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Background: The present study aimed to investigate the possibility of using intravoxel
incoherent motion (IVIM) diffusion magnetic resonance imaging (MRI) to quantitatively
assess the early therapeutic effect of the analgesic–antitumor peptide BmK AGAP on
breast cancer and also evaluate the medical value of a reduced distribution of four
b-values.

Methods: IVIM diffusion MRI using 10 b-values and 4 b-values (0–1,000 s/mm2) was
performed at five different time points on BALB/c mice bearing xenograft breast tumors
treated with BmK AGAP. Variability in Dslow, Dfast, PF, and ADC derived from the set
of 10 b-values and 4 b-values was assessed to evaluate the antitumor effect of BmK
AGAP on breast tumor.

Results: The data showed that PF values significantly decreased in rBmK
AGAP-treated mice on day 12 (P = 0.044). PF displayed the greatest AUC but
with a poor medical value (AUC = 0.65). The data showed no significant difference
between IVIM measurements acquired from the two sets of b-values at different time
points except in the PF on the day 3. The within-subject coefficients of variation were
relatively higher in Dfast and PF. However, except for a case noticed on day 0 in PF
measurements, the results indicated no statistically significant difference at various time
points in the rBmK AGAP-treated or the untreated group (P < 0.05).

Conclusion: IVIM showed poor medical value in the early evaluation of the
antiproliferative effect of rBmK AGAP in breast cancer, suggesting sensitivity in PF.
A reduced distribution of four b-values may provide remarkable measurements but with
a potential loss of accuracy in the perfusion-related parameter PF.

Keywords: intravoxel incoherent motion, analgesic–antitumor peptide, Buthus martensii Karsch, magnetic
resonance imaging, breast neoplasms
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INTRODUCTION

Breast cancer remains the second leading cause of cancer-related
deaths among women (Siegel et al., 2017). Breast cancer includes
various histological groups classified in four main molecular
subtypes: human epithelial growth receptor type 2 (HER-2),
luminal A, luminal B, and basal-like breast cancer subtype
(Tong et al., 2018). According to the histological subtype,
breast cancer at a particular stage is likely to metastasize
to some parts of the body, mostly to the lungs, the brain,
and other organs such as the bones, the liver, or soft tissues
(Kennecke et al., 2010). Each biological subtype presents
different patterns translating its aggressiveness (Kennecke
et al., 2010). Although recent approaches improved the
diagnosis of breast cancer by giving interesting complementary
information, like the evaluation of immunohistochemical
biomarkers HER-2, progesterone receptors (PRs), estrogen
receptors (ERs), and proliferation status (Ki-67) generally
used to establish the prognosis and the predictive factors
for the disease (Karlsson et al., 2014), the complex nature
of these tumors mostly presents a significant challenge in
therapeutic approaches.

Triple-negative breast cancer lacks well-defined molecular
targets and has few effective options for treatment.
Chemotherapy remains the therapeutic mainstay which
sometimes gives an exciting and complete response to therapy.
Unfortunately, this alternative does not prevent patients from
a high possibility of recurrence and metastases (Liedtke et al.,
2008). The poor clinical prognosis associated with breast
cancer, therefore, reinforced the urgent need for effective
alternative therapeutic options. Recently, several types of
research were carried out around a targeted treatment with
various pathways (Al-Mahmood et al., 2018; Moore-Smith
et al., 2018; Rodríguez Bautista et al., 2018; Tong et al., 2018).
Advances in genomic studies and scorpion venom provided
encouraging results for their potential use in clinical cancer
management (Sarfo-Poku et al., 2016). The Chinese scorpion,
Buthus martensii Karsch (BmK), venom is a natural compound
that contains mixtures of peptides that have analgesic and
antitumor properties. Many studies reported some physiological
effects of the Chinese scorpion BmK venom known for its
antiepileptic, analgesic, and, recently, antitumor properties. The
use of this Chinese scorpion BmK venom revealed apoptogenic,
immunosuppressive, and antiproliferative properties and
demonstrated the potential of the cocktail for cancer-related
diseases (Zhao et al., 2011; Li et al., 2014; Al-Asmari et al.,
2016, 2018; Guo et al., 2016; Liu et al., 2017). The antitumor
effect of the BmK venom was later accredited to an analgesic
peptide called BmK AGAP and others (Zhao et al., 2011;
Guo et al., 2016).

Diffusion-weighted imaging (DWI), magnetic resonance
imaging (MRI), and immunohistochemistry analyses have
displayed potentials as clinical biomarkers essential for the
assessment of responses to treatment and the monitoring
of tumor progression in patients (Patterson et al., 2008;
Zhuang et al., 2018). Intravoxel incoherent motion (IVIM), the
bi-exponential model of diffusion proposed by Le Bihan can

quantify the incoherent signals in each voxel of the tumors
and display three parameters: the molecular “true” diffusion
coefficient (Dslow), the microvascular volume fraction (PF),
and the perfusion-related incoherent microcirculation (Dfast)
(Le Bihan et al., 1986).

