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Abstract: Curcumin, a bioactive polyphenol, is known to have anticancer properties. In this study,
the effectiveness of curcumin pretreatment as a strategy for radio-sensitizing glioblastoma cell
lines was explored. For this, U87 and T98 cells were treated with curcumin, exposed to 2 Gy or
4 Gy of irradiation, and the combined effect was compared to the antiproliferative effect of each
agent when given individually. Cell viability and proliferation were evaluated with the trypan blue
exclusion assay and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The synergistic effects of the combination treatment were analyzed with CompuSyn software. To
examine how the co-treatment affected different phases of cell-cycle progression, a cell-cycle analysis
via flow cytometry was performed. Treatment with curcumin and radiation significantly reduced
cell viability in both U87 and T98 cell lines. The combination treatment arrested both cell lines at the
G2/M phase to a higher extent than radiation or curcumin treatment alone. The synergistic effect of
curcumin when combined with temozolomide resulted in increased tumor cell death. Our results
demonstrate for the first time that low doses of curcumin and irradiation exhibit a strong synergistic
anti-proliferative effect on glioblastoma cells in vitro. Therefore, this combination may represent an
innovative and promising strategy for the treatment of glioblastoma, and further studies are needed
to fully understand the molecular mechanism underlying this effect.

Keywords: curcumin; glioblastoma cells; radiation

1. Introduction

Glioblastoma is the most common and severe Central Nervous System (CNS) tumor
accounting for 45.6% of all primary malignant brain tumors [1,2]. In spite of intensive
clinical investigation, the median survival remains around 15 months, and recurrence is
almost universal since the tumor shows significant resistance to all existing therapeutic
approaches. Many chemotherapeutic agents have been used against glioblastoma, includ-
ing temozolomide (TMZ) [3,4]. Chemoresistance has been proven to be a major challenge
for successful treatment, and several different chemoresistance mechanisms have been
investigated and reported [5]. The presence of the blood–brain barrier and the highly
aggressive infiltration of glioblastoma into the surrounding tissues has, so far, surmounted
effective treatment [6].
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Multiple epidemiological studies have explored the role of natural compounds in the
development, progress, and survival of cancer cells [7]. Several natural compounds known
for their antioxidant and chemotherapeutic properties, including soy, curcumin, resveratrol,
and retinoids, have been reported as possible therapeutic compounds against glioblas-
toma [8]. Curcumin is a polyphenol extracted from the rhizome of the plant Curcuma
longa, which belongs to the Zingiberaceae family. Curcumin has exhibited a prominent
role in the treatment of several health conditions, including metabolic syndrome, inflam-
matory disorders, neurodegenerative diseases, as well as different types of cancer [9–11].
The majority of the antitumor effects of curcumin include cell-cycle arrest, inhibition of
oncogenes, and increased apoptosis of cancer cells [12]. Curcumin’s antiproliferative effects
are related to different molecular pathways, such as nuclear factor κB (NF-κB), Akt, and
Wnt/β-catenin [13–15]. NF-κB is overexpressed in GBM and its deregulation is related to
increased tumor growth and cell cycle progression, whereas the Wnt/β-catenin pathway
affects cell proliferation, differentiation, and tumorigenesis [16,17]. Curcumin has been
found to suppress the NF-κB signaling pathway through the blockage of constitutive Akt
and JNK activation [18]. Moreover, through inhibition of the WNT/β-catenin pathway,
curcumin can decrease the expression of cyclin D1 and thus inhibit the development and
proliferation of gliomas [19]. The utilization of curcumin is associated with certain limita-
tions, including poor oral bioavailability, rapid metabolism, and elimination. However, the
use of nanotechnology drug-delivery systems such as liposomes, nanoparticles, or micelles
can help overcome those limitations [20]. Furthermore, the molecular weight of curcumin
is 368.38 Daltons and is thus able to cross the blood–brain barrier (BBB) (Figure 1).
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Figure 1. Structure of curcumin. It was drawn using ChemSpider, an online free chemical structure
database.

