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Non-small cell lung cancer (NSCLC) is one of themost commonmalignant tumors, with a highmortality rate due
to the elevated risk of resistance. Natural cucurbitacins and their derivatives are recognized as promising antitu-
mor compounds for several types of cancer, including NSCLC. In a recent study published by our research group,
DACE (2-deoxy-2-amine-cucurbitacin E), which is a semisynthetic derivative of cucurbitacin B, showed potential
in vitro synergistic antiproliferative effects combinedwith paclitaxel (PTX) inA549 cells. In sequence, thepurpose
of this study was to evaluate the in vivo antitumor efficacy of this combined therapy as well as with these drugs
individually, using a human NSCLC xenograft model. Some indicators of sub chronic toxicity that could be affect-
ed by treatments were also assessed. The results obtained in vivowith the combined treatment (1 mg/kg+ PTX
10mg/kg) showed themost effective reduction of the relative tumor volume and the highest inhibition of tumor
growth and proliferation, when compared with those of the single treatments. Furthermore, scintigraphic im-
ages, obtained before and after the treatments, showed that themost effective protocol able to reduce the resid-
ual viable tumor mass was the combined treatment. All treatment regimens were well tolerated without
significant changes in body weight and no histological and functional damage to liver and kidney tissues.
These results corroborate our previous in vitro synergistic effects published. Taken together, these insights are
novel and highlight the therapeutic potential of DACE and PTX combination scheme for NSCLC.

© 2017 Published by Elsevier Inc.
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1. Introduction

Lung cancer remains is a main cause of cancer-related death world-
wide. Among their different types, approximately 80% of case is classi-
fied as NSCLC. In addition to be considered an aggressive tumor,
diagnosis is generally performed to late reduce the treatments effective-
ness, in despite of the significant advances in understanding tumor pro-
gression and the discovery of new therapeutic options, such as
epidermal growth factor receptor (EGFR) inhibitors and immunothera-
py (Devarakonda et al., 2015; Ansari et al., 2016). In 2017, it was esti-
mated that lung cancer will be the second cause of new diagnostics
and cancer-related mortality (Siegel et al., 2017). NSCLC is a set of dis-
eases showing genetic mutations and genomic heterogeneity, but
even thoughmost patients will initially respond to chemotherapy treat-
ments, but they will likely develop resistance (Chen et al., 2014). These
limitations highlight the requirements to search for new anticancer
agents and/or combined therapies that can complement and/or im-
prove the efficacy of the therapeutic alternatives currently available.

Several drugs used for cancer treatment are derived from natural
products. Among all anticancer drugs discovered between 1940 and
2014, approximately 49% of the approved ones have been totally or par-
tially derived from natural products (Newman and Cragg, 2016).
Cucurbitacins are tetracyclic polyhydroxylated triterpenoids recognized
as compounds with promising anticancer activity as it was demonstrat-
ed by in vitro and in vivo assays (Chen et al., 2005; Lee et al., 2010; Chen
et al., 2012; Ríos et al., 2012; Alghasham, 2013; Arumuggamet al., 2015;
Cai et al., 2015; Kaushik et al., 2015). Consequently, there is a growing
concern in the research of new anticancer agents based on their
strucutures, including semisynthetic derivatives. Recently, our research
team described the potential cytotoxic effects of a cucurbitacin B deriv-
ative, named DACE, as well as other natural and semisynthetic
cucurbitacins derivatives against different human cancer cell lines
(Lang et al., 2011, 2012, 2014; Silva et al., 2013, 2015; Marostica et al.,
2015). As previously described (Silva et al., 2015), DACE presents
some advantages related to their physicochemical properties, when
comparedwith the precursor cucurbitacin B. The semisynthesis process
is simpler and might represent a new way to produce other anticancer
compounds for additional studies. Furthermore, DACE was validated
as a pharmacophore in a QSAR study published by our colleagues
(Lang et al., 2014). Chemical modifications performed on DACE struc-
ture compared with its precursor also enable better biopharmaceutical
properties as solubility and bioavailability (Silva et al., 2015).

Currently, drug combinations have been widely used and became
the leading choice for treatingmany dreadful diseases, including cancer.
The potential synergism achieved when chemotherapy drugs with dif-
ferent targets are combined represents a hopeful approach to improve
the treatments of different types of cancer. The synergistic combinations
can potentiate the therapeutic effectiveness and minimize problems,
such as drug resistance, and still reduce the doses, and probably the tox-
icity (Chou, 2006; Li et al., 2014).

As cited above, our research group evaluated the antiproliferative ef-
fects in vitro of DACE combined with three different chemotherapy
drugs (cisplatin, irinotecan and paclitaxel) on the human NSCLC cell
line (A459). We showed that DACE combined with paclitaxel (PTX) at
low concentrations presented promising synergistic antiproliferative ef-
fects, and was also less susceptible to drug resistance (Marostica et al.,
2015).

