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Abstract

Cancer stem cells (CSCs) are cells in a malignancy that have the potential to self-renew and differentiate, resulting in a
diverse population of cancer cells. These cells are increasingly linked to resistance to traditional therapies, as well as tumour
recurrence. Sulforaphane (SFN), a strong anti-cancer and well-tolerated nutritional substance, reduces CSC characteristics and
improves gemcitabine therapeutic effectiveness in the non-small cell lung cancer (NSCLC) rat model. Gemcitabine (GEM)
and/or SFN enhance these capabilities by reducing transforming growth factor betal (TGF-B1) and tumor necrosis factor
alpha (TNF-o), which target CD133 and aldehyde dehydrogenase 1A1 (ALDHIA1) CSC markers. This discovery was
supported further by changes in histological findings. Furthermore, we demonstrated that GEM and/or SFN had a highly
substantial inhibitory effect on the viability of A549 cells. In vitro, combination treatment increased chemotherapeutic drug
cytotoxicity. SFN sensitized NSCLC cells to GEM effectiveness, which was accompanied by suppression of GEM-induced
CSC formation in lung cancer tissues according to the findings. GEM+SFN, a combination therapy, has demonstrated
promising results in restricting the availability of CSCs, suggesting that it might be effective in combating NSCLC resistance
and recurrence.
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1. Introduction

Non-small cell lung cancer (NSCLC) is a leading
cancer in terms of causing deaths among all cancers
in the world, accounting for approximately 80% of all
lung cancer cases [1]. Gemcitabine is a deoxycytidine
nucleoside analog widely used for NSCLC treatment
[2,3]. Gemcitabine has anti-proliferative properties
which depend on blocking cell cycle progression at
the G1/S transition and interrupt the synthesis of
DNA [4]. Gemcitabine is recommended as the first-
line chemotherapy for treatment of pancreatic cancer
of advanced stage [5]. It is also used for treating
NSCLC [2], bladder cancer [6], ovarian cancer [7] as
well as breast cancer [6]. Gemcitabine is regarded as
a perfect choice for evaluation as maintenance
therapy due to its tolerability profile [8]. However,

gemcitabine resistance is one of the main obstacles to
a successful treatment of cancer, which may be
acquired or intrinsic. GEM has been reported to
induce reactive oxygen species (ROS), the high level
of which is cytotoxic whereas the low level may be
tumor promoting [9,10]. Furthermore, metabolic
reprogramming towards aerobic glycolysis can be
induced by low-dose GEM, resulting in promotion of
cancer stemness and chemoresistance in pancreatic
cancer through activation of the KRAS (Kirsten rat
sarcoma virus) /AMPK (AMP-activated protein
kinase) pathway mediated by ROS [11].

Cancer stem cells are often linked to stem cell
properties such as chemotherapy resistance, increased
capacity  of  anchorage-independent  growth,
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expression of stem cell antigens [12]. CSCs markers
have been detected in many cancer types such as
CD133, CD44 and ATP-binding cassette transporter
G2 (ABCG2) [13]. The cell surface antigen CD133
has been found to be responsible for drug resistance,
tumorigenicity, invasion, and metastasis [14].
Transforming growth factor beta is a cytokine family
member that plays a role in regulation of cell
proliferation [15, 16]. It seems to have a dual role in
cancer where TGF-B1 signaling can act as a tumor
suppressor inhibiting cell proliferation in normal
hematopoietic cells and epithelial cells [16-19].
Moreover, many tumors have been shown to evade
immune system recognition via increasing TGF-p
expression and, so, increasing tumor metastasis and
recurrence risk [20]. The primary role of TNF-a is
the stimulation of inflammatory cells to fight
infection, whilst its proapoptotic capability is still
ambiguous. Nevertheless, it is supposed that nuclear
factor kappa B (NF-kB), the main channel for TNF-a
proinflammatory action, strongly inhibits TNF-a
induction of apoptosis. TNF-a activates many
antiapoptotic through regulation of both caspase and
NF-kB [21].

