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Abstract. Nitazoxanide is a Food and Drug Administration-
approved antiprotozoal drug recently demonstrated to be 
selectively active against quiescent and glucose‑deprived 
tumour cells. This drug also has several characteristics that 
suggest its potential as a radiosensitizer. The present study 
aimed to investigate the interaction between nitazoxanide 
and radiation on human colon cancer cells cultured as 
monolayers, and to mimic key features of solid tumours in 
patients, as spheroids, as well as in xenografts in mice. In 
the present study, colon cancer HCT116 green fluorescent 
protein (GFP) cells were exposed to nitazoxanide, radiation or 
their combination. Cell survival was analysed by using total 
cell kill and clonogenic assays. DNA double‑strand breaks 
were evaluated in the spheroid experiments, and HCT116 GFP 
cell xenograft tumours in mice were used to investigate the 
effect of nitazoxanide and radiation in vivo. In the clonogenic 
assay, nitazoxanide synergistically and selectively sensitized 
cells grown as spheroids to radiation. However, this was not 
observed in cells cultured as monolayers, as demonstrated 
in the total cell kill assays, and much less with the clinically 
established sensitizer 5‑fluorouracil. The sensitizing effect 
from nitazoxanide was confirmed via spheroid γ‑H2A histone 
family member X staining. Nitazoxanide and radiation alone 
similarly inhibited the growth of HCT116 GFP cell xenograft 
tumours in mice with no evidence of synergistic interaction. 
In conclusion, nitazoxanide selectively targeted quiescent 
glucose‑deprived tumour cells and sensitized these cells to 
radiation in vitro. Nitazoxanide also inhibited tumour growth 
in vivo. Thus, nitazoxanide is a candidate for repurposing into 
an anticancer drug, including its use as a radiosensitizer.

Introduction

Although cytotoxic drugs, such as 5‑fluorouracil  (5‑FU), 
platinums, taxanes and mitomycin, as well as some of the new 
targeted drugs, including the EGFR‑antibody cetuximab, have 
been successfully used together with radiotherapy, it is not 
always apparent whether chemoradiotherapy provides a benefit 
over radiotherapy alone (1‑6). Thus, there is a requirement for 
drugs that more selectively kill and/or radiosensitize tumour 
cells that are resistant to chemotherapy and radiotherapy.

The dominant mode of action of photon radiation used 
in radiotherapy for cancer is indirect radiolysis of water 
molecules, which generates free oxygen radicals. This will 
induce both DNA‑DNA and DNA‑protein cross‑links and 
base lesions, as well as cause damage to sugar moieties in 
the backbone of DNA, resulting in single‑strand breaks and 
double‑strand breaks (DSBs). The number of DSBs is consid-
ered to be the major determinant of radiation‑induced damage. 
Increased oxygen levels cause tumours to be more sensitive to 
radiation and, although both normal and tumour tissues vary 
in oxygenation, only tumours are considered to be sufficiently 
hypoxic to impair cell killing induced by radiation (7‑11).

Nitazoxanide is a Food and Drug Administration‑approved 
antiprotozoal drug with several characteristics theoretically 
suitable for the radiosensitization of solid tumours (12). This 
drug was recently identified to be selectively toxic to quies-
cent and glucose‑deprived tumour cells and was described 
as an oxidative phosphorylation (OXPHOS) inhibitor  (12). 
Nitazoxanide was also shown to reduce hypoxia (12) in spher-
oids and it is well established that hypoxic areas in tumours are 
associated with resistance to radiotherapy (13). These findings 
suggest that nitazoxanide, by increasing tumour oxygenation, 
could potentially enhance the number of DSBs caused by the 
radiation‑induced formation of free oxygen radicals in hypoxic 
tumours.

Based on the aforementioned findings, the present study 
aimed to investigate a potential radiosensitization effect of 
nitazoxanide in clinically relevant models that have been 
recently described (12). To evaluate the effect of nitazoxanide 
and radiation, the colon cancer cell line, HCT116 green 
fluorescent protein (GFP), was cultured as monolayers or 
spheroids and evaluated using total cell kill or clonogenic 
assays as read‑outs. The expression level of γ‑H2A histone 
family member X (H2AX) was used to evaluate DSBs and the 
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in vivo antitumour effect was evaluated using HCT116 GFP 
cell xenograft tumours in mice.

Materials and methods

Cells and cell culture. HCT116 GFP cells (human colon 
cancer cell line HCT116 transfected with GFP; AntiCancer, 
Inc.) were cultured at  37˚C in a humidified incubator 
containing 5% CO2 in McCoy's 5A medium (Sigma‑Aldrich; 
Merck KGaA) supplemented with 10% heat‑inactivated FBS, 
L‑glutamine (2 mM), penicillin (100 U/ml) and streptomycin 
(100 µg/ml). The morphology and proliferation of cells were 
monitored on a weekly basis and the cell line was split twice 
a week. The cell line was authenticated via short‑term repeat 
analysis performed by the cell bank (AntiCancer, Inc.). Cells 
were passaged for <3 months after resuscitation.