The aim of the present studywas to evaluate the antitumor effects of
the same combined therapywith DACE and PTXwith a xenograftmodel
of humanNSCLC to confirm in vitro synergistic effects previously detect-
ed. Furthermore, to check the effectiveness of the treatments scinti-
graphic images were used to calculate the reduction of residual viable
tumor mass (RVTM). Histological and biochemical indicators of sub
chronic toxicity induced by the tested treatments were also evaluated.
Furthermore, cell proliferation of xenograft tumor after treatments
was also investigated with an immunohistochemical protocol using
the cancer cell proliferation biomarker Ki67.

2. Material and methods

2.1. Drugs and chemical reagents

DACE was synthesized from cucurbitacin B as previously described
(Silva et al., 2015). PTX was supplied by Quiral Química (Juiz de Fora,
MG, Brazil). Cremophor™, reagents and solvents for the radiolabeling
procedures were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The peptide HYNIC-βAla-Bombesin(7–14) was obtained from GL
Biochem (Minhang, SH, China). Technetium-99m (99mTc)was acquired
from a 99Mo/99mTc generator supplied by Instituto de Pesquisas
Energéticas e Nucleares (IPEN, São Paulo, SP, Brazil). Matrigel™ was ob-
tained from Becton, Dickinson and Company (BD, Franklin Lakes, NJ,
USA). Reagents for immunohistochemistry were purchased from
NovoLink™ (Leica, Cambridge, UK) and monoclonal primary antibody
(anti-ki67) used was obtained from Dako (Carpinteria, CA, USA).

2.2. Cell line

Human non-small-cell lung cancer cell line (A549) was obtained
from ATCC® (CCL-185™) (Manassas, VA, EUA). Cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) from Gibco (Waltham,
MA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS)
(Gibco), and 1% (v/v) of penicillin and streptomycin (Gibco). Cells
were maintained in a humidified incubator with 5% CO2 atmosphere
at 37 °C and were routinely screened for the presence of potential con-
taminants, including mycoplasma.
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2.3. Animals

Twenty-four female BALB/c nude mice (15–20 g) were purchased
from IPEN. The experimental protocol was approved by the Committee
on Care and Use of Experimental Animal Resources from the
Universidade Federal de Minas Gerais (protocol number 118/2015) and
follow the guide for the care and use of laboratory animals recommend-
ed by the Institute of Laboratory Animal Resources. Animals were kept
under specific pathogen-free conditions in autoclaved cages with
wood shavings, and free access to food andwater. Temperature and rel-
ative humidity were controlled and a regulated light-dark cycle (12/
12 h) was also applied.
2.4. Xenograft lung tumor model

A549 cells were cultured in DMEM supplemented with 10% FBS and
1% antibiotics. They were grown to confluence and then harvested by
trypsin dissociation. After centrifugation (500 ×g for 5 min), cells
were resuspended (5 × 106 A549 cells) with Matrigel™: DMEM (1:1)
and injected subcutaneously at the right lower flank (100 μl/animal).
Tumors were allowed to grow for 30 days.
2.5. Treatments

After implantation and growth of tumors, the animals were ran-
domly divided into four experimental groups containing six animals
for each group. The control group was treated with the vehicle solu-
tion: Cremophor™/dehydrated ethanol 1:1 (v/v) solubilized in 0.9%
saline solution (1:4, v/v). For the animals of the second group,
DACE was administered at a dose of 1 mg/kg. The third group re-
ceived PTX at a dose of 10mg/kg. The fourth group received the com-
bined treatment of DACE 1 mg/kg + PTX 10 mg/kg. The treatments
were administered into the tail vein of lung tumor-bearing mice,
twice a week, for three weeks. The first day of treatment administra-
tion was considered the day zero of this study. Treatments were
started when the tumor volume in animals reached approximately
100 mm3, thirty days after the inoculation of A549 tumor cells, and
the endpoint of the experimental protocol was when the tumor vol-
ume of the control group animals reached approximately 500 mm3,
twenty-five days after starting treatments. In clinical practice, the
administration route of PTX is intravenously, and consequently,
treatments tested in this study were also administered by the intra-
venous route.
2.6. Antitumor activity