Previous studies have demonstrated that diffusion parameters
could provide accurate information on tumor cellularity
(Sugahara et al., 1999; Guo et al., 2002; Fan et al., 2005;
Humphries et al., 2007; Yamashita et al., 2009; Iima et al.,
2014; Robba et al., 2017). Other studies have associated low
pretreatment diffusion values with lesion aggressiveness and
malignancy, whereas high values predict inadequate response
to therapy with eventual necrosis and cystic components in
a tumor (Koh et al., 2007; Cui et al., 2008; Turkbey et al.,
2011). Despite the existing debate on standardization of the
appropriate number of b-values convenient for IVIM analysis,
the abilities of the molecular “true” diffusion coefficient
(Dslow), the microvascular volume fraction (PF), and the
perfusion-related incoherent microcirculation (Dfast) to
measure physiological and pathological changes in the living
tissues have been widely applied to assess and predict the
responses to neoadjuvant chemotherapies in breast cancer
(Che et al., 2016; Cho et al., 2017; Kim et al., 2018). The
present study aimed to assess the potential medical value
of IVIM-MRI-derived parameters in monitoring early
changes in breast tumor treated with rBmK AGAP and if
the measurements acquired from the set of fewer b-values
(4 b-values) are similar in accuracy to a greater selection
of 10 b-values.

MATERIALS AND METHODS

Cell Culture
MDA-MB-231 cells were purchased from the American Type
Culture Collection (Beijing Zhongyuan Limited, China).
Using short tandem repeat (STR) analysis, the MDA-
MB-231 cells were authenticated by Beijing Microread
Genetics (Beijing, China) before purchase. The MDA-MB-
231 cells were consistently maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
United States), supplemented with 10% fetal bovine serum
(Gibco, United States), penicillin 100 units/ml, and streptomycin
100 µg/ml (TransGen Biotech, China). The cells were cultured in
an incubator at 37◦C humidified air with 5% CO2 atmospheric
condition. The MDA-MB-231 cells were routinely subcultured
every 3–5 days.

Preparation of Recombinant BmK AGAP
Shenyang Pharmaceutical University School of Life Sciences and
Bio-pharmaceutics (Shenyang, China) provided the recombinant
BmK AGAP (rBmK AGAP) for this study. The rBmK AGAP
was obtained as formerly described in a previous study (Ma
et al., 2010). The rBmK AGAP solution was diluted with 0.9%
saline and filtered with a 0.22-µm sterile membrane before
use. The activity of the rBmK AGAP was the same as in
the previous study.
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Cell Viability and Toxicity Assay of rBmK
AGAP
The inhibitory concentration value (IC50) of rBmK AGAP
was evaluated using 3-(4-5-dimethylhiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. MDA-MB-231
cells were seeded in 96-well plastic plates at a density of 1 × 104

cells per well and incubated at 37◦C overnight. Different
concentrations of rBmK AGAP (0, 5, 10, 20, 40, 60, and 80 µM)
were then used to treat the cells and incubated in a humidified
atmosphere of 5% CO2 at 37◦C for 48 h. Saline (0.9%) was
added to the untreated cells as the control groups. Then, 20 µl
of MTT stock solution (5 mg/ml) was added to each well, and
cells were incubated for an additional 4 h at 37◦C. The MTT
solution was then discarded, and 100 µl of dimethyl sulfoxide
(DMSO) solution was added into each well and incubated
for 30 min in the dark to dissolve the insoluble formazan
crystals. Optical density (OD) was measured at a test wavelength
of 590 nm and a reference wavelength of 650 nm using an
enzyme-linked immunosorbent assay (ELISA) multiwell plate
reader (BioTek Instruments, Winooski, VT, United States). To

calculate percentage cell viability, OD values were used in the
formula:

% of cell viability =

OD value of experimental sample
(
treated cells

)
OD value of experimental control

(
untreated cells

) × 100.

Mouse Xenograft Tumor Model
The specific pathogen-free (SPF) animal facility of Dalian
Medical University provided the experimental animals for this
study. The animal ethics committee of the Dalian Medical
University, China, approved all the experimental animal
procedures. Forty-five female nude BALB/c mice between
the ages of 6 and 8 weeks and weighing between 18 and
20 g were maintained under sterile conditions during the
entire experimental period. The mice were housed in standard
transparent plastic cages under 12/12-h light–dark cycle regime
and were provided free access to food and water. MDA-MB-231
cells (5 × 106) suspended in 0.2 ml of phosphate-buffered saline

FIGURE 1 | BmK AGAP inhibits the growth of breast xenograft tumors. (A) IC50 values of rBmK AGAP for MDA-MB-231 cells. Different concentrations of
rBmKAGAP were used to treat the cells for 48 h; cell viability was measured by MTT assay. (B) Tumor volume of tumors from rBmK AGAP-treated and untreated
mice model. Breast xenograft tumor volume was calculated from measuring the length, height, and width of tumors with digital caliper following rBmK AGAP
treatment. (C) Percentage changes in tumor volumes. The data were statistically significant at ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 compared with untreated
group. The data represent the mean ± SEM of three independent experiments.
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(PBS) were injected subcutaneously in the lower right thigh,
and after 7 days, the mice were randomly assigned to one of
three groups (n = 15/group). An equal concentration of rBmK
AGAP 0.5 mg/kg or 1 mg/kg of body weight diluted in equal
volume (100 µl) of 0.9% saline was injected intraperitoneally for
12 days at 48-h interval. Mice from the untreated group were
injected with 0.9% saline. The tumor dimensions were measured
every 2 days using a digital caliper (#03000002, GuangLu, China).
The tumor volume was calculated according to the formula
(Faustino-Rocha et al., 2013):

Volume = 1/2 Length × Width2.