Drugs, irradiation and cell culture experiments
Drugs. Nitazoxanide was obtained from Selleck Chemicals. 
For comparison and reference, the standard cytotoxic drug 
5‑FU (Sigma‑Aldrich; Merck KGaA) was included. 5‑FU 
is the backbone therapy for colorectal cancer chemotherapy 
regimens and is also in clinical use as a radiosensitizer (1,14).

The oxygen and moisture free MiniPod™ system (Roylan 
Developments Ltd.) was used to store source plates that were 
prepared with drugs solubilized in DMSO. The liquid handling 
system ECHO® 550 (Labcyte, Inc.) was used to add the drugs 
to the experimental plates.

Monolayer experiments. The monolayer experiments were 
performed as described previously, with minor modifica-
tions  (15). Briefly, on day 0 of the experiment, 50 µl cell 
suspension (1,000 cells/well) was added into 384‑well plates 
and pre‑incubated in 37˚C overnight at standard cell culture 
conditions. On day 1, the drug was added and experimental 
plates were irradiated with an external low dose‑rate γ radiation 
source (GammaCell 40 Exactor; Best Theratronics, Ltd.) 4‑6 h 
thereafter. Cell viability was assessed using the fluorometric 
microculture cytotoxicity assay (FMCA) and clonogenic assay 
as later described.

Spheroid experiments. The formation of HCT116 GFP quies-
cent multicellular tumour spheroids (Q‑MCTS) was previously 
described in detail (12). Briefly, 384‑well Corning® black clear 
bottom ultra‑low attachment microplates (Corning, Inc.) were 
used with 50 µl cell suspension, with 10,000 cells seeded into 
each well on day 0. Q‑MCTS formed during the 7 day culture 
without a change of medium. The ECHO® 550 liquid handler 
was used to add the drugs on day 7. Spheroids were incubated 
with drugs for 4‑6 h and then irradiated as aforementioned. 
Following 7 days of drug incubation, cell viability was assessed 
using the FMCA and the GFP assay for total cell kill, while a 
clonogenic assay was used for the assessment of the effect in 
clonogenic cells only (see below).

Measurement of cellular cytotoxicity
Total cell kill assay in monolayers. Following 3 or 7 days 
of drug incubation, cytotoxicity in the total cell population 
was assessed using FMCA as previously described (15). The 
FMCA is based on fluorescein diacetate that is converted to 

fluorescent fluorescein by viable cells with an intact plasma 
membrane (15).

Total cell kill assay in spheroids. Following the aforemen-
tioned spheroid experiments, cytotoxicity in the total cell 
population was assessed using FMCA and GFP assays. The 
GFP assay is based on the fluorescent signal generated from 
viable HCT116 GFP cells of the intact spheroids, as described 
previously (12). In the FMCA, 40 µl medium was aspirated 
from each well and 50  µl Accumax/well was added. The 
plates were then incubated at 37˚C for 30 min, followed by the 
dissociation of spheroids into single cells using a multipipette. 
The FMCA procedure was then performed for the monolayer 
cultured cells, as described previously (15).

Clonogenic assay on monolayer and spheroid cultures. In the 
monolayer cultures, ~20 h after radiation, 40 µl medium was 
aspirated from each well and 50 µl Accumax/well was added. 
After incubation at 37˚C for 30 min, mixing, centrifugation, 
removal of Accumax solution, the addition of 50 µl fresh 
medium and subsequent mixing, 20 µl cell solution from each 
well was transferred together with 3 ml fresh medium into 
each well in 6‑well plates (Nalge Nunc International; Thermo 
Fisher Scientific, Inc.).

Spheroids were dissociated into single cells as afore-
mentioned at ~20 h after radiation, followed by removal of 
Accumax solution and then addition of 50 µl fresh medium. 
In total, 20 µl cell solution from each well was transferred 
together with 3  ml fresh medium to 6‑well plates (Nalge 
Nunc International; Thermo Fisher Scientific, Inc.) and the 
procedure was then performed identical to that described for 
monolayer experiments.

The 6‑well plates were incubated at 37˚C for 10 days and 
cells were then fixed and stained as previously described by 
Franken et al (16). A Canon iR‑ADV C5235i printer (Canon, 
Inc.) was used to scan plates and number of colonies were then 
counted on the computer screen. Only colonies with >50 cells 
were counted.