The evaluation of antitumor activity was based in tumor volume
(TV) measurements calculated as follows: TV = 0.52 × (d1 × d22),
where d1 and d2 are the largest and the smallest perpendicular diame-
ters, respectively, measured with a caliper MIP/E-103 (Mitutoyo,
Suzano, SP, Brazil), as previously described (Roland et al., 2009).
Tumor growth was monitored before of the treatment (day zero)
and every two hours prior to the administration of each dose.
Four days after the last administration, final tumor measurements
were also performed (day 25). Alterations in TV were determined
by considering the initial volume as 100% and calculating the per-
centages of increase or decrease, according to this initial volume.
At the end of the experimental period, the relative tumor volume
(RTV) for each experimental group was calculated as follows:
(RTV = tumor volume on day 25/tumor volume on day 0). The per-
centage of tumor growth inhibition (TGI) was also calculated as
follows: (TGI = (RTV from each treatment) × 100/RTV of control
group).
2.7. Scintigraphic images

The radiolabeling of HYNIC-βAla-Bombesin(7–14) with 99mTc and the
determination of the radiochemical puritywere performed as previous-
ly described (De Barros et al., 2011). On days 0 and 25, the solutionwith
37 MBq 99mTc HYNIC-βAla-bombesin(7–14) was administered to BALB/c
nude mice intravenously. Images were obtained after 4 h following ad-
ministration of the radiolabeled complex. To obtain the images, mice
were anesthetized with a mixture of ketamine (60mg/kg) and xylazine
(8 mg/kg) solution and placed in prone position under a gamma cam-
era,model THNuclide TM22 (Mediso, Budapest, Hungary). A symmetric
window of 20% was used for a peak energy of 140 KeV. The images
(300.000 counts) were obtained and stored in an array 256 × 256. To
quantify the uptake of the radiopharmaceutical 99mTc-HYNIC-βAla-
Bombesin(7–14) by tumor focus, the images were analyzed by determin-
ing the target to non-target ratio as previously described (Diniz et al.,
2008; De Barros et al., 2013). Initially, therewas a design around the tar-
get area (tumor) and the non-target area (contralateral muscle). Then,
the intensity of the radiation emitted was quantified in pixels for each
one of the delineated areas and the target to non-target ratio was calcu-
lated as follows: (Target to non-target ratio = radiation of target area /
radiation of non-target area). The results were expressed as the relative
target to non-target ratio on day 25 (final) in comparison to the target to
non-target ratio on day zero (initial), and calculated as follows: [Ratio
= target to non-target ratio after treatments (day 25) / target to non-
target ratio before of the treatments (day 0)].

2.8. Sub chronic toxicity analyses

Mice bodyweights weremonitored on day zero, four days after each
dose administered, and on day of euthanasia (day 25). Alterations in
body weight during the experimental period were calculated in com-
parison with the initial weights. The evaluation of biochemical markers
was performed for all animals at the end of the treatment protocol (day
25). Mice were anesthetized and blood samples were harvested at the
brachial plexus with anticoagulant, and centrifuged to separate the
serum. For the analyses of liver function, the levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT) and alkaline phos-
phatase were determined. Nephrotoxicity was assessed by
determining serum urea levels. Total protein and albumin levels were
also quantified. All protocolswere done according to themanufacturer's
specifications (Bioclin Quibasa, Belo Horizonte, MG, Brazil), and the ab-
sorbances were measured in a microplate spectrophotometer (Bench-
mark Plus, Bio-Rad, Hercules, CA, USA).

2.9. Histological analyses

After treatments, animals were anesthetized and euthanized. Tu-
mors, lung, femur, brain, heart, kidney, liver and spleen tissues were
harvested and fixed in formalin (10% w/v in phosphate-buffered saline,
PBS, pH 7.4). Tissue sections (4 μm-thick) were processed to light mi-
croscopy studies. Hematoxylin-eosin staining procedures were per-
formed on paraffin-embedded sections prepared on glass slides.
Histological sections of tumors were used for histopathological classifi-
cation, and organs were used to search for toxicity. Images of histologi-
cal sections were captured using a digital camera (Spot Insight Color;
SPOT Imaging Solutions, Sterling Heights, MI, USA) attached to a micro-
scope (Olympus BX-40; Olympus, Tokyo, Japan). SPOT® (version 3.4.5,
Spot Software BV, Amsterdam, Netherlands) and Corel DRAW® (ver-
sion 7.468, Corel Corporation, Ottawa, ON, Canada) software were
used for image analyses.

2.10. Immunohistochemistry

Tissue sections (3 um-thick) of tumors were obtained and used for
immunohistochemistry. Slides were incubated overnight with the
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primary antibody (anti-Ki67 from mouse). The antigen-antibody reac-
tionwasdetected using a polymeric labelingdetection system (Advance
HRP, Dako, Carpinteria, CA, USA), and 3′3-diaminobenzidine (DAB) was
used as chromogen agent. Normal human skinwas used as positive con-
trol. For negative control, mouse IgG antibody was used. Then, slides
were counter-stained usingHarris hematoxylin and subsequent evalua-
tion by lighting microscopy. Ki67 staining was considered positive
when cells revealed a dark brown nuclear staining. To calculate cell pro-
liferation ratio, photomicrographs were obtained in five hotspots from
each slide stained with anti-Ki67 antibody. Images were analyzed
using the Immunoratio plugin in the NIH ImageJ software (version
1.44p, Rockville, MD, USA). Then, the percentages of cell proliferation
were obtained.

