation doses. Forthwith, the 
appropriate number of cells were harvested and seeded in 
triplicate into six-well cell culture plates with fresh growth 
media. The cells were incubated for 1–2 weeks until con-
trol plates had formed large clones; colonies of 50 cells or 
more were considered to have survived the treatment. Then, 
the colonies were washed with PBS and fixed and stained 
with 10% formalin (Merck KGaA, Germany) & 0.5% crystal 
violet (Merck KGaA, Germany) solution, respectively [32, 
33]. The plating efficiency of U87MG and MDA-MB-231 
cells was determined under the same physiological condition 
with no treatment and with 10 μM DNC treatment (Eq. 2). 
Following that, the surviving fraction (SF) (Eq. 3) was cal-
culated as the ratio of surviving colonies to the number of 
plated cells with correction for the plating efficiency.

Cell cycle assay

Flow cytometry was done to measure the DNA content of 
the treated cells and make contrast cells in different phases 
of the cell cycle. 3 × 106 cells/well of U87MG and MDA-
MB-231 cells were seeded in six-well plates, then treated 
with the indicated doses as mentioned earlier. After 48 h of 
incubation, cells were harvested and washed twice with PBS, 
then fixed in 75% ethanol at 4 °C for 30 min. Henceforth, 

(1)

Percentage of cell viability (%) =
OD 570 treatment

OD 570 control
∗ 100

(2)
Plating Eff iciency (%) =

Number of colonies formed

Number of cells seeded
∗ 100

(3)

Surviving Fraction (%)

=
Number of colonies formed af ter treatment

Number of cells seeded ∗ PE
∗ 100

the cells were suspended in a cold PBS solution contain-
ing 50 μg/mL PI, 0.1% sodium citrate & 0.1 Triton X-100 
(Sigma-Aldrich, T8532) lysis buffer and were shaken at 
37 °C for 15 min. The distribution of nuclear DNA was 
examined by analyzing at least 0.2 × 104 cells per sample 
using FACS Calibur™ flow cytometer (BD, NJ) and further 
processing by FlowJo software [34].

Flow cytometric apoptosis assay

The double labeling with FITC-Annexin V and propidium 
iodide (PI) was used to measure the number of cancer cells 
that had undergone apoptosis. U87MG and MDA-MB-231 
cells that were exponentially growing were sown at a density 
of 3 × 106 cells/well in six-well plates overnight, then treated 
and incubated for 48 h. Cells were stained according to the 
kit’s protocol; in brief, they were labeled with FITC-Annexin 
V and propidium iodide solution (Roche Applied Science, 
Penzberg, Germany) and incubated in a binding buffer for 
15 min in the dark. Stained cells were immediately analyzed 
by the FACSCalibur™ flow cytometer (BD, NJ) machine 
then distribution assessment was accomplished by FlowJo 
software [35].