Crosstalk between TGF-p1 and TNF-o promotes
cancer stemness in breast cancer via epithelial-
mesenchymal transition (EMT) induction. Especially,
EMT-generated breast CSCs induced by TGF-§ have
a claudin-low phenotype that is normally linked to
mesenchymal characteristics and more aggressive
behavior of cancer, as well as self-renewal potential,
increased in vivo tumorigenicity and resistance
against the chemotherapy oxaliplatin [22]. TNF-a and
TGF-B1 were reported to be of the most abundant
cytokines playing critical roles not only in enhancing
invasion and migration abilities of cancer cells, in
addition to promoting their stemness [23, 24].

Sulforaphane, a naturally derived isothiocyanate,
has been found to be a potent histone deacetylase
(HDAC) inhibitor as well as an enhancer of several
pro-apoptotic signaling pathways. Recent studies
indicated that SFN may inhibit the activity and
expression of matrix metalloproteinases (MMPs)
which are implied in regulating metastasis, and may
inhibit CSCs activity [25,26]. However, little has
been reported on the direct antitumor activities of
SFN on NSCLC with the linkage of cancer cells
assault and migration in vivo. Therefore, the current
study highlights the anticancer and cytoprotective
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effects of SFN in combination with GEM in order to
overcome NSCLC resistance and recurrence.

2. Experimental
2.1. Chemicals

Urethane (ethyl carbamate), and Sulforaphane
(SFN) were acquired from Sigma-Aldrich Chemical
Co., St Louis, MO, USA and were of high purity,
quality and analytical grade. Gemcitabine (2,2-
difluorodeoxycytidine; GEM) was got in its
commercial formula as Gemzar® (Lilly). All used
chemicals were of the highest quality and analytical
grade.

2.2. Cell culture
NSCLC A549 human cell line was attained from

the Tissue Culture Unit of the Holding Company for
Biological Products and Vaccines (VACSERA),
Giza, Egypt, supplied through the American Type
Culture Collection (ATCC).

2.3. Culture medium
The cells were cultured in RPMI-1640 medium in

a humidified environment at a temperature of 37°C
and 5% CO; atmosphere. The medium was
supplemented with 100 IU/ml penicillin, 100 pg /ml
streptomycin and 10% fetal bovine serum (FBS).

2.4. Subculture of cell line
Cultured cells were observed via an inverted

microscope (CKX41; Olympus, Japan) to evaluate
the confluence degree and to ensure the absence of
bacterial and fungal contaminations. Phosphate-
buffered saline (PBS) free of Ca?*/Mg?* was used to
wash the cell monolayer using a volume that is
equivalent to the half of the culture medium volume.
The cells were harvested by adding trypsin/EDTA
using 1mL/25cm? of surface area. The flask was then
got back into the incubator and left for 10 minutes.
To ensure that all the cells were detached, the cells
were examined by the inverted microscope.

2.5. Assay of sulforaphane (SFN) cytotoxicity
To investigate the cytotoxic effect of sulforaphane

(SFN) on A549 NSCLC human cell line, the crystal
violet assay was performed as previously described
[27]. A549 NSCLC cells were plated onto 96-well
culture plate and exposed to various concentrations of
SFN (5, 10, 15, 25, 30 and 35 puM), in addition to
untreated cells of A549 cell line that served as a
control. The plate was incubated for 24 hours in a
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humidified incubator at a temperature of 37°C and
5% CO2 atmosphere. The medium was then aspirated
at the end of the incubation period. The cells were
washed using 100 pL of PBS. The MTT (3-[4,5-
dimethylthiazol-2-yl]-2.5-diphenyl tetrazolium
bromide) reagent was added (10 pL/well) and the
culture plate was incubated for 12 hours allowing for
the intracellular reduction of the soluble yellow MTT
into the insoluble purple formazan crystals. Finally,
the dye was extracted from the cells by the addition
and mix of 33% acetic acid with each well content.
The resulting colored solution was quantified by
measuring the absorbance at 490 nm in triplicates
using an ELISA reader (Stat Fax, USA). The
cytotoxicity was assessed as the end point of crystal
violet reduction and the quantitative external
morphology of exposed cells in relation to control
cells was assessed by an inverted microscope. The
percentage of cell survival was calculated as the
percentage of the ratio of the optical density (OD) as
shown by the following equation: cell survival % =
OD treated / OD control x 100.

2.6. Culture groups

The cultured A549 NSCLC cells were divided into
four groups. Group 1 (positive control group)
included untreated A549 cells that served as a
positive control. Group 2 (GEM group) involved
A549 cells treated with the IC50 of GEM (0.01 uM)
[28]. Group 3 (SFN group) included A549 cells
treated with the ICsp of SFN (30 uM). Group 4
(GEM+SFN group) included A549 cells treated with
GEM and SFN.