Since radiotherapy belongs to the standard treatment of glioblastoma (GBM) patients,
the radiosensitizing potential of curcumin in human glioma cells is worth taking note
of. Both the dose range and timing of curcumin administration when combined with
irradiation are important. The present study was designed to investigate the antitumor
effects of curcumin, both alone and in combination with radiotherapy in glioblastoma
cell lines. Our results suggest that the co-treatment of curcumin and radiation resulted in
significant cell death and inhibited cell growth more effectively than either single treatment
did.

2. Results
2.1. Curcumin Inhibits Glioblastoma Cell Proliferation

The effects of curcumin on cell viability are displayed in Figure 2. The IC50 value of
curcumin determined after 72 h post-treatment was 10 µM in U87 cells and 13 µM in T98.
To further delineate the effects of curcumin on cell proliferation, Crystal Violet staining of
U87 and T98 cells was performed and photos using phase-contrast microscopy were taken
at 72 h. Increasing concentrations of curcumin induced changes in the morphology of both
cell lines, including cell shrinkage, indicating cell death (Figure 3a,b).



Biomedicines 2021, 9, 1562 3 of 14
Biomedicines 2021, 9, x FOR PEER REVIEW 3 of 14 
 

 

Figure 2. Cytotoxic effect of curcumin on glioblastoma cell lines U87 and T98 at 72 h. Values shown are the means and standard 

deviations from three independent experiments and are normalized to non-treated cells (p < 0.05 vs. control). The IC50 values 

were determined using the non-linear regression analysis model of GraphPad Prism Version 8. 

 

Figure 3. Morphological changes in U87 (a) and T98 (b) cell populations after treatment with crystal violet staining (0.2% 

Crystal Violet) (Scale bars = 50 μm). Images were recorded at 10× magnification. Cells were seeded in 6-well plates and 24 

h later exposed to increasing curcumin concentrations. Crystal violet solution was added 48 h later and the cells were 

incubated at room temperature for 2–3 min. The excess crystal violet was removed, and plates were washed twice and left 

overnight to dry. 

2.2. Combinatorial Effect of Curcumin and Irradiation on Glioblastoma Cells 

Curcumin was used in concentrations ranging from 5–25 μΜ and 3.25–26 μΜ in U87 

and T98 cells, respectively, whereas radiation was given in doses of 2 or 4 Gy. The effect 

of curcumin in combination with radiation is summarized in Tables 1 and 2. In U87 cells, 

curcumin and radiation exerted synergism in the majority of tested combinations, and the 

highest synergy was monitored when curcumin was given at its IC50 value, namely 10 

μΜ. In T98 cells, the highest levels of synergy were observed at higher curcumin concen-

trations, particularly at 26 μΜ, possibly due to the resistance of those cells to both chem-

otherapy and radiotherapy. Overall, curcumin and radiation exhibited a strong synergis-

tic relationship in both cell lines, except for some mild antagonistic behavior at lower cur-

cumin concentrations, 5 μΜ in U87 cells and 6.5 and 13 μΜ in T98 cells, possibly due to 

Figure 2. Cytotoxic effect of curcumin on glioblastoma cell lines U87 and T98 at 72 h. Values shown
are the means and standard deviations from three independent experiments and are normalized
to non-treated cells (p < 0.05 vs. control). The IC50 values were determined using the non-linear
regression analysis model of GraphPad Prism Version 8.
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Figure 3. Morphological changes in U87 (a) and T98 (b) cell populations after treatment with crystal violet staining (0.2%
Crystal Violet) (Scale bars = 50 µm). Images were recorded at 10× magnification. Cells were seeded in 6-well plates and
24 h later exposed to increasing curcumin concentrations. Crystal violet solution was added 48 h later and the cells were
incubated at room temperature for 2–3 min. The excess crystal violet was removed, and plates were washed twice and left
overnight to dry.

