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Abstract
The efficacy of cisplatin (CIS) and 5-fluorouracil (5-FU) against squamous cell carcinomas of the head and neck (SCCHN) 
remains restricted due to their severe toxic side effects on non-cancer (normal) tissues. Recently, the broccoli extract sul-
foraphane (SF) was successfully tested as a combination therapy to target cancer cells. However, the effect of lower doses of 
CIS or 5-FU combined with SF on SCCHN remained unknown. This study tested the chemotherapeutic efficacies of SF com-
bined with much lower doses of CIS or 5-FU against SCCHN cells aiming to reduce cytotoxicity to normal cells. Titrations 
of SF standalone or in combination with CIS and 5-FU were tested on SCCHN human cell lines (SCC12 and SCC38) and 
non-cancerous human cells (fibroblasts, gingival, and salivary cells). Concentrations of SF tested were comparable to those 
found in the plasma following ingestion of fresh broccoli sprouts. The treatment effects on cell viability, proliferation, DNA 
damage, apoptosis, and gene expression were measured. SF reduced SCCHN cell viability in a time- and dose-dependent 
manner. SF-combined treatment increased the cytotoxic activity of CIS by twofolds and of 5-FU by tenfolds against SCCHN, 
with no effect on non-cancerous cells. SF-combined treatment inhibited SCCHN cell clonogenicity and post-treatment DNA 
repair. SF increased SCCHN apoptosis and this mechanism was due to a down-regulation of BCL2 and up-regulation of BAX, 
leading to an up-regulation of Caspase3. In conclusion, combining SF with low doses of CIS or 5-FU increased cytotoxicity 
against SCCHN cells, while having minimal effects on normal cells.
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Introduction

Squamous cell carcinoma of the head and neck (SCCHN) 
is one of the most prevalent malignant neoplasms of the 
upper aerodigestive tract. SCCHN is now the seventh most 
common cancer worldwide, with over 500,000 new cases 
diagnosed and 380,000 deaths annually which is nearly 
4.6% of all cancer cases [1, 2]. Despite the improvements 
in treatment modalities, the 5-year survival rate for SCCHN 
patients has remained unchanged at about 50% over the past 
30 years [3, 4] as 40–60% of SCCHN survivors suffer from 
relapse in the form of recurrences or metastases [5, 6].

Resistance to standard surgical, radiation, and chemical 
therapies continues to be a limiting factor in the treatment 
of SCCHN. One major factor in cancer treatment failure is 
because the efficacy of current standard chemotherapy, such 
as cisplatin (CIS) and 5-fluorouracil (5-FU), is restricted 
partly due to their severe toxic side effects. CIS forms DNA 
adducts which lead to induction of apoptosis in cancer cells 
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[7], while 5-FU inhibits the thymidylate synthase enzyme 
through its metabolite to inhibit cancer cells division [8]. 
These mechanisms have non-specific chemotherapeutic 
effects and thus affect both cancer and non-cancer (normal) 
cells. The toxic side effects of CIS are dose-dependent and 
can cause nephrotoxicity, bone marrow suppression with 
hemolytic anemia, and neurotoxicity [9–11]. Similarly, the 
side effects of 5-FU include dermatologic effects, hand and 
foot syndrome, neurotoxicity, and cardiotoxicity [8]. Inci-
dence of 5-FU associated cardiotoxicity is 7.6% with a mor-
tality rate between 2.2 and 13% [8]. Reducing the chemo-
therapeutic dose while maintaining its efficacy is critical to 
improve the treatment outcome of cancers and to decrease 
morbidity and mortality rates.

Recently, studies have highlighted the potentials of phy-
tochemicals as a source of therapeutics for certain forms of 
cancers [12]. Sulforaphane (SF) is the most characterized 
isothiocyanate compound and is found in high concentra-
tions in cruciferous vegetables, such as in broccoli [13]. It 
has been demonstrated that SF has multiple biological activ-
ities such as anti-inflammatory, anti-oxidant, and anti-can-
cerous [14–16]. In addition, SF has low toxicity [17], mak-
ing it an interesting candidate as a chemotherapeutic agent. 
SF has been shown to target multiple pathways involved in 
the functions of cancer cells when used in combination with 
other anti-cancer compounds. Specifically, SF increased the 
effect of imatinib and gemcitabine against chronic myeloid 
leukemia cells and pancreatic cancer cells, respectively [18, 
19]. However, the anti-oxidant ability of SF induced the 
expression of phase 2 metabolic enzymes, which may protect 
cells from reactive oxygen species [20]. This is a concern 
for many chemotherapeutic agents as they function through 
free radicals, so SF combination may reduce the efficacy of 
these drugs. There are very few studies that examined the SF 
effect on head and neck squamous cell carcinomas and to our 