On days 0, 3, 6, 9, and 12, randomly selected mice bearing
the xenograft breast tumor from each group were scanned using
non-enhanced MRI sequences including IVIM diffusion. At the
end of each scanning time point, the mice were euthanized, breast
tumor masses were weighed, and a section of the tumor masses
was embedded in paraffin or snap frozen in liquid nitrogen for
further experiments.

Image Acquisition
Magnetic resonance images of each mouse bearing
xenograft breast tumor were acquired with 3.0T MRI
system (General Electric Discovery MR 750w 3.0T, GE
Medical Systems, Waukesha, WI, United States) using
an eight-channel high-density dedicated wrist coil array

(Invivo Corporation, GE Medical Systems, Gainesville,
FL, United States). Each mouse was anesthetized with
5% chloral hydrate (0.1 ml/10 g of body weight) and
wrapped in a layer of cotton (∼2 cm thick) to maintain
stable body temperature, and then placed in a prone
position into an eight-channel high-density dedicated wrist
coil (feet first).

Anatomic MRI of each tumor was obtained with T2-weighted
image (T2WI) sequence in coronal and axial planes, and
an axial T1-fast spin echo (T1-FSE). Axial and coronal
T2WIs were acquired using a fat-saturated fast recovery fast
spin echo (FRFSE) sequence [10 slices; repetition time (TR)
2,000 ms, echo time (TE) 50 ms, matrix size 192 × 160,
field of view (FOV) 8 × 8 cm2, slice thickness 1.8 mm,
and NEX 6, TA 2 min 04 s]. T1-FSE images were obtained
for 10 slices as well as identical to T2WI with the following
parameters (TR 450 ms, TE 16.5 ms, matrix size 320 × 256,
FOV 8 cm × 8 cm, slice thickness 1.8 mm, and NEX
2, TA 1 min 03 s).

IVIM diffusion MRI was acquired using a free-breathing spin
echo echo-planar imaging (SE-EPI) sequence (TR 3,000 ms,
TE 98.7 ms, slice thickness 3.6 mm, matrix size 128 × 128,
and FOV 8 cm × 8 cm) using diffusion gradients applied in
three orthogonal directions and two different combinations of
b-values: a combination of 10 b-values (0, 50, 100, 150, 200, 300,
400, 600, 800, and 1,000 s/mm2) and a set of 4 b-values [0, 70,
300, and 800 s/mm2 (Cho et al., 2015)]. A selective chemical

FIGURE 2 | MR images of a tumor of a mouse from the untreated group or the BmK AGAP (1 mg/kg)-treated group, corresponding to day 12 of treatment. Axial
T2WIs, axial T1WIs, and axial IVIM images for b = 800 s/mm2. An area of necrosis is noticed under the sheath (red arrow).
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shift saturation technique was used for fat suppression. The total
image acquisition time of the MRI sequences was approximately
10 min per each mouse.

Image Analysis
All the images were transferred into our advantage GE Medical
System workstation (AW4.6; GE Medical System). We used
the option MADC available on the in-house GE postprocessing
Functool software (Functool 9.4.05, GE Medical System) to
generate the IVIM parameters [Dslow, Dfast, PF, and apparent
diffusion coefficient (ADC)]. We assumed the bi-exponential

fitting method to generate the IVIM-related parameters with
a b threshold at 200 s/mm2 using the signal decay formula
below:

Sb/S0 = (1− PF). exp (− bDslow)+ PF.exp (− bDfast).
where Sb stands for the signal intensity present in the pixel when
we use a diffusion gradient b and S0 is the signal intensity in
the pixel without any diffusion gradient (0), Dslow represents
the “true” diffusion parameter reflecting the pure molecular
diffusion, while Dfast is the pseudodiffusion coefficient associated
with the perfusion effect, and PF is the fractional perfusion
related to the microcirculation (Le Bihan et al., 1986).

TABLE 1 | Serial measurements of IVIM-related parameters and ADC values in the BmK AGAP-treated group and the untreated group at different image acquisition time
points (data are presented as means ± SDs and were compared using t-test, ∗P < 0.05).

Day 0 (n = 6) Day 3 (n = 6) Day 6 (n = 6) Day 9 (n = 6) Day 12 (n = 6)

Dslow (10−3mm2/s)

Untreated 0.479 ± 0.214 0.83 ± 0.622 0.509 ± 0.105 0.517 ± 0.096 0.617 ± 0.155

BmK AGAP 0.554 ± 0.326 1.098 ± 0.540 0.745 ± 0.418 0.712 ± 0.521 0.745 ± 0.309

P value 0.812 0.691 0.520 0.654 0.653

Dfast (10−3 mm2 /s)

Untreated 73.5 ± 2.121 31.75 ± 6.151 21.34 ± 18.752 60.5 ± 7.354 73.5 ± 0.99

BmK AGAP 70.55 ± 58.619 49 ± 5.657 24.45 ± 1.485 56.2 ± 2.687 55.5 ± 8.98

P value 0.317 0.1 0.837 0.519 0.11

PF (%)