2.7. Assay of cell proliferation
Cell proliferation of A549 NSCLC human cell line

in all groups was evaluated using the MTT cell
proliferation kit (Cat. No. 4890-25-K; Trevigen Inc.,
Gaithersburg, MD, USA) as provided by the
manufacturer's protocol. Cells were plated in a 96-
well microplate (10%-10° cells/well) in the absence or
presence of GEM (0.01 pM) and /or SEN (30 uM) in
a total volume of 100 pL of cell culture medium and
were then allowed to attach overnight. The MTT
reagent was added (10 uL/well) and the culture plate
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was incubated for 12hours allowing for the
intracellular reduction of the soluble yellow MTT
into the insoluble purple formazan crystals. The
detergent reagent was added to each well to solubilize
the formazan crystals and the resulting colored
solution was quantified by the measurement of each
sample prior to at 550-600 nm by an ELISA reader.
For each group, three wells were used. Cell
proliferation was evaluated as the cell proliferation
percentage compared to the untreated cancer cell line
as a control.

2.8. Animals and experimental design
Female adult Wistar rats (n = 100, 120-150 g for

each) were obtained from the animal breeding house
of the National Center for Radiation Research and
Technology (NCRRT). The animals had been
adapted in the animal facility of NCRRT for at least
one week before they were subjected to
experimentation. The animals were retained under
typical housing circumstances that involved a
temperature of 23 £ 1 °C, relative humidity of 55 +
5%, and a 12h:12h light-dark cycle. The rats were fed
a commercial standard pellet diet (including
necessary nutritive elements such as 23% protein,
4.68% fats and 2.6% fibers; and being soya free to
minimalize natural phytoestrogen supplementation)
and were given water ad libitum. This study was
carried out in compliance with the National Institute
of Health’s Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85-23, revised 1996)
as well as the NCRRT ethic committee’s guidelines
which approved all experimental procedures. The
animals were divided at random into the following
five groups (20 rats for each group):

Group 1 (Normal control): Normal rats.

Group 2 (NSCLC): Rats received three injections
of urethane 1 g/kg body weight (BW) administered
intraperitoneally at weekly intervals [29,30].

Group 3 (NSCLC+GEM): NSCLC rats were
treated intraperitoneally with GEM at the week 21
and the week 22 with two doses per week (50 mg/kg
BW) [31]. The twice weekly dosage of gemcitabine
is equal to a 300 mg/m2, the typical human low dose
using the body surface area standardization formula.
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Group 4 (NSCLC+SFN): NSCLC rats were
treated orally at the week 21 with SFN (100 mg/kg
BW, daily) [32] for 6 weeks.

Group 5 (NSCLC+GEM+SFN): NSCLC rats
were treated with GEM and SFN as in group 3 and 4,
respectively.

2.9. Blood and lung tissue sampling
By the end of the study, rats from the different

groups were sacrificed by cervical dislocation, and
the blood was collected by retro-orbital sinus
puncture. Lungs were resected rapidly, washed with
isotonic saline, and used for biochemical and other
tests of lung tumorigenesis histopathological
examination. All blood samples and lung specimens
were stored at -80°C until analysis.

2.10.  Assessment of oxidative stress
Lipid peroxidation in lung tissue was determined

by thiobarbituric acid assay that involves the reaction
between malondialdehyde (MDA) and thiobarbituric
acid, forming the pink-colored complex thiobarbituric
acid reactive substances (TBARS). The absorbance
was measured at 532 nm [33]. Reduced glutathione
(GSH) in lung tissue homogenate was assessed
according to the method previously described by
Ahmed et al.,, 1991 [34]. Superoxide dismutase
(SOD) and catalase (CAT) activity were assayed in
lung tissue homogenate in accord with the method
designated by Minami & Yoshikawa, [35] and Sinha,
[36], respectively.