2.11. Statistical analyses

Data were expressed as mean ± SE. To confirm the normality and
homoscedasticity of variance, D'Agostino and Bartlett tests were ap-
plied, respectively. Variables without normal distribution were trans-
formed by the equation: y = log (y + 100). The differences between
the experimental groups were tested by analysis of variance (one-way
ANOVA followed by Tukey's test). For statistical analyses, the 95% confi-
dence intervalwasused, and thedifferenceswere considered statistical-
ly significant when p b 0.05. Data were evaluated with GraphPad Prism
software (version 5.00, La Jolla, CA, USA).

3. Results and discussion

After 30 days, a xenograft lung tumor was successfully developed
in all animals, and could be identified macroscopically. The average
size of the tumors ranged from 100 to 300 mm3. A previous histolog-
ical analysis of this human lung cancer xenograft model performed
by our group (Marostica et al., 2016) indicated that the mice devel-
oped a highly invasive growing tumor with markedly pleomorphic
nuclei and increased nuclear-to-cytoplasmic ratio. The neoplastic
cells were arranged in different patterns, including solid, acinar and
lepidic mucinous variants. Besides, some tumors showed a mixed
pattern similar to human lung adenocarcinomas of mixed type.
Tumor stroma was scant and necrotic area of tumor tissue was a
prominent feature consistently observed as well as apoptosis. Our
study also showed that this xenograft model could be monitored
with scintigraphic images by radiolabelling. It is important to com-
ment that these histological characteristics are similar to those of
NSCLC tumors observed in humans (Chen et al., 2014).
Table 1
Total doses administered (TDA), relative tumor volume (RTV) and tumor growth inhibi-
tion (TGI) of xenograft lung tumors after different treatments.

Treatment TDA (mg/kg) RTV TGI
(%)

Control group – 1.81 ± 0.13 –
DACE 1 mg/kg 6 mg/kg 1.45 ± 0.16 20.9
PTX 10 mg/kg 60 mg/kg 1.33 ± 0.12 27.5
DACE 1 mg/Kg + PTX 10
mg/kg

DACE 6 mg/kg + PTX 60
mg/kg

0.75 ±
0.06a,b,c

59.5

TDAmeans the total dose administered for each animal for each experimental group, after
treatments. RTVmeans the tumor volume ratio on final and initial time of the treatments.
TGImeans the tumor growth inhibition on final time for each treatment, and calculated as
formula described onmaterial andmethods section. Data represent themean± SE (n=6
animals/group). Symbols indicate differences statistically significant (one-way ANOVA
followed by Tukey's test) with treatments compared.

a Represents differences statistically significant (p˂0.0001) when compared the com-
bined treatment and control group.

b Represents differences statistically significant (p˂0.001) when compared the com-
bined treatment and DACE alone.

c Represents differences statistically significant (p˂0.05) when compared the combined
treatment and PTX alone.
As shown in Table 1, the combined treatment inhibited the tumor
growth and was more effective to reduce the RTV when compared
with the individual treatments and the control group. The tested
doses were selected based on data from previous studies with
DACE (Silva et al., 2015), PTX (Wall and Wani, 1995; Yamori et al.,
1997; Huang et al., 2006; Milanovic et al., 2012) and cucurbitacin B
(Iwanski et al., 2010; Kausar et al., 2013), which is a precursor of
DACE, and all treatments included in these studies were well tolerat-
ed by the animals. Therefore, the doses tested in this study were se-
lected based on the critical analysis of previous studies performed
with the same lineage of animals evaluated in the present study,
which demonstrated that these treatments and doses were well tol-
erated by BALB/c nude mice. The combined treatment regimen of
DACE + PTX was selected for this in vivo xenograft model of NSCLC
since their synergistic in vitro antiproliferative effects detected pre-
viously by our research team were the most effective against A549
cells among the combined treatments tested (Marostica et al.,
2015). The percentages of TGI corroborated the results of RTV. The
Fig. 1. Results of xenograft lung tumor volume progressionmeasured during and after the
treatment protocol. (A) Animals received intravenously the vehicle (control group), DACE
1 mg/kg, PTX 10 mg/kg, and DACE 1 mg/kg + PTX 10 mg/kg. Tumor volume
measurements were obtained with a caliper. The data were expressed as mean ± SE of
increase or reduction of tumor volume, compared to time zero measurement for each
group before treatment (n = 6 animals/group). Symbols designate statistical significant
differences (one-way ANOVA followed by Tukey's t-test) between indicated treatments.
aRepresent statistical significant differences (p ˂ 0.05) when compared the combined
treatment and DACE or PTX individually; bRepresent statistical significant differences (p˂ 0.05) when compared the combined treatment and control group. (B) Four days after
the last dose applied during each treatment regimen, representative images of animals
from each experimental group were obtained as well as representative photographs of
tumors removed after euthanasia of animals.