2.2. Combinatorial Effect of Curcumin and Irradiation on Glioblastoma Cells

Curcumin was used in concentrations ranging from 5–25 µM and 3.25–26 µM in U87
and T98 cells, respectively, whereas radiation was given in doses of 2 or 4 Gy. The effect
of curcumin in combination with radiation is summarized in Tables 1 and 2. In U87 cells,
curcumin and radiation exerted synergism in the majority of tested combinations, and
the highest synergy was monitored when curcumin was given at its IC50 value, namely
10 µM. In T98 cells, the highest levels of synergy were observed at higher curcumin
concentrations, particularly at 26 µM, possibly due to the resistance of those cells to both
chemotherapy and radiotherapy. Overall, curcumin and radiation exhibited a strong
synergistic relationship in both cell lines, except for some mild antagonistic behavior at
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lower curcumin concentrations, 5 µM in U87 cells and 6.5 and 13 µM in T98 cells, possibly
due to the inability of curcumin to sensitize glioblastoma cells to the cytotoxic effects of
irradiation at lower doses; however, further studies are needed.

Table 1. Assessment of combinatorial effect of curcumin and radiation in U87 cells. CI was deter-
mined by CompuSyn software.

Curcumin (µM) Radiation (Gy) Effect CI Conclusion

5 2 0.3 1.14445 Antagonism
10 2 0.85 0.6062 Synergism
15 2 0.86 0.84063 Synergism
20 2 0.92 0.84358 Synergism
25 2 0.94 0.91683 Synergism
5 4 0.43 1.15321 Antagonism
10 4 0.86 0.66052 Synergism
15 4 0.89 0.81149 Synergism
20 4 0.92 0.89425 Synergism
25 4 0.93 1.02773 Antagonism

Table 2. Assessment of combinatorial effect of curcumin and radiation in T98 cells. CI was determined
by CompuSyn software.

Curcumin (µM) Radiation (Gy) Effect CI Conclusion

3.25 2 0.44 0.74507 Synergism
6.5 2 0.49 1.0575 Antagonism
13 2 0.74 1.04795 Antagonism
26 2 0.95 0.71409 Synergism

3.25 4 0.48 0.97007 Synergism
6.5 4 0.53 1.22819 Antagonism
13 4 0.68 1.38199 Antagonism
26 4 0.97 0.53544 Synergism

The graphical representation of the combinatorial effect of curcumin and radiation is
also presented via the dose–effect curves and combination index plots that were created
using CompuSyn software for U87 (Figure 4a,b) and T98 (Figure 5a,b) cell lines.
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Figure 5. Graphical presentations obtained from the CompuSyn Report for the curcumin and
radiation combination in T98 cells. (a) Dose–effect curve; (b) combination index plot.

For each drug combination, CompuSyn calculates the dose–reduction index where
DRI > 1 and <1 indicate a favorable and not favorable dose–reduction, respectively, and
DRI = 1 indicates no dose-reduction. As seen in Figure 6, in both U87 (a) and T98 (b)
cell lines, most combinations of curcumin and radiation show a favorable dose–reduction
(DRI > 1).
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2.3. Curcumin Enhanced the Radiation-Induced G2/M Arrest in Glioblastoma Cells

Since curcumin treatment in combination with radiation brought significant cyto-
toxicity in both U87 and T98 cell lines, it was important to explore how the combination
treatment affected different phases of cell-cycle progression. For this, a flow cytometric
analysis with DNA staining dye, propidium iodide (PI), was performed. Cell cultures
were treated with increasing curcumin concentrations for 72 h. At 72 h, the cells were
stained with PI and the DNA content was calculated. Curcumin induced both an S and
G2/M arrest in U87 and T98 cells when given alone. Interestingly, when cells were treated
with IC50 and 2IC50 concentrations of curcumin along with 2 Gy of radiation, the per-
centage distribution of the cells in the G2/M phase was enhanced considerably in both
U87 (Figure 7) and T98 (Figure 8) cell lines. Specifically, when U87 cells were treated with
20 µM of curcumin, followed by 2 Gy, the percentage distribution of cells in the G2/M
phase (20.9%) was enhanced significantly compared to treatment with curcumin alone
(13%), under the same conditions. Accordingly, in the T98 cell line, treatment with 15 µM
of curcumin, followed by 2 Gy, resulted in a higher-percentage distribution of cells in
the G2/M phase (22.9%) compared to treatment with 15 µM of curcumin alone (13.5%).
Since the G2/M phase is arrested as a result of DNA damage, the above results show that
curcumin may be enhancing the damaging effects of radiation.
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observed. Curcumin and radiation co-treatment induced G2/M arrest in glioblastoma cells.