Detection of morphological features of apoptosis 
and nuclear changes

Differential staining with specific fluorochromes was used to 
visualize nuclear changes and typical morphological features 
of apoptosis. For this purpose, 1 × 104 cells/well were seeded 
in 96-well plates and incubated overnight then treated. After 
48 h, the plates were centrifuged at 1000 RPM for 5 min, and 
100 μl AO/EB dye mix (Sigma, St. Louis, MO, USA) was 
added to each well. The dye mix contained 5 μg/ml acridine 
orange and 3 μg/ml ethidium bromide in PBS [36]. Paral-
lel to this experiment, cells were washed twice with PBS 
and fixed for 20 min with 4% formaldehyde in PBS. For 
further investigation, the fixed cells were stained with 1 g/
ml 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI), 
Sigma-Aldrich D-8417, and photographed (at 200 × magnifi-
cation) using an Olympus BX51 fluorescent microscope and 
a DP72 digital camera [35]. The obtained images were then 
undergone further processes and merged by the software 
ImageJ, Java 1.8.0_172 [37]. To indicate the ionizing radia-
tion-induced DNA damage, cytokinesis-block micronucleus 
assay (CBMN) as the cytogenetic technique was done [38]. 
3 × 106 cells/well were seeded in six-well plates and incu-
bated overnight, then treated. At the time of 44 h, cells were 
exposed to cytochalasin B (Sigma-Aldrich, USA) up to the 
final concentration of 6 μg/ml and kept in the incubator for 
28 h more. The attached cells were washed with cold PBS 
and gently treated in a cold (4 °C) 75 mM KCl solution, then 
fixed with cold methanol and acetic acid (4:1 v/v) for 20 min 
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at 4 °C, (three times), and ultimately were stained with 10% 
(v/v) Giemsa solution 10% (v/v) (Merck KGaA, Germany) 
for 10 min. Binucleated cells were observed under Olym-
pus GX51 inverted light microscope (Olympus Corporation, 
Tokyo, Japan) to see the nuclear anomalies (at 40 × magnifi-
cation): micronuclei; tailed nuclei; nucleoplasmatic bridges; 
dumbbell-shaped nuclei; etc., as a consequence of chromo-
somal breakage [39].

RNA isolation, cDNA synthesis & RT‑PCR

After 48-h treatment, total RNA was extracted from treated 
and untreated cells using Trizol reagent (Life Technologies) 
according to the manufacturer's instructions, followed by 
DNase I digestion (Thermo Fisher Scientific, Waltham, MA, 
USA). For cDNA synthesis, ~ 1 μg total RNA was reverse-
transcribed into cDNA using PrimeScript™ RT reagent kit 
(Takara Bio Inc, Shiga, Japan). cDNA was stored at − 20 °C 
for PCR. Quantitative PCR (qPCR) was performed using 
SYBR® Premix Ex Taq™ II (Takara) and specific primers 
(Table 1) on Applied Biosystems followed by 45 cycles: 
stage 1, 95 °C for 5 s; stage 2, 60 °C for 20 s; stage 3, 72 °C 
for 30 s. Relative gene expression was normalized based 
on GAPDH as the reference gene and calculated by 2−ΔΔCt 
method [40].

Statistical analysis

Prism® (GraphPad Software, Inc, La Jolla, CA, USA), ver-
sion 9.3.1. was used for data analysis. Results are representa-
tive of three independent experiments expressed as median 
with interquartile range (IQR) unless indicated otherwise. 
Data of clonogenic assay are presented in Bioconductor soft-
ware (version: 3.11 & R package version 1.22.0) [41]. Statis-
tical significance was assessed using a non-parametric test, 
one-way ANOVA (Kruskal–Wallis test) followed by Dunn's 
multiple comparison test; the differences between groups 
were considered statistically significant if p ≤ 0.05 [42].

Results

DNC inhibited the viability

The MTT assay was used to analyze the effects of DNC 
together with gamma on the viability of cancer cells. Prior to 

the assay, standard curves of absorbance versus cell density 
were drawn for both U87MG (Fig. 1A) and MDA-MB-231 
(Fig. 1B) cell lines to estimate the optimized cell number 
with reproducible superior, which was estimated around 
1 × 104 cells/well in this study. The inhibitory efficacy of 
DNC and curcumin against cell growth was tested in the 
same concentration range, and OA400 was employed as 
a nanoformulated carrier of curcumin to determine if the 
cytotoxicity of DNC is altered by its carrier. As seen in 
(Fig. 1C, D), DNC and curcumin reduced cell viability in 
a time- and concentration-dependent way in both cell lines, 
but OA400 had no cytotoxicity. Our data demonstrate that 
DNC has greater inhibitory effect than curcumin; however, 
no significant differences were observed below 80 μmol/L 
(Kruskal–Wallis test followed by Dunn's multiple compari-
son test [H (10) = 22.67, *p = 0.0120, N1–N11 = 3]Curcumin, 
[H (10) = 29.37, **p = 0.0011, N1–N11 = 3]DNC for 
U87MG cells (Fig.  1C); [H (10) = 21.18, *p = 0.019, 
N1–N11 = 3]Curcumin, [H (10) = 26.67, **p = 0.0029, 
N1–N11 = 3]DNC for MDA-MB-231 cells (Fig. 1D)).