Image of Fig. 1
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combined treatment inhibited tumor growth by 59.5%, andwasmore
effective than the individual treatments with DACE (20.9%) and PTX
(27.5%). Therefore, these in vivo results confirmed the synergistic ef-
fects already detected in vitro (Marostica et al., 2015).

Comparing the changes in the tumor volume during the different
days of the experimental protocol (Fig. 1A), it was possible to observe
and confirm the data showed in Table 1. Comparing the initial and
final time of the treatment with vehicle (control group), the mean
tumor volume increased 82.1%. With DACE, the increase of the tumor
volume was 44.5%, while with PTX the tumor volume increased 40.9%.
Unlike these treatments, the combined therapy with DACE + PTX sig-
nificantly reduced the average tumor volume by 24.2%. Mice treated
with DACE individually showed an increase of tumor volume until day
8 followed by a slight reduction on days 12 and 16, and maintained
the tumor volume until the end of the experiment. Mice treated with
PTX alone showed an increase of tumor volume until day 16, and main-
tained the same tumor volume until day 25. With the combined treat-
ment, the tumor volume was reduced until day 16, and maintained
this reduction until the end (day 25). The representative images of ani-
mals and their respective xenografts lung tumors at the end of the treat-
ments illustrates the data presented, which are novel and highlight the
important antitumor activity of the combined therapy with DACE
+ PTX (Fig. 1B). Furthermore, the antitumor activity of the individual
treatments can be compared with previous published data. Another re-
search group (Kausar et al., 2013), using a xenograft model of NSCLC
(H1299 cells) and a treatment scheme with cucurbitacin B (1 mg/kg),
administered on alternate days for 5 weeks, reported a 70% reduction
of the tumor volume, when compared to the untreated control group.
Milanovic et al. (2012) demonstrated in a xenograftmodel of glioblasto-
ma that the single treatment with PTX (10 mg/kg), every three days for
fifteen days, showed a tumor growth ratio similar to that of the control
group (weights of the excised tumors: 651 ± 148 mg and 764 ±
168 mg, respectively). However, when the combination of PTX with
Vadimezan® (5,6-dimethylxanthenone 4-acetic acid derivative,
DMXAA) was administered, the tumor growth was completely
inhibited (weight of the tumor: 180 ± 56 mg). Wakimoto et al.
(2008), using a xenograft model of breast tumor and a treatment regi-
men with cucurbitacin B (1 mg/kg), three times a week for six weeks,
described a tumor volume reduction of 55%, when compared to the
untreated mice. Liu et al. (2010), evaluating a xenograft model of la-
ryngeal tumor and a treatment protocol with cucurbitacin B (55 μg/
kg), daily for 14 days, detected a tumor volume increase of 1.5-fold,
when compared to the beginning of the treatment, but the tumor
growth was completely inhibited when a combined treatment with
cisplatin (10 mg/kg) and cucurbitacin B was administered. Iwanski
et al. (2010) showed in a xenograft model of pancreatic tumor that
the treatment with cucurbitacin B (0.5 and 1 mg/kg), three times a
week, reduced tumor growth by 18 and 63%, respectively. Neverthe-
less, when cucurbitacin B was administered (1 mg/kg) combined
with gemcitabine (25 mg/kg), the inhibition of tumor growth in-
creased to 83%. A study published by Aribi et al. (2013) using an
orthotopic xenograft model of breast cancer and a treatment with
cucurbitacin B (0.5 and 1 mg/kg), three times a week, reported a
tumor volume reduction, respectively, by 45% and 55%. However, a
tumor volume reduction of 90% was detected when the animals re-
ceived a combined treatment with docetaxel and cucurbitacin B.

Therefore, these results as well as those observed in the present
study demonstrated that the combined treatment regimens of
cucurbitacin B or it's derivative with anticancer drugs showed a
higher therapeutic efficacy, when compared to the individual treat-
ments, highlighting the importance and the need to explore different
and novel combination schemes of chemotherapy.