Untreated 41.55 ± 15.627 25.9 ± 4.808 45.35 ± 9.829 54.65 ± 5.162 61.55 ± 7.001

BmK AGAP 43.85 ± 37.83 14.6 ± 0.283 52.55 ± 5.162 40.585 ± 7.757 37.8 ± 2.121

P value 0.944 0.080 0.456 0.166 0.044∗

ADC (10−3mm2/s)

Untreated 0.515 ± 0.025 0.598 ± 0.058 0.489 ± 0.078 0.428 ± 0.037 0.427 ± 0.117

BmK AGAP 0.563 ± 0.102 0.654 ± 0.302 0.834 ± 0.631 0.687 ± 0.209 0.758 ± 0.484

P value 0.584 0.822 0.523 0.227 0.446

FIGURE 3 | ROC curves generated from ADC values and IVIM parameters Dslow, Dfast, and PF.
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A region of interest (ROI) including the whole tumor was
manually drawn using comparative T2WIs and ADC maps to
locate the tumors. The parameters were expressed as mean values
from all pixels within the ROI from the slices.

Immunohistochemical Staining
Immunohistochemical analysis was performed on
paraffin-embedded sections of visible tumors removed
from mice. Serial sections (4 µm each) were prepared and
stained with hematoxylin–eosin (H&E) for routine histology
and Ki-67, vascular endothelial growth factor (VEGF), and
nuclear factor-kappa B (NF-κB)/p65 for the analysis of cell
proliferation in rBmK AGAP-treated and untreated groups.
The 4-µm slices of the tumors were deparaffinized in xylene
and rehydrated in graded alcohol. After microwaving for
20 min in citrate buffer to expose antigens, the slides were
washed with PBS and incubated in 3% H2O2 for 10 min at
room temperature to block endogenous peroxidase activity.
Non-specific binding was blocked with goat serum at room
temperature for 30 min before overnight incubation at 4◦C with
primary antibodies against Ki-67 (#AR53222, Arigo, China),
VEGF (Proteintech, China), and NF-κB/p65 (Proteintech,
China). After extensive washing with PBS, slides were
incubated with biotinylated secondary antibody for 45 min
at room temperature. The slides were then incubated with a
streptavidin–peroxidase complex. The signal was visualized
with DAB (3,3′-diaminobenzidine), and the slides were
briefly counterstained with hematoxylin. Yellowish brown
stain indicated positive for the antigen of interest. Images
of stained tissue slides were captured using a microscope
(Olympus BX51, Japan).

Total RNA Extraction, cDNA Synthesis,
and Quantitative Polymerase Chain
Reaction
mRNA level was measured with quantitative polymerase
chain reaction (qPCR). Nucleospin RNA II isolation
kit (Macherey-Nagel, Duren, Germany) was used to
extract total RNAs from frozen tissues according to the
manufacturer’s protocol. A PrimeScriptTM RT reagent kit
(TransGen Biotech, China) was used to perform RNA
reverse transcription into cDNA, and then qPCR was
performed using the TransStart TipTop Green qPCR
SuperMix (TransGen Biotech, China) according to the
manufacturer’s instructions. The primer sequence for human
VEGF were 5′-CTACCTCCACCATGCCAAGT-3′ (F) and 5′-
GCAGTAGCTGCGCTGATAGA-3′ (R). The thermal conditions
for the qPCR assay in the Applied Biosystems StepOneTM

Real-Time PCR thermal cycler (SN-271004043, Thermo
Fisher Scientific, United States) were as follows—cycle 1:
95◦C for 10 min, cycle 2 (×40): 95◦C for 10 s and 58◦C for
45 s. Data were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and relative quantities were
calculated using the 2−11Ct method. Triplicate independent
experiments were performed.

Protein Extraction and Western Blot
Analysis
Frozen tissues were lysed in CEB lysis buffer (Invitrogen, Life
Technologies, Grand Island, NY, United States). Protein was
quantitated by using Pierce’s BCA protein assay reagent kit
(from Pieces Biotechnology, Rockford IL, United States) as

FIGURE 4 | IVIM parametric maps acquired from 10 b-values versus 4 b-values merged with a T2WI.
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per the manufacturer’s protocol. After protein extraction from
tissues (9 g), equal amounts of proteins (20 µg/well) were
separated by 12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose
(NC) membrane guided by a prestained protein molecular weight
ladder in a wet transfer system (Beijing Liuyi Biotechnology,
China). The membranes were then blocked with 5% fat-free
milk in TBST at room temperature for 1 h and probed with
primary antibody against Ki-67 (#AR53222, Arigo, China), VEGF
(Proteintech, China), NF-κB/p65 (Proteintech, China), IkBα

(Proteintech, China), p-p65/NF-κB (Proteintech, China), PARP
(Proteintech, China), and GAPDH (Proteintech, China) at 4◦C
overnight. This was followed by incubation with appropriate
secondary antibodies (peroxidase-conjugated goat anti-rabbit
IgG, proteintech, China) at room temperature for 1 h. Antibody
binding was detected with an enhanced chemiluminescence
kit (ECL, Amersham, United Kingdom) and detected in a
ChemoDocTMXRS + Imager system (Bio-Rad, United States).
Relative quantities were analyzed with Image Lab software v4.0.1
(Bio-Rad, United States).