Further, cancer cells were exposed to the different radia-
tion doses of gamma (2–8 Gy) and subjected to the assay 
after 48 h. No-significant differences between control and 
2 Gy, and control and 4 Gy were detected (Kruskal–Wal-
lis test followed by Dunn's multiple comparison test [H 
(4) = 13.03, ****p < 0.0001, N1–N5 = 3] for U87MG cells 
(Fig. 1E); and [H (4) = 12.97, ****p < 0.0001, N1–N5 = 3] 
for MDA-MB-231 cells (Fig. 1F)).

Logarithmically transformed various concentrations 
of DNC were plotted against normalized absorbance then 
IC50 was estimated 1.213 μM for U87MG (Fig. 1G) and 
1.239 μM for MDA-MB-231 cells (Fig. 1H). The results 
were converted to non-logarithmic values to define IC50 as 
16.33 μmol/L and as 17.34 μmol/L for the cells, respectively.

DNC demonstrated the radiosensitivity & synergistic 
effect

The radiosensitivity of the irradiated cells treated with 
10 μM DNC was assessed by clonogenic survival assay. 
Radiation dose-survival curves were plotted for U87MG 
(Fig.  2A) and MDA-MB-231 (Fig.  2B) cell lines and 
deducted that survival of the cells treated with DNC was 
lower than respective untreated cells. The linear-quad-
ratic (LQ) equation (Eq. 4) describes the chance of a cell 

Table 1   Primer sequences for 
real-time PCR

Genes Forward primer Reverse primer

GAPDH 5′-CCG​AGC​CAC​ATC​GCA​CAG​-3′ 5′- GGC​AAC​AAT​ATC​CAC​TTT​ACCAG-3′
p53 5′-CTG​AGG​TTG​GCT​CTG​ACT​GTACC-3′ 5′-ACA​CGC​ACC​TCA​AAG​CTG​TTC-3′
p21 5′-ACC​AGC​ATG​ACA​GAT​TTC​TACCA-3′ 5′-ACT​AAG​GCA​GAA​GAT​GTA​GAGCG-3′
MELK 5′-TTC​CCA​AGT​GGC​TCT​CTC​CCAG-3′ 5′-TCC​TCC​ATT​GTT​TGC​CTG​TTG​TTT​CT-3′
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surviving a single dose of radiation, where SF is the survival 
percentage and D is the exposure dose. Radiation survival 
curves present the data predicted with the linear-quadratic 
model, and α and β components are parameters describing 
the radiosensitivity as α reflects single hit damage while the 
β represents multiple hits. The α/β ratio is representative of 
a value in Gy at which the linear α and quadratic β contribu-
tions are equal; hence a high α/β ratio indicates more sensi-
tivity with increasing dose [43, 44]. The sensitizer enhance-
ment ratio or SER (Eq. 5) was defined as the ratio of the 
radiation dosage (D) necessary to decrease the survival frac-
tion to 50% in the absence of sensitizer to the dose required 
to achieve the same survival fraction with sensitizer [45]. 
SER value higher than 1.20 indicates radiosensitization.

The radiosensitization effect of DNC treatment on 
U87MG and MDA-MB-231 cell lines was evaluated 
using the formulas (Eq. 6), according to Valeriote and Lin 
(1975), and Carpentier (1993) [46, 47]. SFR is the surviv-
ing fraction of the cells treated by radiation alone, and 
SFDNC is the surviving fraction of the cells treated with 
DNC alone. SFR+DNC has presented the surviving fraction 
of the cells treated by DNC and gamma.