Assessment of DSBs via immunohistochemistry (IHC). The 
formation of spheroids and exposure to drugs and radiation 
were performed as previously described. Subsequently, 24 h 
after radiation, spheroids were harvested into Eppendorf tubes 
and washed once in PBS. Spheroids were embedded in paraffin, 
sectioned and evaluated for DSBs using the anti‑γ H2AX (phos-
phorylated S139) antibody [9F3] against the synthetic peptide 
phosphorylated (Ser139) human H2AX (cat.  no.  ab26350; 
Abcam) and for apoptosis using antibodies against Annexin V 
(cat.  no.  ab108321; Abcam) and caspase‑3 (cat.  no.  9664; 
Cell Signaling), according to the manufacturer's protocols. 
In the staining process, the commercially available MACH1 
Universal HRP‑Polymer Detection kit (Biocare Medical) with 
peroxide block for 5 min with Biocare's Peroxidazed 1 (without 
protein block) was used. Antibodies were used at the following 
dilutions: H2AX (1:1,000), Annexin V (1:1,000) and caspase‑3 
(1:100). The incubation time was 20 min. IHC staining was 
assessed using a light microscope at x400 magnification.

Assessment of nitazoxanide and radiation effects in tumour 
xenografts. In total, 40 female 8‑week old NMRI nu/nu mice 
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(Crl:NMRI‑Foxn1nu) from Charles River Laboratories were 
injected subcutaneously at the right flank with a 50‑µl cell 
suspension containing 5x106 HCT116 GFP cells mixed with 
50 µl Matrigel. The animals were included into the study in 
groups of 10 animals/group when the majority of the tumours 
had reached a size of ~0.1 cm3. The groups were as follows: 
Group 1, vehicle; group 2, vehicle +  irradiation; group 3, 
nitazoxanide; and group 4, nitazoxanide + irradiation. Starting 
at day 0, drug/vehicle administration occurred twice daily for 
3 days (there was only one administration on day 2). Vehicle 
control (1% carboxymethylcellulose in PBS with 8% DMSO) 
and nitazoxanide (200 mg/kg) were administered via oral 
gavage. Temperature was kept at 21‑22˚C, humidity was 50‑60% 
and a 12‑h light, 12‑h dark cycle was applied. Autoclaved tap 
water was available ad libitum in water bottles and the animals 
received R70, irradiated, diet (Lantmännen AB).

At ~4 h after the last drug administration, the tumours of 
the animals were irradiated with 6 Gy. The irradiated area, 
with the tumour centred, measured 2x2 cm on the right rear 
flank. With the setting of 320 kV and filter F2, the total 
radiation dose of 6 Gy was delivered at  0.73 Gy/min. An 
X‑RAD 340 (PXi; Precision X‑ray, Inc.) was used for the 
radiation. The length and width of each tumour was measured 
using a calliper twice weekly, and the tumour volume (TV) 
was calculated using the formula: Length (cm) x width (cm) 
x width (cm) x 0.44. Body weight was recorded at the start of 
the study, along with tumour measurements, and at the end of 
the study. The animals were checked daily for any change in 
activity and appearance, as signs of a change in general health 
status. The animals were euthanized via cervical dislocation 
at the end of the study on day 28, and the tumours were then 
dissected and placed into 4% buffered formaldehyde solution 
for subsequent histopathological examination.

Tumours were embedded in paraffin, sectioned, evaluated 
for H&E staining and electronically scanned according to stan-
dard protocols. The analysis algorithm ‘Positive Pixel Count v9’ 
in Aperio ImageScope (v12.3.2.8013; Leica Microsystems 

GmbH) was slightly modified (Table SI). Using this algorithm, 
strong positive areas (SPA) corresponded well to areas with 
cells visually classified as HCT116 GFP cells under the micro-
scope. Thus, SPA/(weak positive areas (WPA) + SPA) x100 
was used as a surrogate marker for the fraction of HCT116 
GFP cells in the tumour and was referred to as the tumour 
cell percentage (TCP). The tumour cell volume (TCV) was 
calculated as TCP x TV/100.

Statistical analysis and presentation. The calculations 
and graphical presentations were performed in GraphPad 
Prism 7 (GraphPad Software, Inc.). Dose‑response curves are 
presented as the mean ± SEM for the number of experiments 
indicated. Cell viability data in the FMCA for both spheroid 
and monolayer experiments are presented as survival index 
(SI), defined as the fluorescence in experimental wells in % 
of that in unexposed control wells, with the fluorescence of 
the blank wells subtracted. An AUTO SI was calculated in the 
GFP assay, and defined as the spheroid fluorescence in experi-
mental wells in % of that in the same wells immediately before 
addition of drug/radiation 7 days earlier.

In the clonogenic assays, a slightly modified definition was 
used to calculate surviving fraction (SF), which was defined 
as the number of colonies in % of that in unexposed control 
wells, since plating efficiency was not assessed. The interac-
tion between drug and radiation was characterized using the 
mean SI (or SF) for wells treated with drug only (SId or SFd) 
and the mean SI (or SF) for wells irradiated only (SIr or SFr). 
An expected combination SI or SF (SIe or SFe) was calculated 
as follows: SId x SIr=SIe (or SFd x SFr=SFe), in accordance with 
independent Bliss interaction (17). To obtain an interaction 
ratio for each individual experiment, the SI (or SF) actually 
observed for the combination SIo (or SFo) was divided by SIe 
(or SFe). For each group in Tables I and II, based on the number 
of experiments indicated in the table legend, one‑sample t‑test 
was used to calculate if the interaction ratio was different from 
the value 1.