The reduction of TV is a predictive information that is applied for an-
titumor activitymeasurement in animal models. However, it is not con-
sidered an accurate indicator of antitumor efficacy. After chemotherapy,
it is usual the appearance of non-active tissues in tumors, such as
apoptotic, fibrotic and necrotic tissues, which make up the residual
tumormass after treatment. Therefore, themeasurements of the tumors
volume at the end of the experimental protocols usually used to detect
antitumor treatments did not reflect accurately the residual disease
state (Kubota, 2001). In this perspective, radionuclide scintigraphic im-
ages become an important tool along with the measurement data of
tumor volume, and can demonstrate the antitumor efficacy due to the
labeling of only viable tumoral cells. Due to this fact, in the present
study, scintigraphic images of the target area (tumor) and non-target
(muscle contralateral) were obtained using the radiotracer 99mTc-
HYNIC-βAla-Bombesin(7–14) (Fig. 2A). Moreover, it was also possible
to measure initial and final target to non-target ratios (Fig. 2B) to eval-
uate the residual viable tumor mass (RVTM) for each treatment. As
shown in Fig. 2B, the results of the initial and final target to non-target
ratios obtained for the control group, DACE (1 mg/kg), PTX
(10 mg/kg) and DACE + PTX were 3.23 ± 0.37; 2.18 ± 0.29; 1.73 ±
0.38 and 0.93 ± 0.14, respectively. When compared with the control
group, the treatments with DACE, PTX and DACE + PTX showed a
RVTM reduction of 32.5%; 46.4% and 71.2%, respectively. As already pre-
sented and discussed concerning tumor volume, RTV and TGI, the com-
bined therapy was also more effective to reduce RVTM. The most
effective reduction of RVTM showed by the combined treatment in
comparison with the individual treatments suggest that this treatment
regimen is less susceptible to the resistance development of NSCLC
tumor cells, exactly one of the main purposes of combined treatment
schemes in clinical oncology (Chou, 2006; Custodio et al., 2012; Koh et
al., 2012). In our previous study, the clonogenic assay showed that the
combined treatment of DACE + PTX completely reduced the survival
and proliferation rate of A549 cells after treatment withdrawal, which
is the same cell line applied to induce xenograft model of NSCLC
(Marostica et al., 2015). Therefore, the RVTM data obtained in vivo cor-
roborates our previous results obtained in vitro. Together, these impor-
tant insights prove that the combined treatment is less susceptible to
NSCLC resistance, which is a main characteristic that unfortunately
limits the effectiveness of different treatments of NSCLC. The results
concerning RVTM also corroborate and reproduce the synergistic ef-
fects obtained in vitro with DACE + PTX on A549 cells. In this work,
we demonstrated that the synergistic effects of this combined thera-
py were due to the G2/M cell cycle arrest, cell proliferation pathway
modulation, such as Akt and STAT3, increased expression of p53,
survivin expression reduction, actin cytoskeletal morphological
changes, and cell death by apoptosis by nuclear fragmentation and
caspase-dependent manner. Furthermore, it was observed that the
combined treatment increased E-cadherin expression and reduced
p-cofilin1 and the metalloproteinases expression, especially MMP-
2. The antiproliferative effects of DACE associated with PTX were
also stimulated by the oxidant agent L-buthionine-sulfoximine, and
attenuated by N-acetilcysteine, an antioxidant agent, indicating
that the possible antiproliferative effect is associated with the gener-
ation of reactive oxygen species (Marostica et al., 2015). Moreover,
our research group (Silva et al., 2015) using a transgenic mouse
model of c-RAF-induced lung adenoma (c-RAF-1-BxBmice) reported
that DACE modulated the EGFR-regulated cell proliferation pathway
related to dysregulated cell proliferation, resistance and tumor pro-
gression in NSCLC. Thus, metastasis modulation could be another ef-
fect that may help explain the high antitumor activity detected in
this xenograft model of NSCLC.

Another possibility that may explain the detected antitumor efficacy
of DACE+ PTX combination is related to P-glycoprotein (P-gp) efflux. It
is well known that PTX is a substrate to drug efflux in this process (Jang
and Au, 2001). Resistant tumors usually overexpress genes related with
chemoresistance. These genes encode P-gp synthesis and induce a high
efflux of drugs into the extracellular medium, promoting the develop-
ment of acquired resistance to chemotherapy (Callaghan et al., 2014).
Furthermore, it is also known that cucurbitacins, including cucurbitacin
B that is the precursor of DACE have been described as efflux inhibitors