The results are presented in Tables 2, 3, indicating that 
DNC might attribute sensitivity to radiation in U87MG 
and MDA MB 231 cells and induce decreased survival 
of cancer cells compared to radiation alone. In our study, 
the effect of DNC at various doses of radiation was found 
synergistic and radiosensitizer.

DNC triggered cell cycle G2/M arrest

Flow cytometric analysis results depicted the accumulation 
of treated cells in different phases of the cell cycle after 48 h 
of treatment for both cell lines (Fig. 3A, B). Statistical analy-
sis revealed that DNC may effectively induce G2/M arrest 
(Kruskal–Wallis followed Dunn's post hoc test [H (3) = 6.0, 
p = 0.0667, N1–N4 = 2]G0/G1, [H (3) = 4.833, p = 0.1714, 

(4)SF = e − (�D + �D2)

(5)SER = D
50 (irradiation)∕D50 (irradiation & DNC)

(6)

Synergism ∶ SFR+DNC < SFR ∗ SFDNC

Additivity ∶ SFR+DNC = SFR ∗ SFDNC

Sub − additivity ∶ SFR+DNC > SFR ∗ SFDNC, withSFR+DNC < SFRandSFR+DNC < SFDNC

Antagonism ∶ SFR+DNC > SFRand∕orSFR+DNC > SFDNC

N1–N4 = 2]G2/M for U87MG cells (Fig. 3C); [H (3) = 6.167, 
*p = 0.0381, N1–N4 = 2]G0/G1, [H (3) = 6.0, p = 0.0667, 
N1–N4 = 2]G2/M for MDA MB 231 (Fig. 3D)).

DNC induced apoptosis in irradiated cells

To find whether the growth inhibitory effect of DNC and 
gamma was associated with apoptosis, U87MG (Fig. 4A) 
and MDA MB 231 (Fig. 4B) cells were incubated with 
Annexin V-FITC/PI and analyzed by flow cytometry. 
Cells showing up as Annexin V-/PI + were of dead cells 
(Q1). The cells were as lately (Q2) and early (Q3) apop-
totic cells were taken Annexin V + /PI + and Annexin V + /
PI−, respectively, whilst the (Q4) quadrant represents 
viable cells (Annexin V-/PI-). When DNC was used with 
gamma radiation, the fraction of apoptotic cells (early 
and late apoptotic cells) was greater than when DNC was 
used or gamma (Kruskal–Wallis test followed by Dunn's 
multiple comparison test [H (3) = 5.167, p = 0.1619, 
N1–N4 = 2]Dead for U87MG cells (Fig. 4C); [H (3) = 6.452, 
*p = 0.0190, N1–N4 = 2]Alive, [H (3) = 6.167, *p = 0.0381, 
N1–N4 = 2]Early Apoptotic, [H (3) = 5.5, p = 0.1143, 
N1–N4 = 2]Dead for MDA MB 231 cells (Fig. 4D)). The 
post hoc comparisons confirmed that DNC and gamma co-
treatment resulted in an increased number of dead cells as 
compared to DNC or irradiation alone.

Microscopy revealed morphological nuclear 
changes in apoptotic cells

Differential staining of U87MG cells after 48 h of expo-
sure to 10  μM DNC and 2  Gy gamma radiation with 
DAPI and AO/EB dyes visualized morphological hall-
marks of apoptosis. AO can penetrate the membrane of 
live cells; thus, these cells have circular nuclei in the 
center with green organized chromatin structures. EtBr 
which penetrated the cells with damaged membranes rep-
resented apoptotic or dead cells with orange-red fluores-
cence nucleus and condensed or fragmented chromatin 
structures. Cells with fragmented bright green nuclei or 
crescent-shaped condensed chromatin represented early 
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apoptotic cells, and orange nuclear-fragmented bodies 
resulting from nuclear shrinkage were of late apoptosis. 
The findings of fluorescence microscopy showed apop-
totic morphological characteristics such as cell shrinkage, 
membrane blebbing, chromatin condensation, nuclear 
fragmentation, and apoptotic bodies (Fig. 5A). Binucle-
ated cells with the integrity of chromosomes during divi-
sion represented the intact cells whereas treated cells out 
of DNA damages exhibited varied abnormal nuclear mor-
phologies: micronuclei; nucleoplasmic bridge; nuclear 
bud; and tail have appeared after treatment which pos-
tulated as unusual forms of nuclear in the dividing cells 
(Fig. 5B).