Table I. Interaction ratios of nitazoxanide and radiation combinations in the FMCA assay.

	 Monolayer (3 days)	 Monolayer (7 days)
	 ------------------------------------------------------------------------	 --------------------------------------------------------------------------	 Spheroids
SIo/SIe  (µM)	 2 Gy	 4 Gy	 6 Gy	 2 Gy	 4 Gy	 6 Gy	 6 Gy

100	‑	‑	‑	‑	‑	‑	‑      
50	‑	‑	‑	‑	‑	‑	‑      
25	 1.030	 1.154	 1.390	 1.221a	 1.156a	 1.263a	‑
12.5	 1.096	 1.123	 1.269a	 2.186a	 3.742a	 4.435a	 1.043
6.5	 1.064	 1.091	 1.169	 1.301a	 2.544a	 3.254a	 0.996b

3	 1.060	 1.063a	 1.152	 1.201	 1.552a	 1.819a	 1.037
1.5	 1.105	 1.096	 1.174	 1.051	 1.267a	 1.379a	 1.020
1	 1.047a	 1.042	 1.144	 1.057	 1.195	 1.381a	 1.054
0.5	 1.032	 1.035	 1.094	 1.023	 1.139a	 1.292	 1.064

aP<0.05. bSIo/SIe ratios <1 are considered to indicate synergy. Ratios >1 indicate subadditive or antagonistic interactions. A two‑tailed P<0.05 
was used to indicate interaction ratios significantly different from 1. Data are presented as the mean interaction ratio (SIo/SIe) for three or seven 
individual experiments for monolayers and spheroids, respectively. Duplicate wells were used for each drug concentration. A one‑sample t‑test 
was used to calculate interaction ratios different from 1. ‑, not tested due to SId <25%.
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In the tumour xenograft experiments, TVs are presented 
as the mean ± SEM. Differences in TV between the groups 
were calculated using a repeated measures (from day 0 to 28) 
two‑way ANOVA followed by Tukey's multiple comparisons 
test in GraphPad Prism. When animals were euthanized 
pre‑term, the last data point was carried forward and included 
in the calculations of the means and in the statistical analysis. 
Differences in TCP and TCV were calculated using one‑way 
ANOVA followed by Tukey's multiple comparisons test in 
GraphPad Prism. In total, three animals that were euthanized 
pre‑term were excluded from the analysis. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Total cell kill assay in monolayer‑ and spheroid cultures. The 
selective activity of nitazoxanide against nutrient‑deprived 
cells grown as multicellular tumour spheroids (IC50 
1.44 and 2.41 µM in the GFP assay and FMCA, respectively), 
compared with monolayer cultures (IC50 5.35  µM in the 
FMCA), following 7 days of drug exposure was confirmed in 
the total cell kill assay (Fig. 1A upper panel and B). This effect 
was in contrast to most other drugs, which are usually consid-
erably more active against monolayer cells compared with cells 
grown as spheroids (12). Radiation alone was modestly active 
in monolayer cultures, with a slightly greater effect after 3 vs. 
7 days of culture following radiation (Fig. 1A lower panel).

Interestingly, in the monolayer experiments, radiation 
seemingly ‘protected’ the cells from the effect of nitazoxanide 
after 7 days, but not after 3 days, of drug exposure (Fig. 1A 
upper panel). Cell survival was higher after 7 days compared 
with that at 3 days after radiation only, indicating that the 
radiation doses used in this experiment induced transient inhi-
bition of cell proliferation rather than cell death.

Radiation at 6 Gy had little effect on cell survival in spheroids 
(SI 92 and 93% in the GFP assay and FMCA, respectively). Thus, 
monolayer cells were more sensitive than spheroids to radiation 
(Fig. 1A and B). Moreover, nitazoxanide showed no statistically 
significant synergistic effects with radiation in the total cell kill 
assays for monolayer and spheroid cultures (Table I).

Clonogenic assay in monolayer and spheroid cultures. The 
nitazoxanide‑radiation interaction was further investigated in the 
clonogenic assay (Fig. 1C‑F; Table II). Nitazoxanide interacted 

synergistically with radiation in a radiation dose‑dependent 
manner in cells grown as spheroids (Fig. 1E and F; Table II). 
By contrast, there was no synergy in monolayer cell cultures 
(Fig. 1C and D). The clonogenicity of cells from spheroids 
was markedly affected by radiation only [SF 36.1±5.16 and 
8.13±1.94% (mean ± SEM) at 4 and 6 Gy, respectively], but less 
so than cells from monolayers [SF 40.3±6.05 and 10.1±2.57% 
(mean ± SEM) at 2 and 4 Gy, respectively]. Although the clini-
cally most used radiosensitizer in colorectal cancer, 5‑FU, at 
high concentrations (50‑100  µM) showed radiosensitizing 
effects in spheroids, the effect was not as strong as that with 
nitazoxanide (Table II). The lack of the effect of nitazoxanide 
alone in the clonogenic assay in spheroids was expected from 
the short incubation time in this assay.