knowledge there are no studies regarding the effects of SF on 
the activity of conventionally used chemotherapy, CIS and 
5-FU, as a combined treatment. We hypothesized that SF is 
a suitable agent to lower the doses of conventional chemo-
therapeutic drugs (such as CIS and 5-FU) without losing 
their efficacy. This would result in a reduction or even elimi-
nation of the severe toxic side effects associated with current 
chemotherapeutic drugs. This study examined the effects of 
combining SF with low-dose chemotherapy against human 
SCCHN for the first time. We also determined the underly-
ing mechanism of action of the SF-combined chemotherapy.

Materials and methods

Cell culture

SCC12 and SCC38 cell lines were purchased from the Uni-
versity of Michigan and were used as models for SCCHN 
(Table 1). They were cultured in Dulbecco’s modified Eagle 
medium (DMEM; Gibco, Massachusetts, United States) 
supplemented with 1% non-essential amino acids (Gibco). 
Primary fibroblasts (FB) were isolated from human sali-
vary glands and cultured in RPMI medium (Thermo Fisher, 
Massachusetts, United States) [21]. Both media were sup-
plemented with 10% fetal bovine serum and 1% Antibi-
otic–Antimycotic (Thermo Fisher). Gingival Epithelium 
Progenitors, Single Donor (HGEPs) were purchased from 
Cedar Lane Laboratories and were cultured in ready-to-
use CnT-Prime medium (CELLnTEC, Switzerland) [22]. 
Immortalized normal human salivary gland acinar cell line 
(NS-SV-AC) was a gift from Dr. Azuma M (Tokushima Uni-
versity, Japan) and was cultured in KGM-2 (Lonza, Switzer-
land) supplemented with 2% Pen/Strep. All cell types were 
incubated in a humidified incubator at 37 °C with 5%  CO2.

Table 1  Comparison between the two head and neck squamous cell carcinoma cell lines used in this study

RRID Research Resource Identifiers, CVCL Cellosaurus (online knowledge resource on cell lines), TP53 tumor protein p53

UM—SCC12 UM—SCC38 References

Synonym University of Michigan-Squamous Cell 
Carcinoma-12

University of Michigan-Squamous Cell 
Carcinoma-38

[23]

RRID CVCL_7717 CVCL_7749 [23]
Primary tumor location Larynx Tonsillar pillar [23–25]
Gender Male Male [23–25]
Age 72 years 60 years [25]
TNM stage T2N1M0 T2N2aM0 [25, 26]
Degree of tumor
differentiation

Moderate well-differentiated SCC Moderate well-differentiated SCC [25]

Doubling time 34 h 24 h [27, 28]
Chemotherapy resistance Moderate High [29–31]
Radiotherapy resistance High Low [25]
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Cytotoxic agents

Sulforaphane (Cayman Chemical, Michigan, United States) 
was purchased as a solution in ethanol with purity ≥ 98% 
and stored at − 20 °C. Cisplatin (Cayman Chemical) was 
prepared in phosphate-buffered saline to a 0.3 mg/ml stock 
and kept at 4 °C protected from light. 5-Fluorouracil (Sigma 
Aldrich, Missouri, United States) was prepared in dimethyl 
sulfoxide (DMSO) to 50 mg/ml stock. Final concentrations 
of the solvents in the working solution medium were 0.1% 
or less.

MTT assay

1–3 × 103 cells were seeded in 96-well plates according 
to cell type. Twenty-four hours later, they were treated 
with different concentrations of SF and/or chemothera-
peutic agents and further incubated for 72 h. The medium 
was then removed and 10% solution of 5 mg/ml MTT in 
medium (Sigma Aldrich (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide) was added to each well 
and incubated at 37 °C for 2 h. The medium was removed 
and formazan was dissolved by adding DMSO to each well. 
The optical density was measured at 562/540 nm in a EL800 
Microplate Reader (BIO-TEK Instruments, Vermont, United 
States). The assay was done in triplicates.