DNC altered expressions of cell cycle genes

The expression analysis of genes involved in prolifera-
tion and cell death (P53, P21, CCND1, and CCNB1) was 
performed to further elucidate the effects of the treatment 
at the molecular level. It was shown that the combined 
treatment with DNC and gamma radiation can induce 
increased expression of P53 and P21 genes and decreased 
expression of CCND1 and CCNB1 genes compared to 
the untreated group (Kruskal–Wallis followed Dunn's 
post hoc [H (3) = 10.66, **p = 0.0024, N1–N4 = 4]P53, 
[H (3) = 12.25, ***p = 0.0002, N1–N4 = 4]P21, [H 
(3) = 9.470, **p = 0.0078, N1–N4 = 4]CCND1, [H (3) = 8.754, 
*p = 0.0164, N1–N4 = 4]CCNB1 for U87MG (Fig.  6A); 
[H (3) = 13.25, ****p < 0.0001, N1–N4 = 4]P53, [H 
(3) = 11.44, **p = 0.0011, N1–N4 = 4]P21, [H (3) = 9.392, 

**p = 0.0060, N1–N4 = 4]CCND1, [H (3) = 7.948, *p = 0.0306, 
N1–N4 = 4]CCNB1) for MDA MB 231 cells (Fig. 6B).

Discussion

In recent decades, many studies have been done on the possi-
ble use of phytochemicals as radiosensitizers to improve the 
radiotherapeutic efficacy [48]. The importance of turmeric 
in medicine has been raised with the discovery that the dried 
rhizome of Curcuma longa is highly rich in phenolic com-
pounds described as curcuminoids which exhibit therapeutic 
activity against a number of diseases, which is attributed 
to the main active ingredient of turmeric, curcumin [49]. 
Curcumin (diferuloylmethane), the natural yellow pigment 
of turmeric, has been extensively studied, and there is evi-
dence that it can enhance the lethal effects of radiation and 
attenuate the withstanding effects of ionizing radiation in 
both models, in vitro and in vivo by a multifaceted mecha-
nism on the suppression of survival and induction of cell 
death pathways [50].

From a clinical standpoint, the primary concern related 
to radiotherapy is to minimize harm to surrounding nor-
mal tissues. Using a radiosensitizer can raise the death rate 
of cancer cells while also lowering the risk of injury and 
adverse effects from radiation, since the required dosage 
can be lowered. Targeting DNA damage response [51], pro-
survival signaling pathways [52], tumor hypoxia stat [53], 
and cell cycle progression [54] are the regular strategies 
for the development of radiotherapy efficacy and radiation 
sensitizers.

We assessed the radiosensitizing effects of DNC on 
human brain cancer cell line U87MG (P53 wild type) and 
human breast cancer cell line MDA-MB-231 (P53 mutant) 
and investigated whether it affects cell cycle progression 
and DNA damage-induced apoptosis after irradiation. Our 
findings demonstrated that DNC has radiosensitivity effects 
on cancer cells through increasing apoptosis and cell death 
rate, simultaneously decreasing cell viability and survival, 
culminating in cell cycle arrest following DNA damage and 
modifying the expression of some gatekeeper genes. Moreo-
ver, the therapeutic application of DNC following radiation 
was investigated and it was suggested it may behave as a 
radioprotective agent in combination with ionizing radiation 
in a dose-dependent manner [55, 56].