IHC for assessment of DSBs. A necrosis‑like pattern was 
observed centrally in spheroids exposed to nitazoxanide 
(Fig. 2). Since γ‑H2AX expression may reflect apoptosis, 
as well as DSBs, apoptosis was evaluated using antibodies 
against both Annexin V and caspase‑3 (Figs. S1 and S2) No 
notable difference was observed between the treatment groups 
and, thus, a difference in γ‑H2AX expression, as determined 
via IHC, was considered due to DSBs.

DSBs were induced in spheroids by 3  and  6.5  µM 
nitazoxanide, and were determined using the IHC assessment 
of γ‑H2AX expression. Exposure to nitazoxanide and radia-
tion resulted in higher γ‑H2AX expression compared with 
that after each treatment alone (Fig. 2). The intensity of the 
γ‑H2AX staining was considerably stronger in central parts of 
spheroids exposed to the combination compared with spher-
oids exposed to nitazoxanide or radiation only, which was 
indicative of a selective radiosensitizing effect towards more 
centrally located cells. As shown in Fig. 2, DSBs were mark-
edly induced in spheroids by 6 Gy of radiation.

Nitazoxanide and radiation effects in tumour xenografts. 
The antitumour activity and radiosensitizing properties of 
nitazoxanide were investigated in HCT116 GFP cell xeno-
graft tumours in mice. It was found that, over time, ulcers 
developed on some tumours that penetrated the skin, and one 
animal in each group, but the nitazoxanide + radiation group, 
was euthanized pre‑term. There was a temporary decrease in 
body weight after the treatments started in the two irradiated 
groups, but the decrease was recaptured 4 days later, and 

Table II. Interaction ratios of drug and radiation combinations in the clonogenic assay in cells cultured as spheroids.

SFo/SFe (µM)	 5‑FU + 4 Gy	 5‑FU + 6 Gy	 Nitazoxanide + 4 Gy	 Nitazoxanide + 6 Gy

100	 0.57b	 0.67	‑	‑ 
50	 0.61a	 0.58	‑	‑ 
12.5	 0.88	 0.96	‑	‑ 
6.5	 0.81	 0.90	 0.16b	 0.14b

3	‑	‑	   0.47c	 0.39a

aP<0.05, bP<0.01 and cP=0.0682. Data are presented as the mean interaction ratio (SFo/SFe) for 2‑3 individual experiments with triplicate wells 
for each drug concentration. One‑sample t‑test was used to calculate interaction ratios different from 1. All available data had an SFo/SFe ratio <1, 
which was considered to indicate synergy. A two‑tailed P<0.05 was used to indicate interaction ratios significantly different from 1. ‑, not tested.
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Figure 1. Cell survival in the FMCA‑, GFP‑ and clonogenic assays. (A) Cell survival in the FMCA assay, expressed as SI of HCT116 GFP cells cultured as 
monolayers, pre‑incubated overnight and then incubated with drugs for 3 or 7 days with irradiation (2‑6 Gy) at 4‑6 h after addition of drug (upper panel). 
Effect of 2, 4 and 6 Gy radiation in HCT116 GFP cells incubated with DMSO for 3 and 7 days (lower panel). n=3 independent experiments; SEM (gener-
ally <8) were omitted in upper panels. (B) Cell survival in the total cell kill assay, expressed as SI (FMCA, upper panel) or AUTO SI (GFP assay, lower 
panel) of HCT116 GFP cells cultured as spheroids for 7 days, then incubated with drugs for 7 days with irradiation (6 Gy) 4‑6 h after addition of drug. n=7‑8 
independent experiments. Drug concentrations used were: 0.5, 1.0, 1.5, 3.0, 6.5, 12.5, 25, 50 and 100 µM. (C) Clonogenic assay with nitazoxanide, shown as 
growth of HCT116 GFP cells cultured as monolayers, pre‑incubated overnight in 384‑well plates, with no irradiation (control) or irradiated (2 or 4 Gy) at 4‑6 h 
after drug addition and 20 h later dissociated into single cells, transferred to six‑well plates and incubated for 10 days. Triplicate wells were used for each 
drug concentration. (D) Cell survival in the clonogenic assay, expressed as surviving fraction of HCT116 GFP cells cultured as monolayers, pre‑incubated 
overnight in 384‑well plates, with no irradiation (DMSO control) or irradiated (2 or 4 Gy) at 4‑6 h after drug addition and 20 h later dissociated into single cells, 
transferred to six‑well plates and incubated for 10 days. n=4 independent experiments. (E) Clonogenic assay with nitazoxanide, shown as growth of HCT116 
GFP cells cultured as spheroids for 7 days, with no irradiation (control) or irradiated (4 or 6 Gy) at 4‑6 h after drug addition and 20 h later dissociated into 
single cells, transferred to six‑well plates and incubated for 10 days. Triplicate wells were used for each drug concentration. (F) Cell survival in the clonogenic 
assay, expressed as surviving fraction of HCT116 GFP cells cultured as spheroids for 7, with no irradiation (DMSO control) or irradiated (4 or 6 Gy) at 4‑6 h 
after drug addition, and 20 h later dissociated into single cells, transferred to six‑well plates and incubated for 10 days. n=3 independent experiments, with 
triplicate wells for each drug concentration. Data are presented as the mean ± SEM. SI, survival index; FMCA, fluorometric microculture cytotoxicity assay; 
Conc, concentration; GFP, green fluorescent protein.
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the animals then gained weight with no obvious differences 
between the groups. Animal behaviour was seemingly normal 
and similar in all study groups. The maximum size observed 
for a single tumor during the present study was length 2.30 cm 
and width 1.60 cm, corresponding to a volume of 2.59 cm3 and 
was observed at day 28 in the control vehicle group.