Statistical Analysis
Statistical analyses were carried out using SPSS 17.0 version
(SPSS statistics 17.0, released on August 23, 2008). All numerical
values were depicted as means ± standard deviations (SDs),
and the variation coefficients were displayed in percentages.
Kolmogorov–Smirnov test was used to evaluate normality
in the distributions. We performed independent sample
t-tests to compare the tumor volumes, the ADC, and the
IVIM-derived parameters of the different therapeutic groups
at various time points during the treatment process. Receiver
operating characteristics (ROC) curves were generated from
the IVIM-related parameters Dslow, Dfast, PF, and ADC values
to identify the parameter providing the largest area under the
curve (AUC) in the assessment of the rBmk AGAP treatment
effect. The results acquired from two combinations of b-values
were compared with a paired t-test for the variability of
IVIM parameters using 10 b-values or 4 b-values in separate
datasets of rBmK AGAP-treated and untreated groups and at
different imaging, time points to assess the slightest differences.
Within-subject coefficients of variation (wCV) to measure
the inconsistency in parameter measurements acquired
from the two combinations of b-values were presented in
percentage and tested using t-test. P < 0.05 was considered
statistically significant.

RESULTS

BmK AGAP Inhibited the Growth of
Breast Xenograft Tumors
To examine the antiproliferation effects of rBmK AGAP on
breast cancer with a reduced distribution b-values, IVIM-MRI,
we first determined the inhibitory concentration value
(IC50) of rBmK AGAP. The rBmK AGAP inhibited breast
cancer cell proliferation in a dose-dependent manner. The
viability of MDA-MB-231 cells decreased from 96.3 to 25.6% TA
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following rBmK AGAP treatment, ranging between 5 and
80 µM (IC50 = 50 µM) for 48 h, compared with untreated
cells (Figure 1A).

MDA-MB 231 cells were used to establish a mouse xenograft
tumor, and the effects of rBmK AGAP on the tumor growth
were assessed. The data showed that average mean tumor
volumes varied between 200 and 2,062.08 mm3 in the
untreated group, whereas in rBmK AGAP (0.5 mg/kg)- and
rBmK AGAP (1 mg/kg)-treated groups, the variation fluctuated
between 200 and 1,134.15 mm3 and between 200 and
779.67 mm3, respectively, from day 0 to day 12. The data
showed significant difference between rBmK AGAP-treated
and untreated groups from day 4 (Figure 1B). We observed
a significant change in the percentage of tumor growth
rate in the rBmK AGAP (1 mg/kg)-treated mice from day
6 and rBmK AGAP (0.5 mg/kg)-treated mice from day 8
compared with untreated mice. The coefficient of variation
gradually increased between 7.6 and 465% in the rBmK AGAP
(0.5 mg/kg)-treated mice and between 8.88 and 288.15% in
the rBmK AGAP (1 mg/kg)-treated mice compared with 6.5
and 928.02% in the untreated mice from day 4 (Figure 1C).
These results suggested that rBmK AGAP inhibits breast
cancer proliferation in a dose-dependent manner with a
growth rate more than three times slower compared with the
untreated tumor.

MRI Analyses of the Antiproliferative
Effects of BmK AGAP on Breast Cancer
We used unenhanced MRI sequences T1WI and T2WI
added to IVIM diffusion sequence to assess the early
antiproliferation effects of rBmK AGAP on breast xenograft
tumor. The results indicated that tumors obtained from
rBmK AGAP-treated mice presented a well-defined and
regular margin compared with the untreated tumor. The
tumor images acquired on the same day from rBmK
AGAP-treated mice showed a heterogeneous distribution of
signals discretely increased on T2WI and decreased on T1WI
compared with the untreated mice. We also observed an area
of necrosis under the tumor sheath obtained from rBmK
AGAP-treated mice compared with tumors from the untreated
mice (Figure 2).

Serial Measurements of IVIM Parameters
and ADC Values in the BmK
AGAP-Treated Group and the Untreated
Group at Different Time Points
The mean and SDs of the three IVIM parameters (Dslow,
Dfast, and PF) and ADC values at each scanning time point
were recorded (Table 1). IVIM parameter values were generally
heterogeneously distributed. Dslow and ADC values increased,
and the perfusion parameters (Dfast and PF) decreased in rBmK
AGAP-treated mice. However, the data showed no significant
differences in the means between the rBmK AGAP-treated and
the untreated mice for each parameter except in PF on day 12
(P = 0.044). Besides, the ROC curves (Figure 3) displayed an AUC
for the IVIM-related parameters PF (0.65) larger than that for the
other parameters but with a poor medical value (P = 0.257).