Table 1 Sequences of primers used for qRT-PCR

2.11.  Enzyme-linked immunosorbent assay
(ELISA) analyses
The lung tissues were used for estimating the level

of caspase-3 and TNF-o consistent with the
manufacturer’s protocol of rat ELISA kit obtained
from MyBiosource, Inc. California, San Diego, USA
(Cat. No. MBS743552 and Cat. No. MBS2507393,
respectively). TGF-Bl was measured by using rat
TGF-1 ELISA kit purchased from CUSABIO
Technology LLC, Houston, TX, USA (Cat. No. CSB-
E04727r) as stated by the protocol provided by the
manufacturer. Samples’ measurements were carried
out by an ELISA reader (Biotek, USA).

2.12.  Gene expression analysis of CD133 and
ALDH1AL using quantitative real-time
polymerase chain reaction (QRT-PCR)

Real-time PCR was performed using the StepOne
Real-Time PCR  System  Instrument  (Life
Technologies) with reaction contained SYBR Green
Master Mix (Applied Biosystems), gene-specific
forward and reverse primers, cDNA synchronized
from the extraction RNA (0.5-2) micrograms, and
nuclease-free water. The sequences of PCR primer
pairs used for each gene are shown in table 1. Data
analysis have been carried out by the ABI Prism
sequence detection system software and data
quantification has been performed by means of the
vl 7 Sequence Detection Software from PE
Biosystems (Foster City, CA).

Primer Sequence

CD133

Forward: 5'- TACAACGCCAAACCACGACTGT -3'

Reverse: 5'- TCTGAACCAATGGAATTCAAGACCCTTT -3'

ALDH1A1 Forward: 5'- TCGTCTGCTGCTGGCGACAA -3’
Reverse: 5'- AGCCCAACCTGCACAGTAGCG -3’
B-actin Forward: 5'- CCAAGGCCAACCGCGAGAAGATGAC -3’

Reverse: 5'- AGGGTACATGGTGGTGCCGCCAGAC -3’

The comparative threshold cycle approach was
used to calculate the relative expression of the genes
under study. All values were normalized to the PB-
actin gene, which was used as the housekeeping gene
[37].

2.13.  Histopathological examination
Lung tissue specimens from all animal groups were

obtained and preserved in 10% neutral buffered
formalin. The specimens were then trimmed, washed,
and dehydrated in ascending concentrations of
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alcohol, cleaned in xylene, embedded in paraffin,
sectioned at 4-6 pm thickness and stained with
hematoxylin-eosin staining (H&E) according to
Bancroft et al. [38]. The response of tumor mass to
treatment was divided into the following: Grade | a,
marginal or no regression; Grade | b, morphologic
evidence of therapy-induced alterations but >10%
residual tumor; Grade Il a, extensive response but
with residual tumor < 10%; and Grade Il b,
pathologic complete response [39].
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2.14.  Statistical analysis

All statistical analyses and graphs were carried out
by GraphPad Prism 8.4.3 software (GraphPad
Software, Inc., San Diego, CA, USA) and SPSS
Statistics 19 software (IBM Corp., Armonk, NY,
USA). Descriptive one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test and
Pearson correlation test were used to calculate
statistical significance. Results were presented as
means + SD. Statistically significant p values are less
than 0.05.

3. Results

3.1. Anticancer effect of different concentrations of
SFN against A549 NSCLC human cell line
The cytotoxic activity of SFN against A549

NSCLC human cell line has been estimated via the
MTT assay. The anticancer effects have been
observed when cells were treated with increased
concentrations of SFN (15 uM to 35 uM) showing
the concentration 30 pM as the half maximal
inhibitory concentration (IC50), as illustrated in
figure 1.

3.2. Effects of GEM, SFN, and GEM+SFN on cell
proliferation of A549 NSCLC human cell line
SFN and GEM as a combination therapy in group
4 manifested the most significant anticancer activity
compared to either of SFN or GEM monotherapies,
as presented in figure 1.

3.3. Effects of GEM, SFN, and GEM+SFN on
oxidative status

To assess the oxidative status in the lung tissue
following administration of GEM, SFN, and
GEM+SFN, we measured the level of the lipid
peroxide MDA, GSH, SOD activity and CAT activity
in lung homogenates and our results are shown in
figure 2. Our results have shown that treatment with
SFN increased the lipid peroxide MDA (p = 0.134) as
compared with NSCLC group. Furthermore, GEM
and GEM+SFN therapies increased the lipid peroxide
MDA to a highly significant extent (p < 0.001 for
both). Treatment with GEM and GEM+SFN caused a
decline in GSH level (p = 0.343 and p = 0.768,
respectively) whereas treatment with SFN caused a
rise in GSH level (p = 0.878) relative to NSCLC
group.