The TVs increased in all groups throughout the study and 
the vehicle‑treated animals developed the largest tumours 
(Fig. 3A). Animals treated with nitazoxanide and/or radia-
tion developed smaller tumours compared with those treated 
with the vehicle. Moreover, the combination treatment of 
nitazoxanide + radiation resulted in no further inhibition of 
tumour growth compared with radiation only.

Histopathological examination of tumour xenografts. The 
nitazoxanide + radiation group was the only group with a TCP 
significantly lower than that of the control (Fig. 3B; Table III); 
however, there was also a strong trend towards lower TCP 
in the radiation only group, compared with control (Fig. 3B; 
Table III). Both groups treated with radiation +/‑ nitazoxanide 
developed a TCV that was significantly lower than that of the 
control (Fig. 3C; Table III). Furthermore, there was a strong 
trend towards a lower TCV in the nitazoxanide only group 
compared with the control group (Fig. 3C; Table III). Visual 
inspection results indicated that the tumour xenografts typi-
cally consisted of an outer rim of viable and more centrally 
located pyknotic HCT116 GFP cells and necrosis, and a lesser 
degree of mouse tissue (stroma, fat, blood vessels and immune 
cells) (Fig. 3D).

Discussion

Nitazoxanide, formally known as 2‑(acetyloxy)‑N‑(5‑nitro‑2‑ 
thiazolyl) benz‑amide NTZ, is a thiazolide compound that was 
discovered in 1984 and originally developed as a veterinary 
anthelminthic  (18‑20). It is a non‑toxic and well‑tolerated 
compound, with a broad anti‑microbial activity, that was devel-
oped for human use in the 1990s and is the only anti‑protozoal 
drug approved for use in children (21). Drug administration and 
pharmacokinetics of nitazoxanide are advantageous for use in 
humans. Thus, plasma concentrations above 6 µmol/l can be 
reached in humans after a single oral dose of 500 mg and Cmax 
in plasma is reached at 2‑6 h after administration (12,22).

The potential drug‑repurposing of nitazoxanide into an 
anticancer drug could bypass early stages of drug develop-
ment, and offers a faster and cheaper drug development process 
compared to with de novo anticancer drug discovery (23). 
Moreover, oral administration of nitazoxanide offers many 
numerous economic advantages compared with standard 
intravenous administrated chemotherapy since it requires less 
personnel and equipment.

Although initially designed as an anti‑microbial drug, 
the preclinical antitumour activities of nitazoxanide 
in  vitro and in  vivo have been observed over the last 
decade  (12,18,19,21,24,25). The reported preclinical 
anti‑cancer properties are promising for the development 
of nitazoxanide into a novel chemotherapeutic compound. 
These properties involve crucial antitumoural metabolic and 

Figure 2. Immunohistochemistry with γ‑H2AX. Immunohistochemical 
expression of γ‑H2AX in HCT116 GFP cells cultured as spheroids for 7 days, 
then irradiated (6 Gy) at 4‑6 h after addition of drug and harvested 24 h later. 
Spheroids were originally evaluated at x400 magnification. The size of spher-
oids were typically 400‑500 µm. Scale bar, 200 µm. GFP, green fluorescent 
protein; γ‑H2AX, γ‑H2A histone family member X.

Table III. TCP and TCV.