Fig. 2. Scintigraphic images of xenograft lung tumor and target to non-target ratios before and after treatments. (A) Scintigraphic images obtained four hours after intravenous
administration of the radioisotope 99mTc-HYNIC-βAla-Bombesin(7–14), before the administration of the first dose and after six doses of the treatments. The area delineated in red
indicates the target area (tumor). Each image represents time zero for all groups (before treatment); and after treatments with vehicle (control group); DACE 1 mg/kg; PTX 10 mg/kg;
DACE 1 mg/kg + PTX 10 mg/kg. (B) Target to non-target ratios obtained before (day zero) and after treatments (day 25). Using these scintigraphic images, the relative ratios of target
to non-target (initial and after treatments) were calculated considering the target area of the tumor and no target area of the contralateral muscle. Data were expressed as mean ± SE
(n = 6 animals/group). Symbols indicate statistical significant differences between indicated treatments (one-way ANOVA followed by Tukey's test). aRepresent statistical significant
differences (p ˂ 0.001) when compared the combined treatment and control group; bRepresent statistical significant differences (p ˂ 0.05) when compared the PTX treatment and
control group. cRepresent statistical significant differences (p ˂ 0.001) when compared combined treatment and DACE alone. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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mediated by P-gp. This characteristic could be also responsible for the
promising antitumor synergism showed by cucurbitacins combined
with different anticancer drugs (Ramalhete et al., 2009; Abdallah et al.,
2015; Sun et al., 2015).

The body weight variation is an important indicator of toxicity
after drug treatments, and therefore is one of the parameters that
must be monitored during in vivo preclinical studies. Fig. 3A shows
that no significant body weight changes were detected for all treat-
ment groups. Furthermore, the animals maintained the initial body
weight until the end of the treatments and no death was recorded.
In addition, histological analyses were performed with different or-
gans at the end of the treatment period, and this evaluation revealed
no evidence of toxicity in the brain, heart, lung and spleen of the an-
imals of all treatment groups (data not shown). However, liver tis-
sue showed histological changes suggestive of toxicity, mainly for
the animals treated with PTX (10 mg/kg) (Fig. 3B). In these images,
it can be observed that the liver tissue of mice from the control and
DACE treated groups did not present histological alterations. Unlike
this, the liver tissue of animals that received PTX showed histologi-
cal changes classified as severe hydropic degeneration, while ani-
mals treated with DACE + PTX also showed hydropic degeneration
of hepatocytes, but classified as discrete. The hydropic degeneration
of hepatocytes, also described as cellular edema or cytosol swelling,
is a non-lethal cell injury process characterized by water accumula-
tion in the cytosol due to the impairment of the Na+/K+ATPase
pump. It is a reversible process, and when the injurious agent is re-
moved, cells can assume their normal function, usually with no
functional impairment to organ or tissue (Jarrar and Taib, 2012).
These histological data also confirm the hypothesis of our study.
As described, the combined treatment has shown the most effective

Image of Fig. 2
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Image of Fig. 3


Table 2
Biochemical markers of liver and kidney function of mice that received the different treatments.

Biochemical markers Control group DACE
1 mg/kg

PTX
10 mg/kg

DACE 1 mg/kg + PTX 10 mg/kg

Albumin (mg/dL) 2.15 ± 0.14 1.98 ± 0.11 2.22 ± 0.16 2.18 ± 0.15
Total protein (mg/dL) 3.00 ± 0.13 3.02 ± 0.13 3.41 ± 0.20 2.82 ± 0.13
Alkaline phosphatase (U/L) 61.80 ± 8.15 68.10 ± 12.12 67.30 ± 13.30 58.10 ± 7.80
AST (U/L) 82.5 ± 9.93 95.4 ± 17.8a 78.2 ± 8.32 49.1 ± 4.40d

ALT (U/L) 13.1 ± 2.00 24.6 ± 5.10b 20.6 ± 2.86c 14.1 ± 2.60
Urea (mg/dL) 48.70 ± 2.50 50.20 ± 13.90 60.80 ± 2.80 62 ± 6.75

Data represent the mean ± SE (n = 6 animals/group). Symbols indicate statistical significant differences (one-way ANOVA followed by Tukey's test) comparing different treatments.
a Represent statistical significant differences (p ˂ 0.05) for AST levels when compared the DACE alone treatment and control group.
b Represent statistical significant differences (p ˂ 0.05) for ALT levels when compared DACE alone treatment and control group.
c Represent statistical significant differences (p ˂ 0.05) for ALT levels when compared the PTX alone treatment and control group.
d Represent statistical significant differences (p ˂ 0.05) for AST levels when compared the combined treatment and control group.

279L.L. Marostica et al. / Toxicology and Applied Pharmacology 329 (2017) 272–281
antitumor activity and showed discrete hepatocytes histological al-
terations when compared to the treatment with PTX alone, which
was classified as severe. The treatment with DACE individually did
not induce hepatocyte degeneration. Regarding to nephrotoxicity,
no histological changes were detected for all mice (Fig. 3C).