2.4. Curcumin and Temozolomide Exhibited Synergistic Anti-Proliferative Effect on Glioma Cells

Prior to examining the synergistic effect of curcumin and TMZ, the effective dose for
TMZ was determined using the trypan blue exclusion assay. U87 cells were seeded at a
density of 104 in 24-well plates for 24 h and then increased concentrations of TMZ were
added. The cells were incubated for another 72 h, at the end of which trypan blue dye was
added to each well. The cytotoxic effects of TMZ in U87 cells are presented in Figure 9.
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Figure 9. Cytotoxic effect of temozolomide on glioblastoma cell line U87. The IC50 value for
temozolomide was calculated at 80 µM with an R2 = 0.9814.

To determine the synergism or antagonism of the combination of curcumin and TMZ
in U87 cells, curcumin was used in concentrations ranging from 2.5–20 µM in U87, whereas
TMZ was given in concentrations ranging 20–160 µM. Combination therapy was carried
out in a constant ratio of 1:8 (cur: TMZ) and the combined effect of the two drugs factors
was compared with the effect of each drug separately. Curcumin and TMZ exerted strong
synergism in all combinations tested (CI < 1). When given together, a favorable dose–
reduction effect was observed for both drugs on each combination point (DRI > 1). Both
combination index and dose–reduction plots were developed with the use of CompuSyn
(Figure 10a,b).
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temozolomide combination in U87 cells. (a) Combination index plot; (b) dose–reduction plot.

2.5. Zebrafish Lethal Concentration Determination

The toxic effect is induced in a concentration-dependent manner. The mortality rate
rises as the concentration increases. The lethal dose was LC50 = 20.89 µM, while LC25 and
LC75 were 18.50 µM and 23.35 µM, respectively (Figure 11).
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3. Discussion

Glioblastoma is the most common and severe tumor of the CNS [1]. Many chemother-
apeutic agents have been used against glioblastoma, including TMZ [3]. Radiotherapy
and chemotherapy belong to the standard treatment of glioblastoma, following surgical
resection. However, both chemo and radio resistance has been proven to be a major chal-
lenge for the successful treatment of GBM. Researchers have attempted to identify novel
radiosensitizers to achieve better clinical outcomes, including natural compounds.

Curcumin is a natural polyphenol that has been used for centuries in traditional
Chinese medicine in the treatment of allergies, infections, and respiratory disorders [21].
In recent years, phytochemicals, and curcumin in particular, have garnered the interest of
various scientific groups worldwide in both experimental and pre-clinical studies for their
effects on different types of cancer.

The present study unveiled that curcumin and radiation are an effective combination
in the treatment of glioblastoma in vitro. Curcumin inhibited cell proliferation and caused
cell-cycle arrest in both U87 and T98 cell lines. When combined with irradiation, its
anti-proliferative properties were further enhanced. In a zebrafish model, no significant
mortality was observed at curcumin concentrations of up to 18 µM. Since glioblastoma is
difficult to cure via neurosurgery or radiotherapy alone, the combination of curcumin and
radiation could be a potentially promising treatment.

In previous studies, curcumin was investigated for its ability to exert radiosensitizing
effects on different cell types. Kunwar et al. examined the cellular uptake of curcumin and
confirmed that cancer cells (T cell lymphoma of murine origin and human breast cancer
cells) showed relatively higher uptake of curcumin compared to normal cells (mouse spleen
lymphocytes and fibroblast cells) [22]. Zanotto-Filho et al. studied the effects of curcumin
on the proliferation of glioblastoma cell lines in vitro, as well as in a preclinical model
in vivo. Curcumin induced cell death and inhibited proliferation in four glioma cell lines
at IC50 values of 19–28 µM. In vivo, curcumin reduced the size of intracranially growing
tumors in rats, and showed no evidence of toxicity in healthy tissues [23]. Rodriguez
et al. investigated the role of curcumin in glioblastoma, analyzing 19 in vitro and 5 in vivo
studies. All studies showed that curcumin induced cell death through a series of molecu-
lar mechanisms, including the activation of apoptotic pathways via caspace-3, p21, and
p53 [24].