A, TCP

Treatment	 P‑value

Control (vehicle) vs. control (vehicle) + 6 Gy	 0.0587
Control (vehicle) vs. nitazoxanide	 0.5880
Control (vehicle) vs. nitazoxanide + 6 Gy	 0.0074a

Control (vehicle) + 6 Gy vs. nitazoxanide	 0.5303
Control (vehicle) + 6 Gy vs. nitazoxanide + 6 Gy	 0.8631
Nitazoxanide vs. nitazoxanide + 6 Gy	 0.1503

B, TCV

Treatment	 P‑value

Control (vehicle) vs. control (vehicle) + 6 Gy	 0.0045a

Control (vehicle) vs. nitazoxanide	 0.0529
Control (vehicle) vs. nitazoxanide + 6 Gy	 0.0019a

Control (vehicle) + 6 Gy vs. nitazoxanide	 0.7579
Control (vehicle) + 6 Gy vs. nitazoxanide + 6 Gy	 0.9956
Nitazoxanide vs. nitazoxanide + 6 Gy	 0.6047

aP<0.01. Differences in TCP and TCV were calculated using one‑way 
ANOVA followed by Tukey's multiple comparisons test. Three animals 
that were euthanized pre‑term were excluded from the analysis. 
P<0.05 was used to indicate statistical significance in all experiments. 
TCP, tumor cell percentage; TCV, tumor cell volume.
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pro‑death signalling, such as drug detoxification, unfolded 
protein response, autophagy, immunological responses and 
interference in cell signalling pathways, such as the MAPK 
pathway via interference with glutathione S‑transferase π 1 or 
c‑Myc (18,19,21).

Our previous study described nitazoxanide as a 
hit‑compound in a screening process designed to iden-
tify drugs with selective activity against quiescent and 
glucose‑deprived tumour cells, and exposure of colon 
cancer cells to nitazoxanide resulted in OXPHOS‑inhibition 

Figure 3. HCT116 GFP cell xenograft tumours in mice. (A) At day 0, drug/vehicle administration started twice daily for 3 days (only one administration was 
given on day 2). Vehicle control (1% CMC in PBS with 8% DMSO) and nitazoxanide (200 mg/kg) were administered via oral gavage. At 3‑4 h after the last 
administration, the animal tumours were irradiated with 6 Gy. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. vehicle control. HCT116 GFP cell xenograft 
tumours were embedded in paraffin, sectioned, evaluated for H&E staining and scanned. (B) TCP was calculated with the analysis algorithm ‘Positive Pixel 
Count v9’ in Aperio ImageScope (v12.3.2.8013). (C) TCV was calculated to evaluate the HCT116 GFP cell mass of the tumour. (D) Typical examples from the 
four treatment groups (control, control + 6 Gy, nitazoxanide and nitazoxanide + 6 Gy) are shown. Please note that the size of tumour in this figure is dependent 
on level of sectioning and does not necessarily correlate to tumour volume. Scale bar, 4 mm. CMC, carboxymethylcellulose; GFP, green fluorescent protein; 
TCV, tumour cell volume; TCP, tumour cell percentage.

https://www.spandidos-publications.com/10.3892/ol.2022.13243
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and reduced hypoxia in spheroids (12). Moreover, the nitro 
group in the nitrothiazole moiety can be converted into a 
free radical (21,26). These properties could potentially be of 
substantial value in the development of a novel radiosensitizer, 
since the major effect of radiation is via the formation of free 
oxygen radicals, leading to DSBs.

In line with our previous observations, the present results 
demonstrated that nitazoxanide showed selective activity 
against spheroids compared with monolayers, as determined 
in the total cell kill assay. The seemingly protective effect of 
radiation to nitazoxanide in the monolayer experiments incu-
bated for 7, but not 3 days was unexpected, and is suggested 
to be explained by the selective effect of nitazoxanide against 
the quiescent and glucose‑deprived cells in wells not irradi-
ated (12), due to faster cell proliferation in these wells secondary 
to lack of inhibitory radiation. The non‑irradiated cells exposed 
to nitazoxanide will be confluent and glucose‑deprived after, 
but not before, 3 days, compared with irradiated cells. This 
would explain the higher effect of nitazoxanide after 7 days, 
compared with 3 days, in non‑irradiated cells, and the tran-
sient radiation effect would explain the higher cell survival 
after 7 days compared with 3 days in irradiated wells. This 
was in agreement with nitazoxanide being more active against 
cells in medium with low glucose and pH (12), and is theoreti-
cally advantageous since lower toxicity toward normal cells, 
exposed to normal glucose levels and pH, is expected.

No synergistic interaction between nitazoxanide and radia-
tion could be observed for monolayer or spheroid cultured 
cells in the total cell kill assay. This assay is useful for viability 
measurements in high‑throughput screening experiments 
but may miss effects secondary to cell cycle arrest and cell 
senescence, as well as those in small subpopulations of cells. 
Thus, the radiosensitizing property observed in the clonogenic 
assay on spheroids was in accordance with the synergistic cell 
inhibitory effect of nitazoxanide on clonogenic cells, rather 
than synergistic cytotoxicity among all cells.