Compared to NSCLC group, our results revealed a
decrease in SOD activity in GEM treatment group (p
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= 0.983), whilst the results revealed an increment in
the activity of SOD in GEM+SFN treatment group (p
= 0.083). Moreover, a significant raise in the activity
of SOD was found in SFN treatment group (p =
0.002). In comparison with NSCLC group, our
results exhibited a highly significant decrease in CAT
activity in GEM treatment group (p < 0.001).
Additionally, a significant elevation in the activity of
CAT was exhibited in SFN treatment group (p =
0.007), at the same time that a modulated increase of
the activity of CAT was exhibited in GEM+SFN
treatment group (p = 0.091).

3.4. Effects of GEM, SFN, and GEM+SFN on
caspase-3, TNF-a, and TGF-f1

The level of caspase-3 in the NSCLC group was
slightly increased compared to the normal control
group (p = 0.515). Compared to the NSCLC group,
caspase-3 levels showed an increase in both the GEM
and SFN groups (p = 0.163 and p = 0.610,
respectively). Additionally, a highly significant
increase of caspase-3 has been manifested in the
SFN+GEM combination therapy group (p < 0.001) as
illustrated in figure 3a.

TGF-B1 was found to be increased to a highly
significant degree in the NSCLC group compared to
the normal control group (p < 0.001). In comparison
with the NSCLC group, the TGF-B1 level was
reduced in GEM, SFN, and SFN+GEM groups with a
highly significant difference (p < 0.001 for all
groups) (Fig. 3b). Our results also showed a highly
significant increment of TNF-a in the NSCLC group
compared to the normal control group (p < 0.001).
TNF-a levels were lower in the SFN-treated group (p
= 0.053) than these in the NSCLC group.
Furthermore, TNF-a levels, compared to NSCLC
group, were significantly lower in the GEM-treated
group (p = 0.004). A highly significant reduction was
seen in the GEM+SFN combination therapy group (p
< 0.001) in comparison to the NSCLC group (Fig.
3¢).

3.5. Effects of GEM, SFN, and GEM+SFN on the
CSCs markers CD133 and ALDH1A1
Measurement of CD133 has demonstrated that
CD133 was increased in NSCLC group to a highly
significant extent compared to the normal control
group (p < 0.001).
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Fig. 1. Invitro studies on A549 human cell line. (A) Anticancer effect of different concentrations of SFN against A549 cells.
(B) Cellular growth inhibition effect of SFN and/orGEM on A549 cells. Error bars represent means + standard deviation (SD).
** means that the p-value < 0.001. The mean difference is significant at p-value less than 0.05 and is highly significant at p-
value less than 0.001.
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Fig. 2. The effect of GEM, SFN, and GEM+SFN on oxidative status in the NSCLC rat model. A, B, C, and D represent
analyses of the MDA, GSH content, and CAT and SOD activity,respectively.. Error bars represent means + standard
deviation (SD). (*) means that the p-value < 0.05 and (**) means that the p-value < 0.001. The mean difference is significant
at  p-value less  than 0.05 and is highly  significant  at p-value less  than 0.001.
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Compared to NSCLC group, the levels of CD133
manifested a highly significant fall in GEM, SFN,
and SFN+GEM treatment groups (p < 0.001 for all
groups) (Fig. 3d). A highly significant rise of
ALDH1AL1 level has been found in NSCLC group
relative to the normal control group (p < 0.001). It
has been found that ALDH1A1 levels were lowered
in GEM, SFN, and SFN+GEM treatment groups with
a highly significant difference from NSCLC group (p
< 0.001 for all groups) (Fig. 3e).

3.6. Histological alterations in lung tissues induced
by GEM, SFN, and GEM+SFN

Lung tissues examination in rats of normal control
groups has shown normal lung architecture, thin
inter-alveolar septa, folded columnar epithelial cells
of bronchiole, clearly viewed alveolar sacs, normal
pulmonary vessels, and normal distribution of fibrous
tissues. The alveoli appeared inflated with thin inter-
alveolar septa. They have been shown to be lined
mostly by squamous type | pneumocytes and a few
large cuboidal type Il pneumocytes (Figure 4A).