Colony‑forming assay

Tumor cells were seeded at 1 × 105 cells per well in a 6-well 
tissue culture plates. Twenty-four hours later, the cultures 
were treated with SF 3.5 µM with or without CIS 0.5 µg/ml 
or 5-FU 0.13 µg/ml and incubated for 72 h. The cells were 
trypsinized, plated at a density of 400 living cells per well 
in 6-well tissue culture plates, and incubated for 10 days 
(changing the medium every 3 days). To determine colony 
formation, culture medium was removed and colonies were 
fixed and stained with 1% crystal violet, 50% methanol in 
 DDH2O for 1 h. The number of colonies with > 50 cells were 
counted under an inverted microscope and the percentage of 
cell survival was calculated.

To assess the cells ability to repair DNA, the previous 
technique was used but the cultures were treated with sub-
lethal doses of SF (0.875 µM) and/or CIS (0.02 µg/ml), 5-FU 
(0.2 ng/ml) for 72 h.

Annexin V apoptosis detection

Post-treatment apoptosis was measured by using the PE-
Annexin V Apoptosis Detection Kit (BD Bioscience, 
Ontario, Canada). Briefly, 1.5 × 105 cells were seeded 
per well in a 6-well plate for 24 h and then treated with 
SF and/or chemotherapeutic agents for 72 h. Cells were 

detached using Accutase (BioLegend, California, United 
States), washed with annexin binding buffer, and then 
stained with PE-Annexin V and 7-AAD for 15 min in the 
dark at room temperature. Cells were washed and resus-
pended in fresh buffer and analyzed by flow cytometry 
using a LSR Fortessa (BD Biosciences). Data analysis was 
performed using FlowJo vX (FlowJo LCC, Oregon, United 
States).

Evaluation of mRNA expression levels 
by quantitative real‑time PCR (QPCR)

QPCR was used to detect changes in genes coding for BAX, 
Caspase3, and BCL2. Higher drug concentrations were used 
in the cells treatment to show the effect of treatment on the 
genetic level. Total RNA was extracted from SCCHN cells 
treated with SF 7 µM with or without CIS 2 µg/ml or 5-FU 
13 µg/ml for 72 h using TRIzol (Thermo Fisher Scientific). 
The first-strand cDNA was synthesized from 1 µg total 
RNA using High-Capacity cDNA Reverse Transcription kit 
(Thermo Fisher Scientific). For the quantification of gene 
amplification, QPCR was performed using StepOnePlus™ 
Real-Time PCR System (Thermo Fisher Scientific) in the 
presence of PowerUp SYBR Green Master Mix (Thermo 
Fisher Scientific). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as the endogenous expres-
sion standard. Target sequences were amplified at 95 °C 
for 10 min, followed by 40 cycles of 95 °C for 15 s and 
60–65 °C annealing temperature for each gene for 1 min. 
The following gene-specific primers were used:

GAPDH: (5′- GAG AAG GCT GGG GCT CAT TT-3′, 5′- 
AGT GAT GGC ATG GAC TGT GG − 3′), BCL2: (5′-CTG 
CAC CTG ACG CCC TTC ACC-3′, 5′-CAC ATG ACC CCA 
CCG AAC TCA AAG A-3′), BAX: (5′-CGG GTT GTC GCC 
CTT TTC TA-3′, 5′-TGG TTC TGA TCA GTT CCG GC-3′), 
Caspase3: (5′-CTC GGT CTG GTA CAG ATG TCGA-3′, 
5′-CAT GGC TCA GAA GCA CAC AAAC-3′). All assays 
were performed in triplicate and the expression was calcu-
lated on the basis of ΔΔCt method. The n-fold change in 
mRNAs expression was determined according to the method 
of  2− ΔΔCT.