The possible mechanism underlying the induction in DSBs in 
spheroids by nitazoxanide itself is beyond the scope of the present 
study, but was not unexpected since nitazoxanide can induce 
cell growth inhibition via the formation of free radicals (21,26). 
Interestingly, the increase in DSBs in central parts of spheroids 
exposed to the combination of nitazoxanide and radiation 
compared with spheroids exposed to nitazoxanide or radiation 
only indicates a selective radiosensitizing effect towards more 
centrally located cells. This supports the hypothesis that reduced 
hypoxia and formation of free radicals are important mechanisms 
underlying the radiosensitization. However, a potential study 
limitation is the absence of experiments analyzing reoxygen-
ation in spheroids during the present study. The radiosensitizing 
effect in spheroids could be observed in the clonogenic assay, 
but not in the total cell kill assay, and may be compatible with a 
low number of DSBs formed after exposure to the combination 
treatment that are only sufficient to inhibit the clonogenicity of 
tumour driving cells, but not enough to further induce direct 
cytotoxicity. Since clonogenic tumour‑driving stem cells are 
considered to be located in quiescent and glucose‑deprived parts 
of tumours, a selective synergistic interaction with radiation in 
this tumour compartment may be beneficial.

Overall, the current data support the hypothesis that 
nitazoxanide acts as a radiosensitizer in tumour‑driving, 

quiescent parts of tumours. Theoretically, the combination of 
a radiosensitizer effective against high‑proliferative tumour 
cells (e.g. 5‑FU) (1) with a radiosensitizer that targets quiescent 
clonogenic tumour cells (e.g. nitazoxanide) could enhance the 
anticancer effect of radiation via both an increased bioequiva-
lent radiation dose to the tumour and a reduced radiation effect 
in surrounding normal cells.

Enhancement of the radiation effect by nitazoxanide was 
not observed in vivo as determined via tumour size. However, 
given the synergistic interaction between nitazoxanide and 
radiation only in quiescent clonogenic cells, as suggested from 
the in vitro experiments, this finding was not surprising. In 
addition, the current study recognized that a major problem 
with examining the radiosensitization effects in the HCT116 
GFP cell murine xenograft model was that the tumours only 
partially consist of tumour cells, alongside considerable parts 
with necrosis and mouse tissue. Therefore, it was important to 
evaluate the TCP and TCV in the xenografts. Notably, the only 
group that developed a significantly lower TCP compared with 
the control was the nitazoxanide + radiation group. This may 
indicate a selective radiosensitization effect of nitazoxanide 
against the tumour‑driving HCT116 GFP cell mass of the 
tumour. However, no difference was observed compared with 
the radiation only group. As expected, although a strong trend 
towards a lower TCP compared with the control was identified 
in the radiation only group, the in vivo data suggests that this 
relatively high radiation dose also affects normal cells to a 
considerable extent.

Single treatment with nitazoxanide for only 3 days resulted 
in a statistically significant inhibition of tumour growth 
in vivo. A strong trend towards a smaller TCV compared with 
the control, in contrast to similar TCPs, is compatible with the 
selective effect of nitazoxanide against the tumour‑driving 
HCT116 GFP cell mass of the tumour, but is more sugges-
tive of an inhibitory effect on quiescent and glucose‑deprived 
tumour compartments consisting of both HCT116 GFP cells 
and transformed normal cells. This was unexpected, since 
continuous treatment with nitazoxanide for 28  days in a 
similar xenograft model did not significantly inhibit tumour 
growth (12). However, the antitumour effect of single treatment 
with nitazoxanide indicates that the mechanisms important 
in vivo are complex. Drug doses, administration schedules, the 
build‑up and wash‑out of an active compound in the tumour, 
radiation dose and follow‑up time are factors that may impact 
on the possibility to observe radiosensitization and single drug 
effects in vivo. Moreover, although spheroids are considered to 
better reflect solid tumours in vivo compared with monolayers, 
the situation in vivo is more complex and several factors, such 
as pharmacokinetics, interaction with other cell types (stroma, 
immune cells, fat) and elevated intratumor pressure, will 
affect anticancer drug and radiation therapy, and are difficult 
to mimic in vitro.

In conclusion, the current study demonstrated that 
nitazoxanide presented several characteristics that make it 
highly interesting for repurposing into an anticancer drug, as 
well as for use in combination with radiation. However, other 
models are required to reflect the potential of nitazoxanide 
as a radiosensitizer in vivo. Since nitazoxanide shows selec-
tive effects against quiescent and glucose‑deprived tumour 
compartments and radiosensitization of clonogenic cells in 
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these regions, in vivo experiments with serial orthotopic trans-
plantation of tumours exposed to nitazoxanide and radiation 
may be needed to provide proof of principle evidence of the 
long term radiosensitization effects of this combination.
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