Assessment of Relative Changes in
Measurements of IVIM Parameters
Acquired From Combinations of 10
b-Values versus 4 b-Values
In this study, we compared the parameters acquired from two
different combinations of 10 b-values and 4 b-values. Qualitative
analysis of IVIM parametric maps (Figure 4) displayed a loss
in signal-to-noise ratio (SNR) that could probably affect the
parameter estimations. However, the measurements of Dslow,
Dfast, and PF from the two sets of b-values at different time points
(Table 2) indicated a non-significant variation in parameter
measurements, except a case observed in PF on the day 3. Table 3
represented the wCV that described the changes within the
parameters obtained from either the combinations of 10 b-values
or 4 b-values. Substantial variations were mainly observed in
Dfast and PF at various time points for the rBmK AGAP-treated
or the untreated mice. However, no statistically meaningful
changes were noticed in Dslow, Dfast, or PF measurements
(P > 0.05), excluding a single case of significance found in PF
on day 0. Bland–Altman plots (Figure 5) showed the differences
(y-axis) and the means (x-axis) in parameters measured using the
distribution of 10 b-values and 4 b-values. The systematic bias
expressed as average difference between parameters measured
using 10 b-values and 4 b-values for the untreated mice was

TABLE 3 | wCV in parameters generated from the sets of 10 b-values or 4 b-values (data were compared using t-test, ∗P < 0.05).

Day 0 (n = 6) Day 3 (n = 6) Day 6 (n = 6) Day 9 (n = 6) Day 12 (n = 6)

wCV (%) P value wCV (%) P value wCV (%) P value wCV (%) P value wCV (%) P value

Dslow

Untreated 17.06 0.449 14.48 0.076 6.59 0.364 18.49 0.474 37.27 0.134

BmK AGAP 20.56 0.423 26.18 0.074 8.06 0.394 9.21 0.368 2.43 0.351

Dfast

Untreated 26.69 0.265 48.42 0.129 63.44 0.448 21.20 0.242 9.25 0.272

BmK AGAP 14.66 0.198 26.60 0.427 77.81 0.061 31.39 0.204 39.55 0.217

PF

Untreated 13.51 0.389 29.42 0.053 15.44 0.300 29.63 0.191 53.35 0.066

BmK AGAP 61.91 0.046∗ 42.94 0.264 26.42 0.122 35.69 0.443 34.19 0.477
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FIGURE 5 | Bland–Altman plots of the parameters measured using the 10 b-values versus 4 b-values. The average differences (red dashed lines), its 95%
confidence intervals (black dashed lines), and upper line of agreement (ULOA), and lower line of agreement (LLOA) (solid blue lines) are displayed. Dslow (A,B),
Dfast (C,D), and PF (E,F).

0.089 (95% confidence interval: 0.023 to 0.157) in Dslow; −4.745
(95% confidence interval: −23.26 to 13.77) in Dfast; and 11.04
(95% confidence interval: 1.99 to 20.09) in PF. And for the
Bmk AGAP-treated mice, the average difference was 0.013
(95% confidence interval: −0.097 to 0.123) in Dslow; −18.23
(95% confidence interval: −36.26 to −0.204) in Dfast; and 9.19
(95% confidence interval: −1.47 to 19.84) in PF. There was no
proportional bias among the IVIM parameters acquired (Dslow,
Dfast, and PF) for the untreated and BmK-treated mice.

Histologic Analyses
To confirm the observations made from IVIM-MRI, we first
performed H&E staining to determine the morphologic changes
that formed the basis of the breast xenograft tumor diagnosis

(Figure 6A). We then performed immunohistochemical
staining to examine the expression of Ki-67 at different time
points of the rBmK AGAP (1 mg/kg)-treated mice. The
data showed significant decreased expression of Ki-67 in a
time-dependent manner following rBmK AGAP treatment
compared with the untreated group (Figure 6B). This evidence
suggested that BmK AGAP may inhibit proliferation in
breast cancer cells.

It is reported that VEGF and NF-κB play essential roles in
regulating renal cancer cell proliferation (Djordjević et al., 2008).
The expression of VEGF is said to correlate with NF-κB activation
in breast cancer (Luo et al., 2016). To investigate the possible
mechanism by which BmK AGAP inhibits the growth of breast
xenograft tumors, we further performed immunohistochemical
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FIGURE 6 | Histologic analyses. (A) H&E staining to determine the morphologic changes that formed the basis of the breast xenograft tumor diagnosis.
(B) Immunohistochemical assessment of proliferation markers in excised tumor tissues. rBmK AGAP (1 mg/kg)-treated xenograft tumor tissues were stained with
antibodies against Ki-67 and examined by immunohistochemical staining at different time points (scale bars = 100 µm; magnification, 200x). The data were
statistically significant at ∗P < 0.05 and ∗∗P < 0.01 as compared with untreated tumors. The data represent the mean ± SD of three independent experiments.

staining, qPCR, and Western blot to explore the activity of
BmK AGAP on VEGF and activation of NF-κB signaling
pathway. VEGF and NF-κB expressions in xenograft tumors
were analyzed by tissue immunohistochemical staining. We
realized a decreased expression of VEGF and NF-κB, which
correlated with decreased Ki-67 expression (Figure 7A). We
performed qPCR and Western blot analysis to determine the
expression of VEGF in tissue after rBmK AGAP treatment. The
qPCR data showed the mRNA of VEGF significantly decreased
in a dose-dependent manner following treatment with rBmK
AGAP compared with untreated tumors (Figure 7B). Western
blot data consistently showed that rBmK AGAP significantly
decreased the expression of VEGF and p-p65/ NF-κB in a
dose-dependent manner as compared with the untreated group
(Figures 7C,D). This evidence suggested that VEGF and the NF-
κB signaling pathway are involved in rBmK AGAP inhibition

of breast xenograft tumor growth and corroborated with the
earlier observation made from the IVIM-MRI analysis of
antiproliferation effects of BmK AGAP.