Statistical analysis

Data were presented as the means ± standard deviation (SD) 
of three independent experiments with comparable results. 
Student’s t test and one-way analysis of variance (ANOVA) 
were used to assess significant differences between groups; 
P values < 0.05 were considered statistically significant. 
GraphPad prism 6 software was used (GraphPad Software, 
California, United States).
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Results

SF inhibited the growth of SCCHN cells

SCC12 and SCC38 cell lines were treated with various con-
centrations of SF alone. We found that SF inhibited the via-
bility of both SCCHN cell lines to a similar extent (Fig. 1a). 
The  IC50 of SF was 3.81 µM and 3.87 µM for SCC12 and 
SCC38, respectively. Morphological changes indicating 
early apoptosis as cellular swelling, pyknosis, and forma-
tion of apoptotic bodies in cancer cells were observed at a 
concentration of 3.5 µM and it was more noticeable with 
7 µM SF concentration (Fig. S1a). These inhibitory effects 
of SF increased over time as demonstrated by the MTT assay 
(Fig. 1b). These results indicated that SF inhibited SCCHN 
cell growth in a dose- and time-dependent manner.

SF increased the effects of chemotherapeutic drugs 
against SCCHN cells

SCC12 and SCC38 cells were treated with SF in combina-
tion with CIS or 5-FU; cell viability was analyzed by mor-
phological inspection and MTT assay after 72 h. The addi-
tion of SF to CIS more than doubled the cytotoxic effect on 
SCCHN cells, as compared to CIS alone, as the combined 

SF treatment with 0.5 µg/ml CIS had similar or even more 
inhibitory effect of 1 µg/ml of CIS alone. This effect was 
even greater in the SF + 5-FU combined treatment as reduc-
tion in the cell viability was comparable to tenfold higher 
doses of 5-FU alone. The combined SF with 0.013 µg/ml 
5-FU had similar effect of the 0.13 µg/ml 5-FU alone and 
the same with 0.13 dose (Fig. 2a, b). These results were 
observed in the both cell lines.

We found that the CIS treatment reduced the clonogenic 
ability of SCC12 and SCC38 to 64% and 60%, respec-
tively, when compared to untreated (no drug) controls. SF 
reduced colony formation to 46% and 41% compared to 
untreated controls. The combined SF + CIS treatment further 
decreased colony formation to 25%. 5-FU also decreased the 
numbers of colonies formed to 50% and 38% in SCC12 and 
SCC38, respectively; however, the SF + 5-FU combination 
further reduced the clonogenicity to 7% compared to con-
trols (Fig. 2c, d, Appendix Table 1).

Related results were obtained when we tested the effects 
of SF on DNA repair post- treatment. SF, CIS, and 5-FU 
were administered at a concentration of 0.875 µM, 0.02 µg/
ml, and 0.2 ng/ml, respectively, based on dose–response 
experiments demonstrating that these concentrations were 
sub-lethal (Fig. S2a, b). CIS reduced clonogenicity to 75% 
and 77% for SCC12 and SCC38, respectively, while SF 
reduced colony formation to 71% and 69% when compared 

Fig. 1  Sulforaphane affected SCCHN cell viability in a time- and 
dose-dependent manner. a SCC12 and SCC38 cells were treated with 
0, 0.875, 1.75, 3.5, 7, and 14  µM of SF for 72  h. Cellular viability 
was measured in triplicate in three independent experiments by MTT 
assay. Data are presented as mean ± SD (“a” significance relative to 

0  µM, “b” significance relative to 0.875  µM, “c” significance rela-
tive to 1.75 µM, “d” significance relative to 3.5 µM, “e” significance 
relative to 7 µM. P < 0.05). b SCC12 and SCC38 were treated with 
3.5 µM of SF for the indicated times (“a” significance relative to 0 h, 
“b” significance relative to 24 h. P < 0.05)
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to untreated controls. When combined, CIS + SF showed an 
additive effect and reduced colony formation to 24% and 
22%. We had comparable results with 5-FU which reduced 
the clonogenicity to 77% and 70% for SCC12 and SCC38, 
respectively, but when we used combined 5-FU + SF this 
reduction improved to 15% (Fig. 2e, f, Appendix table 2). 
Taken together, our data showed that SF increased the drug-
mediated cytotoxic effects on cellular viability, clonogenic 
ability, and DNA damage in SCCHN tumors.