Glioblastoma remains the most aggressive and invasive primary brain tumor in
adults. Current treatment includes surgical excision, followed by chemotherapy and
radiotherapy. However, despite aggressive treatment, recurrence is, in most cases, an
inevitable event [2]. The presence of BBB is an important contributor to glioblastoma’s
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resistance to chemotherapy. Curcumin, theoretically, can pass through the BBB thanks to
its relatively low molecular weight and lipophilic nature. [10] In most of the studies carried
out on animals, curcumin was given orally [25]. In rats, after oral administration of a 2 g/kg
dose, curcumin reached a maximum serum concentration of 1.35 µg/mL. However, when
the same dosage was given to humans, the serum levels of curcumin were extremely low
(0.006 µg/mL). When mice were given 50 mg/kg curcumin orally, a brain concentration
lower than the limit of detection was observed 60 or 120 min after administration [26]. On
the contrary, when mice were fed for up to 4 months with curcumin (2.5–10 mg/day orally),
they showed 0.5 µg/g brain tissue [27]. The low absorption rate, its rapid metabolism,
and systemic elimination are the major obstacles that deprive it from reaching satisfactory
serum levels in humans after oral administration [28].

Radiotherapy remains a significant part of every treatment regimen against glioblas-
toma; however, it has not been used thoroughly in the investigation of combination treat-
ments for GBM [29]. The possible photosensitizing effects of curcumin in vitro have been
explored by a few scientific groups. Jamali et al. examined the effects of curcumin on the
DKMG human cell line when given along with photodynamic therapy (radiation dose
60 J/cm2). Their results indicated an important curcumin dose–reduction in cell prolifera-
tion [30]. Back in 2007, Dhandapani et al. investigated the combinatorial effects of curcumin
and irradiation. In their study, they treated two glioma lines, U87 and T98, with curcumin
alone at a concentration of 25 µM, irradiation alone (5 Gy using a 137Cs γ-cell-40 Exactor),
and their combination. They observed that a synergistic effect of curcumin and radiation
existed in both cell lines as a result of the inhibition of anti-apoptotic gene expression
and that the maximum% cell death induced by this combination was about 60% [18]. In
the present study, we found that the combination of curcumin and radiation can induce
cytotoxicity of up to 94% and 95% for the U87 and T98 cell lines, respectively, accompanied
by favorable dose–reduction. For glioblastoma, based on the pivotal phase 3 trial published
in 2005, standard treatment includes 60 Gy in 2 Gy fractions delivered over 6 weeks [31].
Taking into account our previous studies as well, and in order to follow the standard
treatment protocol, we used a dose of 2 or 4 Gy using X-rays generated by a linac 6 MV
accelerator [32]. The most prominent synergistic effect was observed when curcumin was
given at its IC50 value, namely 10 µM for the U87 cell line, whereas for the more-resistant
T98 cell line, a concentration of 26 µM demonstrated the highest synergy. In both cases,
2 Gy of radiation was enough to produce that strong synergetic effect.