The lungs of carcinogenic animals’ group
(NSCLC group) showed undifferentiated tumor mass
typically non-small cell lung carcinoma characterized
by moderate nuclear pleomorphism, prominent
nucleoli, and a moderate amount of cytoplasm.
Central “infarct-like” coagulative necrosis was
present with a rim of histiocytes and lymphocytic
reaction at the edge of the necrosis. In zones at the
edge of the necrosis were macrophages with foamy
cytoplasm, cholesterol clefts and multinucleated giant
cells (Figure 4B and 4C). Partial obstruction with
focal emphysema and focal atelectasis were seen.
Desquamation of  bronchial epithelial  which
accompanied with peribronchial and perivascular
inflammatory cells infiltration mainly lymphocytes,
macrophages and few neutrophils were noticed
(Figure 4D).
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In GEM group, histological changes seen in
pathologic responders circumscribed area of
extensive necrosis is seen with a rim of fibrosis,
chronic inflammatory infiltrate, and prominent
cholesterol clefts. The adjacent to the necrosis
showed “foamy” macrophages and cholesterol clefts.
Grade I b, morphologic indication of therapy-induced
alterations but >10% residual tumor was seen (Figure
4E). The lung tissue section revealed mild thickening
of alveolar wall and desquamation of bronchial
epithelial lining. Peribronchial and perivascular
edema and mononuclear cells infiltration mainly
lymphocytes and macrophages were noticed (Figure
4F).

The histological picture of lung tissue section of
animals’ group treated by SFN not completely varied
from untreated group. The responsibility of cancerous
mass Grade | b. The neoplastic area showed mixture
of foam cells and giant cells, in addition to infarct-
like coagulative necrosis and minimal fibrosis. The
histological growth pattern of the carcinomas was
unchanged by therapy (Figure 4G). The lung tissue
section showed multifocal areas of emphysema with
thickening of alveolar septa. Perivascular edema and
massive leukocytic infiltration mainly lymphocytes,
macrophages and few neutrophils were seen (Figure
4H).

Lung tissue section of animal group treated by
GEM+SFN combination therapy revealed shrinkage
of tumor mass in comparison with animals group
treated by chemotherapy alone. Remnant of necrotic
tissues was surrounded by thick layer of fibrous
connective tissues. Chronic inflammatory cells
infiltration mainly lymphocytes and macrophages
with few cholesterol clefts were seen. Grade Il a,
extensive response but with residual tumor < 10%
was recorded (Figure 41). A normal histological
structure has been shown in the lung tissue section.
Peribronchial and  perivascular edema and
mononuclear cells infiltration mainly lymphocytes
and macrophages have been observed (Figure 4J).
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Fig. 3. The effect of SFN, GEM, and SFN+GEM on apoptosis, and on lung CSCs markers via targeting both TGF-pland
TNF-o in NSCLC rat model. (A, B and C) ELISA analyses of caspase-3, TGF-B1 and TNF-a, respectively. (D and E) qRT-
PCR analyses of the lung CSCs markers, CD133 and ALDH1A1, respectively. Error bars represent means + SD. (*) means
that the p-value < 0.05 and (**) means that the p-value < 0.001. The mean difference is significant at p-value less than 0.05
and is highly significant at p-value less than 0.001.
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Table 2 Pearson correlation between TGF-B1, TNF-a, CD133 and ALDH1A1) in NSCLC rat model. A strong correlation between TGF-f31
and TNF-a has been observed (r = 0.922, p < 0.001) indicating their synergistic action that leads to increasing CSCs population in NSCLC.

TGF-p1 TNF-a CD133 ALDH1A1l

TGF-p1 Pearson Correlation (r) 1 0.922** 0.957** 0.896**

p-value <0.001 <0.001 <0.001
TNF-a Pearson Correlation (r) 0.922** 1 0.911** 0.860**

p-value <0.001 <0.001 <0.001
CD133 Pearson Correlation (r) 0.957** 0.911** 1 0.970**

p-value <0.001 <0.001 <0.001
ALDH1A1 Pearson Correlation (r) 0.896** 0.860** 0.970** 1