Sulforaphane has minimal cytotoxic effects 
on normal (non‑cancerous) cells

We examined the toxicity of SF on non-cancerous cells. 
Human primary salivary fibroblasts (FB), human gin-
gival epithelial progenitor cells (HGEPS), and a human 
salivary gland acinar cell line (NS-SV-AC) were treated 
with SF. Although SF had minimal toxic effect on FB and 
HGEPS, except when we used at a concentration 14 µM, 
with  IC50 23.46 µM and 23.32 µM respectively, we found 
a stronger toxic effect on the NS-SV-AC cell line with  IC50 
6.36 µM but still higher than  IC50 for SCCHN (Fig. 3a). The 

morphological appearance of the tested cells did not change 
when less than 14 µM of SF was added (Fig. S1b). Moreo-
ver, the difference between the combined treatment and the 
standalone effects of CIS or 5-FU on the tested cells, includ-
ing NS-SV-AC revealed no statistical significance (Fig. 3b, 
c, d). This suggested that normal (non-cancerous) mesen-
chymal and epithelial cells were not negatively affected by 
SF, while the viability of immortalized or malignant cells 
was reduced.

Sulforaphane increased drug‑mediated cytotoxicity 
by induction of apoptosis

We then aimed to verify the induction of apoptosis by 
SF on cancer cells. SCC12 and SCC38 cells were treated 
with CIS or 5-FU with or without SF for 72 h before 
being stained for annexin V and analyzed by flow cytom-
etry. Single treatment with CIS induced early apoptosis in 
12% and 8% of SCC12 and SCC38 cells, respectively. The 
combined treatment of SF + CIS increased the apoptosis 
to 20% (Fig. 4a). Similarly, 5-FU as a standalone treat-
ment induced apoptosis in 15% and 12% of the SCC12 

Fig. 2  Sulforaphane synergized the effects of CIS and 5-FU against 
SCCHN cells. a SCC12 and b SCC38 cells were treated with 3.5 µM 
of SF with or without 0.1, 0.5, 1, 2 µg/ml of CIS or 0.013, 0.13, 1.3, 
130 µg/ml of 5-FU for 72 h. Cellular viability was assessed using a 
MTT assay in triplicates in three independent experiments. Data are 
presented as mean ± SD (* P < 0.05 and ** P < 0.01 relative to treat-
ment in the absence of SF, @@ P < 0.01 relative to control). c To ver-
ify the effects of SF on clonogenic cell division, SCC12 and SCC38 
cells were pretreated with SF (3.5 µM) with or without CIS (0.5 µg/
ml) or 5-FU (0.13  µg/ml) for 72  h before being seeded in 6-well 
plates for 10  days (400 cells/well). Fixed and stained colonies con-
taining > 50 cells were counted under an inverted light microscope. 

Data are presented as mean ± SD (** P < 0.01 relative to treatment 
in the absence of SF, @@ P < 0.01 relative to control without treat-
ment). Photographs of the fixed and stained colonies are presented on 
the (d) panel. e SCC12 and SCC38 cells were pretreated with sub-
lethal doses of SF (0.875 µM) with or without CIS (0.02 µg/ml) or 
5-FU (0.2 ng/ml) for 72 h and 400 cells per condition were seeded in 
6-well plates for 10 days. Fixed and stained colonies containing > 50 
cells were counted under an inverted light microscope. Data are pre-
sented as mean ± SD (** P < 0.01 relative to treatment in the absence 
of SF, @ P < 0.05 and @@ P < 0.01 relative to control without treat-
ment). Photographs of the fixed and stained colonies are presented on 
the (f) panel
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Fig. 3  Sulforaphane had minimal to no effect on non-cancerous 
human cells. a Primary fibroblasts, primary gingival epithelial cells, 
and a salivary acinar cell line were treated with 0, 0.875, 1.75, 3.5, 
7, and 14 µM of SF for 72 h. The cell viability was evaluated in trip-
licate in three independent experiments by MTT assay. Data are pre-
sented as mean ± SD. b Primary fibroblasts, c primary gingival epi-

thelial cells, and d a salivary acinar cell line were treated with 3.5 µM 
of SF in the presence or absence of 0.5 and 1 µg/ml of CIS or 0.13 
and 1.3 µg/ml of 5-FU for 72 h, respectively. Viability was measured 
by a MTT assay in triplicates in three independent experiments. Data 
are presented as mean ± SD

Fig. 4  Sulforaphane increased drug-mediated cytotoxicity by induc-
ing apoptosis. a SCC12 and b SCC38 were treated with 3.5 µM of SF 
with or without 0.5 µg/ml of CIS or 0.13 µg/ml of 5-FU for 72 h. The 
induction of apoptosis was assessed in triplicates in three independ-
ent experiments using annexin V/7AAD staining and flow cytom-

etry. The data presented are gated on single cells. c, d The percent-
age of early apoptotic cells is presented as mean ± SD (** P < 0.01 
compared with treatment in the absence of SF, @ P < 0.05, and @@ 
P < 0.01 relative to control without treatment)
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and SCC38 populations. The combined treatment of 
SF + 5-FU increased apoptosis to 20% and 24% (Fig. 4b). 
This suggested that sulforaphane could reduce SCCHN 
cell numbers through the induction of apoptosis (Fig. 4c, 
d).