Curcumin induced G2/M cell-cycle arrest when given alone and that effect was further
enhanced when combined with irradiation. Back in 2015, Zhang et al. investigated the
potent radiosensitizing effects of curcumin on U87 human glioma cells in vivo. Nude
mice bearing subcutaneous U87 xenografts were treated with 50 mg/kg of curcumin and
exposed to 5 Gy of irradiation. The results showed that curcumin significantly increased the
radiosensitivity of U87 cells in vivo via the enhancement of the dual-specificity phosphatase
(DUSP-2) pathway [33]. The exact molecular mechanisms of the radiosensitization of
curcumin are still under investigation; however, it is known that drugs that produce G2/M
arrest are potent radiosensitizers [34]. When DNA damage occurs, the DNA damage
checkpoint is activated, which involves ATM kinase activation and autophosphorylation at
Ser1981. This can induce cell-cycle arrest to delay the proliferation of cancer cells. Since
cells in the G2/M phase are more sensitive to radiation, this arrest may be a significant
strategy in the treatment of GBM [35]. In the present study, we found that low doses of
curcumin increased the number of cells undergoing G2/M phase arrest. Radiation can also
result in G2/M phase arrest and apoptosis. Thus, the addition of curcumin can induce the
transformation of cancer cells into a more radiosensitive status. When curcumin was given
with TMZ, which is the major chemotherapeutic drug against glioblastoma, a synergistic
anti-proliferative effect on both cell lines was also observed. Therefore, a combinatorial
treatment using curcumin, temozolomide, and low doses of irradiation may be a promising
future treatment option. Preclinical studies on the combinatorial effect of curcumin and
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radiation are depicted in Table 3. Our current results show that a combinatorial treatment
using curcumin and low doses of irradiation may be a promising future treatment option.

Table 3. Studies on the combinatorial effect of curcumin and irradiation in different in vitro and in vivo GBM models.

In Vitro/In Vivo Effect Mechanism of Action Dosing/Duration References

Synergetic effect of curcumin
when combined with

irradiation on T98G and
U87MG cells in vitro

Decrease in anti-apoptotic
gene expression

25 µM curcumin 6 h prior to 5 Gy
radiation Dhandapani et al. [18]

In vivo radiosensitization of
U87 glioma xenografts in vivo

Upregulation of DUSP-2,
inhibition of ERK/JNK

phosphorylation

50 mg/kg plus irradiation (5 Gy)
every 2 days, curcumin 2 h prior to

radiation
Zhang et al. [33]

No radiosensitizing effect of
curcumin on cell viability in

U251 glioma cells in vitro

Clonogenic cell survival in
U251 cells is reduced after

96 h at doses exceeding 5 µM

5 µM curcumin 72 h prior to 1–6 Gy
single dose Sminia et al. [36]

The present study has several limitations. Following repeated intake of curcumin in
humans, plasma concentrations have been found to be relatively low, peaking at approxi-
mately 2 µM [37]. Mean intratumoral concentrations of curcumin have been reported to
be around 0.15 µM after oral administration [38]. Novel technical approaches to increase
the bioavailability of curcumin include encapsulation in nanoparticles, the use of liquid
micelles, or micronized powder [39,40]. Moreover, evaluating the combined effects of cur-
cumin and radiation 72 h after treatment may be preliminary and may require additional
experiments, including a colony-forming assay where the effects on cell viability are more
prominently observed 10–14 days after treatment [41]. Therefore, further experiments
are needed to fully determine the degree of synergy between curcumin and radiation in
glioblastoma cells. Although we found synergistic anti-cancer effects of curcumin and radi-
ation in cultured glioblastoma cells lines, the mechanistic details of glioblastoma growth,
proliferation, invasion, and metastasis in animal or human brains are much more complex.
For this reason, a complete understanding of the mechanism of the combined effects of
curcumin and radiotherapy will require additional experiments in animals to optimize the
therapeutic strategy prior to clinical use.

In summary, this study is the first to demonstrate that co-treatment of curcumin and
radiation shows higher inhibitory effects compared to their individual administration and
results in a more prominent G2/M arrest in the cell cycle of both U87 and T98 cell lines.
Given that glioblastoma is a highly heterogenic tumor, difficult to treat, with the additional
obstacle of the presence of BBB, the need for novel and effective anti-cancer drugs is a
clearly unmet clinical need. Further studies will be necessary to better understand the
synergistic effects of curcumin and radiation on glioblastoma treatment and validate our
results in glioma xenograft models prior to clinical trials.