DISCUSSION

In this study, we aimed to determine the potential of using
IVIM-derived parameters to assess early changes induced by
BmK AGAP in breast cancer and also to evaluate the variability
of the measurements acquired from two different combinations
of 10 b-values versus a reduced set of 4 b-values. The results
showed that the average mean of tumor volume was significantly
decreased in the BmK AGAP-treated mice compared with the
untreated mice. The relative significant changes in the tumor
growth of the BmK AGAP-treated mice were observed from

Frontiers in Physiology | www.frontiersin.org 10 June 2019 | Volume 10 | Article 708

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00708 June 20, 2019 Time: 17:29 # 11

Doudou et al. Antiproliferative Effect of BmK AGAP Using IVIM

FIGURE 7 | Histologic analyses. VEGF and NF-κB signaling pathway are involved in BmK AGAP inhibition of breast xenograft tumor growth.
(A) Immunohistochemical assessment of proliferation markers in excised tumor tissues. Xenograft tumor tissues were stained with antibodies against NF-κB/p65,
VEGF, and Ki-67 and examined by immunohistochemical staining after day 12 of rBmK AGAP (1 mg/kg) treatment (scale bars = 100 µm; magnification, 200x).
(B) Relative gene expression of VEGF following rBmK AGAP treatment. Mice were treated with different concentrations of rBmK AGAP for 12 days, and the
expression of VEGF and GAPDH (internal control) were analyzed by qPCR. (C) VEGF, protein expression following rBmK AGAP treatment of mice bearing breast
xenograft tumors. rBmK AGAP-treated tissues were lysed and subjected to 12% SDS-PAGE and analyzed by Western blotting with antibodies against VEGF.
(D) rBmK AGAP suppresses the expression of VEGF, NF-κB/p65, IκBα, and p-p65/NF-κB in breast xenograft tumors as analyzed by Western blotting. GAPDH or
PARP was used as an internal control. The data were statistically significant at ∗P < 0.05 and ∗∗P < 0.01 as compared with untreated tumors. The data represent
the mean ± SD of three independent experiments.

day 4. We also observed that the growth rate of the tumors in
BmK AGAP-treated mice was three times decreased at the end
of the experiment compared with the untreated mice. The tumor
volume decrease was observed on day 4 followed by a gradual but
slow increase compared with the untreated group.

Li et al. (2014) reported that BmK AGAP promotes
apoptosis and inhibits proliferation of breast cancer cells.
Gu et al. (2013) carried out a similar study to demonstrate
the antiproliferation effects of BmK AGAP and realized that
the analgesic–antitumor peptide BmK AGAP induces apoptosis
and inhibits the proliferation of SW480 human colon cancer
cells by inactivating the PTEN/PI3K/Akt signaling pathway.
Reduced expression of Ki-67 in the BmK AGAP-treated
mice in this study revealed noticeable changes in tumors
compared with the untreated mice, suggesting a significant
therapeutic difference at the cellular level. The slight changes
in tumors feature perceived on morphologic MRI sequences
should also be considered as modifications in signal, size,

margins, and shapes. The presence of necrosis observed in
the images from the BmK AGAP-treated mice could describe
the effects of the treatment at an early stage, showing the
antiproliferative property of the analgesic–antitumor peptide
BmK AGAP on breast cancer cells. Our data showed that
BmK AGAP inhibited breast tumor growth and suggested
that BmK AGAP may be a plausible effective therapeutic
approach for cancer.

Vascular endothelial growth factor is one of the major
factors that regulate tumor progression and metastatic spread.
VEGF is one of the essential signaling proteins involved in
vasculogenesis and angiogenesis (Ho and Fong, 2015). NF-κB
is a transcriptional factor that plays an important role in
the regulation of tumor growth, differentiation, and apoptosis
(Sarkar and Li, 2008). Activation of NF-κB results in the
induction of a large number of genes involved in the control of a
wide variety of biological responses, including VEGF. Abnormal
activation of NF-κB is associated with several cancers, including
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pancreatic cancer, breast cancer, melanoma, and colon cancer
(Karim, 2006; Scimeca et al., 2015). The inactivation of NF-κB
signaling is linked to decreasing cell growth, apoptosis, and
enhanced sensitivity to chemotherapies (Tsai et al., 2015). Kampo
et al. (2019) demonstrated that Nav 1.5 functional activities
may play a role in BmK AGAP-mediated inactivation of the
NF-κB/Wnt/β-catenin signaling pathway to inhibit stemness
and epithelial–mesenchymal transition of breast cancer cells
in vitro and in vivo by downregulating PTX3. In this study,
decreased expression of VEGF post rBmK AGAP treatment
correlated with decreased Ki-67, p65/NF-κB, and NF-κB DNA
binding and transcription activity inhibiting breast tumor
growth (Figure 7).