The results of the MTT assay showed a growth inhibitory 
effect of DNC on U87MG and MDA-MB-231 cell lines that 
are strongly associated with the duration of treatment, con-
centration, and the formulation used for curcumin delivery. 
Supportively, other studies indicate that curcumin formula-
tion could improve its efficacy, bioactivity, and bioavailabil-
ity [17, 57]. OA400 as the nano-carrier of curcumin in the 
formulation of DNC had no cytotoxic effect on the viability 
of the cells; on the contrary, it augmented the proliferation 

Fig. 1   DNC affected the viability of the cancer cells. Standard curve 
of absorbance versus cell density. X indicated the optimum number of 
cells per well relating to absorbance on the Y-axis; (A) R2 = 0.9052, 
(B) R2 = 0.8919. Toxicity effects of OA400, Curcumin, and DNC. 
Cells were subjected to different concentrations (10–100  μmol/L) 
of curcumin, DNC (dendrosomal nanoformulation of curcumin), 
and OA400 (Oleic Acid) for 48  h. Kruskal–Wallis test followed 
Dunn's post hoc test: (C) * p80μM = 0.0225; ** p90μM = 0.0075; 
** p100μM = 0.0023; ## p100μM = 0.0062, (D) * p80μM = 0.046; * 
p90μM = 0.010; ** p100μM = 0.002; ## p100μM = 0.0066. As the viability 
of the control group was considered 100%, its data are not depicted 
but considered in the statistical calculation. (N1–N11 = 3). Toxic-
ity effect of Gamma radiation. Cells were subjected to various dos-
ages of Gamma (2–8 Gy (Gray)—dose rate: 100 centigray per min-
ute) for 48 h. Kruskal–Wallis test followed Dunn's post hoc test: (E) 
* p = 0.0325; ** p = 0.0076, (F) * p = 0.0423; ** p = 0.0056. As the 
viability of the control group was considered 100%, its data are not 
depicted but considered in the statistical calculation. (N1–N5 = 3). 
Toxicity effect of combined treatment of DNC and Gamma. Cells 
were exposed to 2  Gy of gamma radiation and various dosages of 
DNC. All concentrations are provided as logarithmically trans-
formed values against the normalized quantity of absorbance in dose–
response curves. (G) IC50 = 1.213 μM, (H) IC50 = 1.239 μM; IC50: 
half-maximal inhibitory concentration

◂
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of the treated cells. The likely explanation is that OA400 is 
derived from oleic acid and may cause cell membrane exten-
sion during cell division. The observed inhibitory effect of 
treatment was found because of DNC or curcumin induction 
in which the effect of DNC was greater than curcumin with 
the same or higher concentration. However, in the present 
study, the proper statistical analysis was impossible due to a 
small sample size; therefore, some statistical effects may be 
underestimated. Although the concentration of DNC used 
in this research was lower than the determined IC50 value, 
our findings suggest that DNC could sensitize U87MG and 
MDA MB 231 cancer cells and decrease their survival when 
it is used jointly with 2 Gy of gamma radiation. The ability 
of a single cell to grow into a colony of cells, measured by 

clonogenic assay, is the principal endpoint in radiobiology. 
Survival probability analysis revealed that DNC might oper-
ate as a sensitizer enhancer after radiation. The calculation of 
sensitizer enhancement ratio (SER) in D50 (SF = 50%) then 
confirmed that DNC treatment attributed the SER = 1.83 to 
the irradiated U87MG cells and the SER = 1.47 to the irradi-
ated MDA MB 231 cells which both are greater than indica-
tive radiosensitization index (SER = 1.2).