4. Materials and Methods
4.1. Cell Lines and Treatment Conditions

The human glioma cell line T98 was obtained from ATCC (Manassas, VA, USA),
whereas the U87 cell line was obtained from Dr W.K. Alfred Yung (Department of Neuro-
Oncology, M.D. Anderson Cancer Center, Houston, TX, USA). Both cell lines were cultured
in Dulbecco’s Modified Eagle’s Medium (Gibco BRL, Life Technologies, Grand Island, NY,
USA), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin
(Gibco BRL). Both cell lines were incubated in a humidified atmosphere regulated at 5%
CO2 and 37 ◦C. The medium was changed every three days. Curcumin (Sigma Aldrich,
St. Louis, MO, USA) was dissolved in DMSO to a stock concentration of 36 mM and stored
at 4 ◦C. TMZ (Sigma Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide and
stored as a stock solution of 103 mM at 4 ◦C. Before each experiment, curcumin and TMZ
were diluted from their stock solution to the final concentration with a culture medium.
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Less than 1% of DMSO was present in the final volumes of each experiment. Cultures of
glioma cells were treated with curcumin alone or in combination with radiotherapy or
TMZ.

4.2. Viability Assay

Cultures of human glioma cells were treated with curcumin in concentrations of 1, 5,
10, 15, 20, 40, and 60 µM for the U87 cell line and in concentrations of 1, 5, 10, 15, 20, 40, 60,
and 80 µM for the T98 cell line. Cell viability was evaluated by the Trypan Blue exclusion
assay and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma
Aldrich, St. Louis, MO, USA assay) [42,43]. A Trypan Blue exclusion assay was performed
in 24-well plates where 10,000 cells were seeded, and after 24 h, were exposed to increasing
concentrations of curcumin. Cell viability was determined at 72 h with the use of a phase-
contrast microscope. For the MTT assay, 2000 cells were seeded in 96-well plates, and after
24 h, were exposed to the same increasing concentrations of curcumin. The cells were
incubated for another 72 h and then MTT was added. The amount of MTT-formazan was
determined at 570 nm. Both methods were performed three times, and the results presented
are the mean of the three. Changes in cell proliferation were also continuously determined
with the use of a phase-contrast microscope. The Trypan Blue assay was also used for the
determination of cell viability in U87 cells after exposure to increased concentrations of
TMZ.

4.3. Crystal Violet Assay

The crystal violet assay was used to further determine cell proliferation in both U87
and T98 cell lines after exposure to increased curcumin concentrations. Cells were seeded at
a density of 105 per well in 6-well plates, and after 24 h, curcumin was added in increased
concentrations. The cells were incubated for 48 h, washed twice with phosphate-buffered
saline (PBS), and further incubated for 2–3 min with the Crystal Violet Solution 0.2% (0.2 g
Crystal Violet Powder, MERCK, MA, USA) in 80 mL of ddH2O and 20 mL Methanol. Plates
were then rinsed with running water and left overnight to dry. Pictures of each well-plate
were taken the next day with the use of phase-contrast microscopy.

4.4. Flow Cytometric Analysis of DNA Cell Cycle

Cells (104) were treated with increased concentrations of curcumin alone or in combi-
nation with radiation. Untreated cells were used as a negative control with 1% of DMSO.
At least three independent experiments were performed, and all samples were run in
triplicates. Flow cytometric analysis was performed on day 5. For the DNA cell cycle, cells
were treated with trypsin, centrifuged, washed well with PBS, and then incubated with
PI-working solution (50 µg/mL PI, 20 mg/mL RNase A, and 0.1% Triton X-100) for 20 min
at 37 ◦C in the dark. With the use of a flow cytometer (FACScalibur, BD Biosciences, San
Jose, CA, USA), the PI fluorescence of 10,000 individual nuclei was determined. Using the
CellQuest software program (BD Biosciences, CA, USA), the fractions of cells in G0/G1, S,
G2/M, and sub-G0/G1 phases were analyzed [44].