Some biochemical parameters of liver and kidney function were
also evaluated, and the results are shown in Table 2. All treatment
regimens have not significantly altered the levels of albumin, total
protein and alkaline phosphatase in comparison with the control
group. However, discrete alterations in liver enzymes, such as AST
and ALT, were detected. AST activity showed a significant increase
after treatment with DACE alone and a significant decrease after
the combined treatment. ALT activity showed a significant increase
with DACE and PTX treatments individually, and stayed in with the
combined treatment. These results partially corroborate those pub-
lished by Mandaliya et al. (2015), who reported that the combined
treatment of PTX with trastuzumab, administered to a patient with
breast cancer, initially induced a slight increase in the activity of
ALT and AST with subsequent induction of acute hepatic necrosis,
which was detected only after the death of this patient. Despite
this, in the present study, we did not observe histological changes re-
lated to acute hepatic necrosis in the liver tissue of the animals. Re-
garding to urea serum concentration, a marker of kidney function,
we did not detect significant changes among the different treat-
ments, which can indicate that no treatment regimen impaired kid-
ney function. These data also corroborate the histological images of
kidney tissue after treatments (Fig. 3C). Therefore, no treatment reg-
imen induced histological and biochemical changes indicative of
nephrotoxicity.

Immunohistochemically, all xenograft tumor tissues exhibited
positive nuclear staining for Ki67, a cell proliferationmarker, indicat-
ing that xenograft tissues were obtained from actively proliferative
tumors (Fig. 4). Reduced cellularity and visually a lower number of
Ki67 positive cells were observed in tumors xenografts of animals
that received combined therapy (1%–8% of stained tumor cells, Fig.
4D), when compared to tumor xenografts of mice receiving treat-
ments with DACE and PTX alone (12%–27%, Fig. 4B and Fig. 4C, re-
spectively) or the control group (51%–92% of stained tumor cells,
Fig. 4A). Overall, this evidence suggests that the treatments and es-
pecially the combined therapy were more effective to inhibit cell
proliferation and NSCLC progression. Such behavior is expected
Fig. 3. Bodyweightmeasurements, and liver and kidney tissues of BALB/c nudemice with NSCL
animals was measured every four days, after each dose administered. No statistical significan
expressed as mean ± SE (n = 6 animals/group). (B) (C) Photomicrographs representative of
(C) tissues after intravenous administration of vehicle (control group), DACE 1 mg/kg, PTX 1
degeneration. Scale bars: 50 um; magnification 400×.
since the histological analysis of tumors showed an increasement
in cell apoptosis and a more expressive tumor volume reduction fol-
lowing the combined treatment.
4. Conclusion

The obtained data indicate that the combined therapy (DACE
+ PTX) was more effective to reduce growth and tumor volume,
when compared with individual treatments and untreated group.
Xenograft lung tumors of animals that received the combined ther-
apy also showed the greatest reduction of residual viable tumor
mass since it was more effective to inhibit cell proliferation,
which may suggest that this treatment scheme was less susceptible
to induce drug resistance. All treatments were well tolerated by the
animals and no significant body weight changes were detected.
Furthermore, the combined treatment did not induce damage com-
patible with hepatotoxicity and nephrotoxicity according to the
histological and biochemical markers evaluated. To our knowledge,
this is the first report of this combined treatment in a xenograft
model of NSCLC. Taken together, these insights show that this com-
bined therapy presented promising antitumor activity in vivo with
no toxicity to non-tumor tissues, and the development of resis-
tance to the combined treatment against NSCLC was less likely to
occur.
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C xenograft tumor after the administration of different treatments. (A) The bodyweight of
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histological preparations stained with hematoxylin-eosin solution to liver (B) and kidney
0 mg/kg, and DACE 1 mg/kg + PTX 10 mg/kg. Black arrows indicate cells with hydropic



Fig. 4. Immunohistochemistry of NSCLC xenograft tumors stained with the cancer cell proliferation biomarker Ki67, after the administration of different treatments. (A) Control group
(vehicle) revealing intense positive nuclear staining (51 to 92% of stained tumor cells); (B) Tumor xenograft tissue from DACE treated group revealing moderate cell proliferation ratio
(12 to 27%); (C) Tumor xenograft tissue from PTX treated group revealing low to moderate cell proliferation ratio (12 to 27%); (D) Tumor xenograft tissue from DACE + PTX treated
group revealing rare Ki67 stained cells (1 to 8%). DAB immunohistochemistry (blue). Harris hematoxylin counterstained (nuclear staining/purple and cytosolic staining/pink). Brown
stain of the nuclei indicate cells positive for the antigen ki67. Scale bars: 50 um; magnification 400×. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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