p-value <0.001 <0.001 <0.001

** means strong correlation.
N - Bt -
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Fig. 4. Histology of lung tissue sections obtained from animals of different groups (H&Ex200). (A) Normal lung tissue
section showing thin inter-alveolar septa, folded columnar epithelial cells of bronchiole with normal distribution of pulmonary
vessels and fibrous tissue arrow. (B) NSCLC tissue section showing central coagulative necrosis with a rim of histiocytes,
lymphocytic and foamy macrophage arrow. (C) NSCLC tissue section showing central pleomorphic neoplastic cells,
cholesterol clefts, arrow head and multinucleated giant cell arrow (D) NSCLC tissue section showing desquamation of
bronchial epithelial accompanied with peribronchial and perivascular inflammatory cells infiltration arrow. (E) GEM treated
lung tissue section showing extensive necrosis with a rim of fibrosis and chronic inflammatory infiltrate arrow. (F) GEM
treated lung tissue section showing perivascular edema and mononuclear cells infiltration arrow. (G) SFN treated lung tissue
section showing a mixture of foam cells, giant cells, in addition to infarct-like coagulative necrosis and rim of fibrosis arrow.
(H) SFN treated lung tissue section showing perivascular edema and massive leukocytes infiltration, mainly lymphocytes,
macrophages, and a few neutrophils arrow. (I) GEM+SFN treated lung tissue section showing shrinkage of tumor mass
surrounded by thick layer of fibrous connective tissues and chronic inflammatory cells infiltration arrow. (J) GEM+SFN
treated lung tissue section showing peribronchial and perivascular edema and mononuclear cells infiltration arrow.

4. Discussion Oxidative damage and oxygen radicals destroy

The findings reveal that SFN, a natural HDAC
blocker, slows resistance induced by chemotherapy
GEM in a NSCLC model. The tumor growth of
A549 cells was well blocked with GEM+SFN
combination therapy than with either drug alone. This
might be explained by the ability of GEM to integrate
into DNA producing termination of progressive
cellular growing through G()/G phase and S phase
arrest which activates apoptosis [40]. It was earlier
stated that SFN and broccoli was associated with a
decrease in tumor dimensions and development in
many rodent cancer models [41,42]. Moreover, SFN
and docetaxel combination synergistically increased
the shrinkage in the primary tumor and inhibited the
metastasis compared with docetaxel alone [43].
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DNA through epigenetic modifications, reducing
expression of antioxidants such as SOD, causing viral
replication, activating growth signaling molecules
and the inflammatory factors, and autoimmune
reactions that leads to cancer [44—46]. Antioxidants,
it can be inferred, inhibit the growth of cancer [47].
In our study, SFN has been revealed to have an
antioxidant activity by induction of tissue GSH and
SOD and CAT activities associated with reduced
MDA content, promoting the elimination of ROS and
our finding is in the same line with preceding studies
[48, 49].

ROS-dependent angiogenesis is induced by tumor
growth which raises caloric intake resulting in
elevated ROS levels that lead to stimulation of
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growth factors like TGF-B, cytokines (e.g., TNF-o)
and transcription factors, which indorse mobility of
tumors and spread through ROS-dependent cellular
signaling [50]. Consistent with these previous
studies, our results have demonstrated that both TGF-
B1 and TNF-a were overexpressed in NSCLC rat
model reflecting the crosstalk happened between
them and their synergistic action (r = 0.922, p <
0.001) (Table 2).

NSCLC has been treated with GEM which is an
effective chemotherapy with acceptable toxicity
profile  [51]. However, GEM can cause
myelosuppression, the main dose-limiting toxicity of
GEM, [51] and has the ability to induce metabolic
reprogramming towards aerobic glycolysis and, so, to
promote cancer stemness and chemoresistance
through the activation of the KRAS/AMPK pathway
mediated by ROS as previously demonstrated [11].
CSCs have been reported by several studies to
contribute to drug resistance and cancer recurrence.
Evidently, CSCs show more resistance against
conventional cancer therapies than non-CSCs [52].
Based on these findings and seeking for a way to
overcome NSCLC resistance and recurrence, our
study has been designed in order to assess the
antitumor activity of SFN in treatment of NSCLC by
investigating its antiapoptotic activity as well as
investigating its antimetastatic effect and anti-CSCs
activity via targeting both TGF-B and TNF-a
pathways. In compatibility with previous studies
[53,54], our data has shown that caspase 3 level was
elevated in NSCLC rat model as a result of treatment
by SFN as well as GEM. However, the GEM+SFN
combination therapy gave better results as it
significantly raised the level of caspase 3, thereby,
inducing apoptosis of NSCLC model to a significant
extent (Figure 3a). Moustafa et al. [55] have found
that GEM-induced cell growth inhibition was via
ROS generation cytotoxicity and enhanced
mitochondrial permeability of the membrane that
promotes apoptosis.