4.5. Combination Treatment with Curcumin and Radiation

Cells (104) were treated with different concentrations of either curcumin alone or a
combination of curcumin and radiation. U87 and T98 cells were cultured in 24-well plates
and after 24 h were treated with curcumin. After 2 h, the cells were irradiated at 2 Gy or
4 Gy as described previously [32]. Cell viability was determined using the Trypan Blue
exclusion assay at 72 h. The combinatorial effect of curcumin and radiation was evaluated
using the combination index method of Chou and Talalay [45]. Curcumin was used in
concentrations of 5, 10, 15, 20, and 25 µM for the U87 cell line and at concentrations of 3.25,
6.5, 13, and 26 µM for the T98 cell line. Two different doses of irradiation were used in both
cell lines, 2 and 4 Gy. A total of 10 and 8 different combinations with three replicates per
condition were used for the U87 and T98 cell lines, respectively. The affected fraction of
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cells after treatment with curcumin alone, irradiation alone, or different combinations of
those two was calculated, and the dose–effect curves were generated. The Combination
Index (CI) was determined using CompuSyn software (Compusyn, Inc., Paramus, NJ, USA).
The CI value determines the effect of the combination treatment. A CI < 1 is considered
synergistic, a CI = 1 is considered additive, and a CI > 1 is considered antagonistic [46].

4.6. Combination Treatment with Curcumin and Temozolomide

Cells (104) were treated with different concentrations of either curcumin, TMZ, or a
combination of curcumin and TMZ. U87 cells were cultured in 24-well plates and after
24 h were treated with curcumin and/or TMZ, and the Trypan Blue exclusion assay
was performed at 72 h. The dose–effect parameters of each drug alone or in different
combinations were automatically determined from the median-effect equation created by
CompuSyn software.

4.7. Zebrafish
4.7.1. Zebrafish Housing and Husbandry

Adult zebrafish of the wild-type strain (AB) were maintained in a colony room in
a recirculated system at 28 ± 1 ◦C, pH 6.5–7.5, conductivity 500 ± 50 µS cm−1 with
a 14-h light/10-h dark photoperiod (lights on at 8:00 a.m.). Feeding of the fish was
performed twice per day following common practices (with zebrafish feed). Sexually
mature zebrafish (at least three-months old) were used for spawning. Embryos were
collected and pooled into a standard zebrafish E3 culture medium (5 mmol/L NaCl,
0.33 mmol/L CaCl2, 0.33 mmol/L MgSO4·7H2O, and 0.17 mmol/L KCl).

4.7.2. Zebrafish Toxicity Testing

The collection of zebrafish embryos was performed at the beginning of the 14 h light
cycle following the mating procedure that took place overnight. After the inspection of the
embryos, those that were unfertilized or showed significant malformation were removed,
and the dechorionation process followed at 24 hpf. The dechorionated embryos were
placed in 24-well culture plates (2 embryos per well, 1.5 mL of solution per well) and each
experiment was performed in triplicate. In the current study, five different concentrations
of curcumin were tested (0, 15, 18, 22, 25, 30 µM). In total, 248 embryos were studied, of
which 48 per each concentration were in the control group.

4.7.3. Lethal Concentration (LC50) Determination

Preliminary tests were performed in order to evaluate the full 0–100% range of mor-
tality. The concentration range was 15 to 30 µM. Toxicity assays (LC50 calculation) and
confidence intervals (LC25 and LC75) were determined based on cumulative mortality at
the end of the experiment.

4.8. Statistical Analysis

All results are presented as the mean ± standard deviation (SD). IC50 values were
determined with the use of GraphPad Prism software (v. 8.0.0, San Diego, California USA,
Trial Version) through regression analysis. Multiple comparisons of groups were analyzed
using two-way ANOVA with the post hoc Tukey test. Parameters of LC50 were assessed
using a regression Probit analysis (the chi-square test, Pearson goodness of fit test, and 95%
confidence interval). Analyses were performed using SPSS statistical software v26 (IBM
Corp., Armonk, NY, USA). Differences were considered significant at p-values < 0.05.
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A.P.K., V.G., A.G.T. and I.L.; visualization, supervision, G.A.A., A.P.K. and V.G. All authors have read
and agreed to the published version of the manuscript.
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