The quantitative and morphological assessment of 
annexin V-FITC/PI staining, DAPI, and AO/EB staining 
indicated the induction of apoptosis in both cell lines, con-
siderably in U87MG cells. P53 is a master regulator gene 
in the maintenance of cellular genetic integrity, which is 
reported to be mutated in over 50% of cancer types resulting 

Fig. 2   DNC affected the surviving fraction in induced gamma cancer 
cells. Clonogenicity potential of the treated cells. Cells were treated 
with DNC (10  μmol/L) for 4  h, then exposed to gamma rays (2, 4, 

6, and 8 Gy—dose rate: 100 centigray per minute). Survival curves 
are representative of irradiated (IR) and DNC treated & irradiated 
(IR + DNC) groups of (A) U87MG cells, (B) MDA-MB-231 cells

Table 2   Survival fraction of 
U87MG and MDA MB 231 
cells

Radiation 
(Gy)

U87MG cells MDA MB 231 cells

SFR SFR+DNC SFR * SFDNC SFR SFR+DNC SFR * SFDNC

2 0.553814 0.362262 0.527921 0.530592 0.320271 0.519879
4 0.236294 0.073755 0.225246 0.169401 0.086370 0.165980
6 0.094067 0.022894 0.089669 0.062932 0.021308 0.061661
8 0.027480 0.005516 0.026195 0.023332 0.006119 0.022860

Table 3   The effect of 10 μM 
DNC combined with Gamma 
radiation

Cell lines—treatment α (Gy.−1) β (Gy.−2) α/β ratio (Gy) SF2 SER (SF = 50%)

U87MG—R 0.259553 0.023342 11.119569 0.553814 1.83
U87MG—R & DNC 0.553673 0.013860 39.947546 0.362262
MDA MB 231—R 0.369579 0.013824 26.734592 0.530592 1.47
MDA MB 231—R & DNC 0.566788 0.010506 53.948981 0.320271
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Fig. 3   Flow cytometry analysis of cell cycle. Histograms of the 
cell cycle. Distributed ratios of cells of different samples: Control 
(Ctrl), Gamma, DNC, DNCGamma in G0/G1, S, and G2/M cycles. 
(A) DNA content distribution of U87MG cells, (B) DNA con-

tent distribution of MDA-MB-231 cells. Analysis of cell cycle. The 
average percentage of cell count in G0/G1, S, and G2/M cycles. 
Kruskal–Wallis test followed Dunn's post hoc test: (C) *p = 0.0412; 
#p = 0.0412, (D) *p = 0.0247; #p = 0.0412. (N1–N4 = 2)
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Fig. 3   (continued)
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in resistance to apoptosis and sustained proliferation. This 
gene is involved in various cellular processes, including 
apoptosis, cell cycle arrest, and DNA repair [58].

DNC treatment was capable of causing a cell cycle arrest 
at the G2/M phase and trigger apoptosis in the U87MG cell 
line. It has been evidenced previously that antitumor activity 
of curcumin is related to its ability to induce G2/M cell cycle 
arrest and cell death since was already reported via FoxO1 
[59], and Wnt [60] signaling pathways, through induction 
autophagy (self-degradative process) by inhibition of the 
Akt/mTOR/p70S6K pathway and activation of the ERK1/2 
signaling pathway [61], by suppressing the PI3K/AKT and 
NF-κB/COX-2 signaling pathways [62], through up-regula-
tion of DUSP-2 expression and inhibition of ERK and JNK 
phosphorylation [63], by activation of Bcl-2-mediated G2 
checkpoint [64], through influencing NF-κB, UPR, and Akt/
Notch pathways [65], and via interfering with SHH/GLI1 
signaling [66] in U87MG cells.