Sulforaphane affected the regulation of pro‑ 
and anti‑apoptotic genes

To better understand the enhancement of apoptosis induc-
tion by chemotherapy in SCCHN cells through the addi-
tion of SF, we examined expressions of the genes that 
are critical for cell apoptosis in carcinoma. SCC12 and 
SCC38 cells were treated with SF, CIS, or 5-FU alone or 
in combination for 72 h, followed by QPCR for the expres-
sion of the selected genes. Compared to the control group, 
BAX and CASP3 expression was significantly increased 
while the BCL2 was significantly decreased when 7 µM 
of SF was used. Similarly, the expression of BAX and 
CASP3 was increased while BCL2 was decreased signifi-
cantly in the CIS and 5-FU treatments. However, when 
we used the combined SF + CIS or SF + 5-FU treatments, 
it elevated the expression levels of BAX and CASP3 and 
reduced the expression level of BCL2 significantly when 
compared to CIS or 5-FU treatment alone (Fig. 5a, b).

Discussion

Squamous cell carcinoma of the head and neck is one of the 
most common malignant neoplasms. 60% of the reported 
cases for treatment present with locally advanced tumors 
and require combined modality therapy including surgery, 
radiotherapy, and chemotherapy [32]. One major reason for 
cancer treatment failure is the limited efficacy of the con-
ventional chemotherapy by its severe toxic side effects. In 
this study, we presented an approach to decrease the chemo-
therapeutic dose while maintaining therapeutic efficacy by 
combining CIS or 5-FU with the low-toxicity, natural prod-
uct sulforaphane.

Numerous studies reported the anti-neoplastic effect of SF 
against solid tumors such as breast tumors, hepatic tumors, 
brain tumors, pancreatic tumors, prostate tumors, and skin 
tumors [13]. Recently, it was shown that SF has comparable 
cytotoxic effects on the squamous cell carcinoma of the head 
and neck [33–35]. Our results showed that SF decreased 
the SCCHN cell lines viability through increasing treatment 
dosage and duration. SF inhibitory effect on head and neck 
cancer cells is comparable to other types of cancers as the 
 IC50 measured after 72 h of treatment for SCC12 and SCC38 
were very close to acute lymphocytic leukemia [35, 36]. We 
used 3.5 µM SF dose for the rest of the experiment as this 
dose showed the first signs of apoptosis was relatively safe to 
non-cancerous healthy cells and expected to be achieved by 

Fig. 5  Sulforaphane mediated the up-regulation of pro-apoptotic and 
down-regulation of anti-apoptotic genes. a SCC12 and b SCC38 were 
treated with 7  µM of SF with or without 2  µg/ml of CIS or 13  µg/
ml of 5-FU for 72  h. The expression of BAX, CASP3, and BCL2 
was measured by QPCR and normalized to GAPDH expression. All 

assays were performed in triplicate in three independent experiments 
and were calculated on the basis of ΔΔCt method. Data represent 
mean ± SD (* P < 0.05 and ** P < 0.01 compared with treatment in 
the absence of SF)
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simple ingestion of fresh broccoli sprouts. Clarke reported 
SF 2.5 µM/L plasma concentration after 3 h from ingestion 
of 40 g of fresh broccoli sprouts [37].

Our preliminary data suggests that SF can be used as a 
co-treatment to improve conventional chemotherapy against 
SCCHN. When we tested this hypothesis, we found that SF 
co-treatment decreased SCCHN cells viability twofold more 
than CIS alone, and tenfold more than 5-FU alone after 72 h 
(P < 0.05). This increase in cytotoxic effect can be used to 
reduce the conventional doses of CIS and 5-FU used in treat-
ment and, in turn, reduce the dose-dependent side effects. 
The co-treatment with SF did not only affect the viability but 
also reduced the self-renewal ability of the SCCHN cells, as 
observed by measuring colony formation following a 72-h 
treatment. The co-treatment significantly reduced the num-
ber of colonies formed when compared to the single treat-
ment of CIS or 5-FU. Our results were comparable to those 
obtained by using SF against other types of cancers such as 
gastric carcinoma, pancreas, and prostate cancers [19, 38].