An adequate assessment of the efficacy in cancer treatment
using medical imaging requires the ability to detect minor
changes in biomarkers during the treatment process. Common
MRI ways of assessing the response to therapy are DCE-MRI
and DWI. Recently, many studies focused on the use of the
IVIM bi-exponential model for the same purpose and labeled the
non-invasive method to be more accurate than DWI by giving
separate diffusion- and perfusion-related parameters (Granata
et al., 2015; Lu et al., 2016; Shirota et al., 2016; Lee et al., 2017;
Yang et al., 2017). The areas of necrosis might increase in
the diffusion-weighted coefficient and perhaps mislead the
assessment of the response of a tumor to therapy (Bains et al.,
2012). As perfusion is mostly reduced in the areas of necrosis,
IVIM diffusion is recommended by several studies as this
model gives accurate information about diffusion, taking into
consideration the perfusion effect (Le Bihan et al., 1986). In this
study, the use of the IVIM DWI MRI sequence to assess the
early antiproliferation effect of the analgesic–antitumor peptide
BmK AGAP on breast cancer showed significance in the IVIM
PF parameter on day 12. The relatively late sensitivity of IVIM
that involved only one parameter (PF) could question the use
of IVIM in the assessment of the effect of this drug and might
indirectly recommend the use of histologic analyses that seem
to give an idea of the effect of the treatment at a very early
stage. However, the results call for further studies to assess the
BmK AGAP treatment effect using IVIM on a prolonged period
of treatment. The parameter PF presented the largest AUC on
the ROC in comparison to the other parameters though with
a poor medical value (AUC = 0.65). This result exposed the
sensitivity of the perfusion parameter to the slightest changes
in the tumor at the cellular level. Several studies indicated
IVIM-related parameters as a potential mean of assessing the
efficiency of cancer treatment (Cui et al., 2015; Che et al., 2016;
Shirota et al., 2016; Cho et al., 2017; Yang et al., 2017; Kim et al.,
2018; Xu et al., 2018).

In the present investigation, we employed the IVIM model
for diffusion due to its accurate information about diffusion,
taking into consideration the perfusion effect. We observed that
the morphological T1WI and T2WI presented some changes
related to tumor volume, shape, and signal distribution. However,
there was no significance noticed in the IVIM-derived parameters
Dslow, Dfast, and ADC values showing the efficiency of the BmK
AGAP treatment. Nonetheless, these findings do not discard
the efficacy of BmK AGAP treatment on breast cancer since

the PF showed a relatively late significance on day 12. The
ROC revealed that PF and Dfast have the largest AUC for
the prediction of BmK AGAP antiproliferation effects. These
findings suggested that the two perfusion-related parameters
PF and Dfast might be potential tools for the assessment of
treatment response in cancer. Also, this evidence may emphasize
the effective sensitivity of the IVIM perfusion-related parameter
at the early stage of BmK AGAP treatment. Similarly, Lee et al.
(2017), in an analogous study related to the assessment of a
treatment effect on cancer, reported the sensitivity of PF and
underlined its correlation with microvessel density. Therefore,
Cho et al. (2017), in 2017, suggested noticeable variations in Dfast
as a potential alternative to predict the neoadjuvant treatment
effect in breast cancer.

The existing literature describes controversial challenges
around the technical parameter setting for the IVIM diffusion
model (Iima and Le Bihan, 2016). One of the significant problems
is related to the number of b-values efficiently used to give
accurate results. In our study, we performed a comparative
analysis of the IVIM-related parameters generated from a
reduced number of b-values. Even though the parametric maps
displayed a loss in SNR for the set from the 4 b-values,
the data were generally not different from those of a set
from 10 b-values. Iima et al. (2018) related similar results
out of their investigation by comparing parameters acquired
from the 16 b-values against those from a set from the
5 b-values. These similarities in results could orientate the
standardization of the number of b-values toward an optimized
set that could give accurate information about the diffusivity
and the perfusion in living tissues in a non-invasive way and
reduce eventually the time of the exam. However, at various
time points, the wCVs were generally higher in Dfast and
PF and showed significance in PF. Iima et al. (2018) also
underlined variability observed in Dfast. The authors identified
a relative difficulty in the estimation of the pseudodiffusion
parameter. In our study, an eventual reason that justifies
the inconstancies observed on Dfast and PF could be the
loss in SNR noticed mainly in Dfast maps. However, the
estimations of the perfusion-related parameters could also be
influenced by the quality of low b-values included in the
reduced distribution.

CONCLUSION

In conclusion, these findings suggested that the IVIM parameter
PF provided significant data that demonstrated the efficacy of the
BmK AGAP treatment on breast cancer. Besides, morphologic
sequences T1 and T2 displayed some changes confirmed
by the substantial changes in immunohistochemistry Ki-67
analysis. This evidence suggested that the analgesic–antitumor
peptide BmK AGAP may be a useful therapeutic approach
for cancer. PF, a perfusion-related parameter of IVIM, could
be a valuable tool for further investigations to assess and
demonstrate the antiproliferation effect of BmK AGAP on breast
cancer within a prolonged period. Despite the inconsistencies
observed in Dfast and PF measurements, a combination of
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four b-values proves the IVIM parameter measurements are
beneficial for the assessment of breast cancer tumor responses to
BmK AGAP treatment.
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