In MDA MB 231 cells, DNC treatment induced a cell 
cycle arrest in the G2/M phase and began the cell death pro-
cess. This effect has been previously attributed to autophagy-
dependent Akt degradation in PI3K/Akt signaling pathway 
[67], inhibition of EGFR expression [68], silencing EZH2 
and restoring DLC1 expression [69], decreasing of CDC25 
and CDC2 and increasing of P21 protein levels, as well 
as inhibition of the phosphorylation of Akt/mTOR [70], 
deregulating the expression of cyclin D1, PECAM-1, and 
P65, which are regulated by NF-κB [71], inhibiting Skp2-
mediated P27 ubiquitination in Her2/Skp2-overexpressing 
cancer cell lines [72], down-regulating Bcl-2 level while up-
regulating Bax, cleaved-caspase3 and PARP levels [73] in 
MDA-MB-231 cells.

Supportively, our data showed that DNC and gamma 
treatment could up-regulate the expression of P53 and P21 
and down-regulate the expression of CCND1 and CCNB1 
genes. One of the main functions of P53 is controlling DNA 
replication in response to DNA damage by regulating p21 
protein through the activation of the P53-P21 pathway [74], 
or independently [75]. Consistent with our findings, it was 
identified that curcumin can up-regulate apoptosis-inducing 
genes such as P53 and P21 [76], and down-regulate pro-
survival genes such as cyclin D1 [77], and cyclin B1 [78].

Further assessments such as DNA repair assays are sug-
gested to examine the effects of DNC treatment before or 
after irradiation. The findings of the present research should 
be interpreted with caution, not only because of the small 
size of the study that made the correct statistical analysis 
deduction impossible, but also because of the limited num-
ber of studied cell lines that is not large enough to generalize 
the effects and results.

Conclusions

The study shows that DNC may enhance the damaging 
effects of gamma radiation on cancer cells when used as 
a radiosensitizer. Regarding the elucidated antioxidative, 
anti-inflammatory, and anticancerous effects of curcumin 
and its safe application and low cost, DNC might be figured 
as a promising adjuvant agent to augment radiotherapeutic 
efficacy in the treatment of various malignancies.

Fig. 3   (continued)
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Fig. 4   Flow cytometry analysis of apoptosis. Histograms of apop-
tosis. Apoptosis ratios of cells of different samples: Control (Ctrl), 
Gamma, DNC, DNCGamma in different quartiles (Q): Q1 quadrant 
represents dead cells (PI + & Annexin-); Q2 quadrant shows cells 
that are in late apoptosis (PI + & Annexin +); Q3 quadrant represents 
cells in early apoptosis (PI- & Annexin +); Q4 quadrant is the indica-

tive quadrant for viable cells (PI- & Annexin-). (A) DNA content of 
U87MG cells, (B) DNA content of MDA-MB-231 cells. Analysis of 
apoptosis. The average percentage of alive (Q4), apoptotic (Q3), and 
dead (Q1 + Q2) cells. Kruskal–Wallis test followed Dunn's post hoc 
test: (C) #p = 0.0247, (D) *p = 0.0137; $p = 0.0247; #p = 0.0247. (N1–
N4 = 2)
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Fig. 5   Cell and nuclear morphological changes of apoptotic cells. 
Dual AO/EB staining & DAPI staining. (A) Live cells; green cir-
cular organized chromatin structures, early apoptotic (EA) cells; 
yellowish-green crescent-shaped or granular bright green nuclear on 
one side, late apoptotic (LA) cells; orange nucleus with condensed or 
fragmented chromatin structures, dead cells; orange-red condensed 
chromatin structures. Morphological changes of late apoptosis are 

marked as membrane blebbing (MB) and chromosome condensation 
(CC). Olympus GX51 inverted microscope (40×). (B) Micronuclei; 
a biomarker of chromosome breakage or loss, nucleoplasmic bridge; 
a biomarker of DNA misrepair or telomer end-fusions, nuclear bud; 
a biomarker of elimination of amplified DNA or DNA repair com-
plexes [79], and nuclear tail; a biomarker of the nuclei protrusion into 
the cytoplasm owing out of dicentric chromosomes [80]
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