One of the causes for treatment failure is due to the can-
cer cell’s ability to evade the damage caused by the chemo-
therapy [39]. However, the synergetic effect of SF with CIS 
or 5-FU was noticeable in the inhibition of DNA repair after 
treatment. This was observed after treating SCCHN cells 
with a sub-lethal dose of CIS or 5-FU with or without SF for 
72 h, followed by a colony-forming assay for 10 days. The 
co-treatment significantly decreased the clonogenic ability 
of the cells when compared to a single treatment. This indi-
cated that the cells were unable to repair their damaged DNA 
after chemotherapy termination when SF was introduced. 
Our data demonstrated—for the first time—that the anti-
oxidant properties of SF did not affect chemotherapy efficacy 
but instead increased the cytotoxic effects of chemotherapy 
on SCCHN cells.

One of the important criteria that make SF a suit-
able candidate for chemotherapy is the low toxicity on 
non-cancerous cells. We tested this by applying different 
concentrations of SF on human primary fibroblasts, epi-
thelial cells, and a salivary acinar cell line for 72 h fol-
lowed by measuring cell viability. SF had minimal toxic 
effects on primary cells, except when administered in 
high doses. This was not the case with the acinar cell line 
which had a significantly lower  IC50 when compared to 
the primary cells, but still higher than the SCCHN cells. 
This result could be because acinar cells were no longer 
normal (primary) cells as they were immortalized with 
the simian virus 40; this immortalization procedure likely 
led to expression of genes that were targeted by SF. We 
also tested the effects of the co-treatment on these cells 
which showed comparable results; the co-treatment had 
no significant difference when compared to CIS or 5-FU 
treatment alone. This was observed in all of the tested cell 
types, including the acinar cell line. This observation was 

also reported in primary fibroblasts, endothelial cells, and 
immortalized 293 Kidney cells [19] and with a human 
gastric epithelial cell line (GES-1) [38].

The decreased SCCHN cell viability after using sul-
foraphane seemed to be caused by an increased induction of 
apoptosis. By using the annexin V assay, we found that SF 
treatment significantly increased early apoptosis in treated 
cancer cells. The combined treatment of SF and low doses 
of CIS or 5-FU led to increased apoptosis compared to using 
a single drug as a treatment. This was in agreement with 
reports by other groups [19, 40].

It is suggested that various anti-cancer agents will stimu-
late different apoptotic pathways, including the death recep-
tor-mediated pathway, the mitochondrial apoptotic pathway, 
and the endoplasmic reticulum pathway [41]. While those 
pathways have different initiation mechanisms, they all 
have the same final phase in which the executioner caspases 
become activated [42]. The BCL2 proteins family is the 
center of regulation for Caspase3—one of the executioner 
caspases. Cellular apoptotic susceptibility with chemother-
apy is regulated by the ratio between anti-apoptotic gene 
BCL2 and pro-apoptotic genes BAX, Bid, and Bak [43]. In 
our study, QPCR results showed that SF increased chemo-
therapy-induced apoptosis utilizing the caspase-dependent 
pathway by increasing the expression of Caspase3 through 
the up-regulation of BAX and down-regulation of BCL2. 
The combined treatment almost doubled BAX expression 
when compared to the single treatment. Comparable results 
were obtained via Western blotting by others [40, 44]. Fur-
ther investigations at the protein level changes should be 
made.

In summary, we demonstrated that SF did not decrease 
the cytotoxic effects of chemotherapy, but rather strongly 
enhanced their efficacy against SCCHN. The combined 
treatment efficiently increased apoptosis along with inhibit-
ing clonogenicity and DNA repair without increasing the 
cytotoxicity in non-cancerous cells which will be of great 
clinical significance. The combined treatment may be of 
therapeutic benefit in clinical settings in reducing the toxic 
side effects of chemotherapy and increasing its effect. Our 
data, combined with the works of others, suggest that SF can 
be used with lower doses of chemotherapy as co-treatments 
to the benefits of the patients.
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