TGF-p has been reported to enhance the
tumorigenic potential of the CD133* population in
vivo in hepatocellular carcinoma (HCC) by
upregulating the expression of the CSC marker
CD133 through a Smad-dependent transcriptional
mechanism and via promoting the demethylation of
CD133 promoter since TGF-f negatively affects the
DNA methyltransferases DNMT1 and DNMT3p
[56,57]. Moreover, TGF-B triggers
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EMT, which is often associated with stemness
characteristics acquisition in lung cancer, promoting
thereby tumor invasion and metastasis [58—60]. Also,
it has been reported that crosstalk occurs between
TGF-p and TNF-a, positively affecting the
acquisition of a CSCs phenotype in breast cancer as a
result of EMT induction and consequently increasing
tumorigenicity and chemotherapy drug resistance
[22]. The upregulation of CD133 and ALDH1Al
(Figure 3d, €) could be due to increased TGF-B/TNF-
a levels (Figure 3b, c). It has been reported that TGF-
Bl is wupregulated by TNF-a via a complex
mechanism including both increased transcription
and mRNA stability [61]. The upregulated results in
CD133 and ALDH1Al1 mRNA in NSCLC cells
indicating the encouraging effect of TGF-f1 and
TNF-a on CSCs increasing their population and
might contribute to NSCLC resistance to gemcitabine
treatment. Upon treatment using SFN or GEM, TGF-
B1 level has been decreased significantly in NSCLC
rat group, as well TNF-o level has been lowered.
Furthermore, the expression of both CD133 and
ALDH1Al1 has been significantly downregulated
denoting that CSCs population was significantly
reduced. The GEM+SFN combination therapy,
compared to GEM and SFN monotherapies, has
shown an improved potential to reduce both TGF-p1
and TNF-a levels, thus decreasing CSCs population
reflected by lowering CD133 and ALDH1AL1 levels.
The reduction of the level of CSCs-related markers
and signaling pathways of several tumors has been
shown in sulforaphane in addition to other
phytocompounds such as curcumin, epigalocatechin
gallate (EGCG), Lycopene, Resveratrol, SR-T100,
various flavonoids, Wisteria floribunda agglutinine
(WFA), Wogonin, W. somnifera and Genistein
derivatives [62,63].

Remarkably, SFN opposites gefitinib tolerance in
human A549 cells via the Sonic Hedgehog signaling
modulation [64] and controls the self-renewal of
CSCs in pancreatitis [65]. Additionally, SFN
confirmed a blocker result on gastrointestinal CSCs
[66]. SFN has been reported to lower associated
purine metabolites and amino acids in (MCF-7)
breast cancer cells, offering a new understanding of
the possible process through which it may function as
an agent for cancer chemoprevention [67].

Our findings have proved that our therapies, SFN
and especially the combination therapy, were
significantly efficacious in treatment of NSCLC and
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overcoming its resistance and recurrence. Although
the GEM+SFN combination therapy has manifested
greater effectiveness than both GEM and SFN
monotherapies, SFN monotherapy was able to reduce
the oxidative stress in NSCLC cells and in turn
minimize ROS-related side effects including cancer
stemness and chemoresistance at a time when neither
GEM nor the GEM+SFN combination therapy could
achieve this. Our results have been confirmed by the
histological examinations.

5. Conclusions

From our results, it has been found that
sulforaphane inhibited CSCs development and
enhanced the therapeutic efficacy of GEM in
NSCLC. Additionally, SFN exerted its antioxidant
activity and anti-metastatic effects. The greatest
results have been obtained through the combination
of gemcitabine and sulforaphane (GEM+SFN
combination therapy), the use of which may help
overcome NSCLC resistance and recurrence, the
primary concern regarding NSCLC. However, it
turns out that the combination therapy did not reduce
oxidative stress as sulforaphane monotherapy, hence
we recommend that it may be effective in the case of
a controlled programmed reduction in the dose of
gemcitabine and a controlled programmed increase in
the dose of sulforaphane.
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