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ARTICLE INFO ABSTRACT

Gemcitabine (Gem), a nucleoside analog, is a preferred choice of treatment for pancreatic cancer (PCa) and often
used in combination therapy against wide range of solid tumors. It is known to be rapidly inactivated in blood by
cytidine deaminase. The objective of the study was to improve the systemic stability and anticancer activity of
modified Gem termed 4-N-stearoylGem (4NSG) In this study, the ICso values of 4NSG treated MiaPaCa-2 and
primary pancreatic cancer (PPCL-46) cultures were significantly lower when compared with gemcitabine hy-
drochloride (GemHC]) treated cultures. In acute toxicity study, liver enzyme level of aspartate aminotransferase
(AST) of the control mice was not significantly different from AST levels of 4NSG and GemHCI treated mice.
However, alanine aminotransferase (ALT) level of control mice (67 = 5 mUnits/mL) was significantly lower
compared with ALT levels of GemHCl (232 + 28 mUnits/mL) and that of 4NSG (172 =+ 22 mUnits/mL)
(p < 0.0001). More importantly, ALT level of 4NSG was lower than ALT level of GemHCl (p < 0.05). Although
ALT levels were elevated, pathological images of liver and kidney tissues of control, GemHCI and 4NSG treated
mice revealed no architectural changes and no significant change in mice weight was observed during treatment.
The bioavailability (AUC) of 4NSG was 3-fold high and significantly inhibited the tumor growth as compared
with equivalent dose of GemHCIl. Immunohistochemical staining revealed that 4NSG significantly inhibited the
expression vascular endothelial growth factor (VEGF) receptor. The study is unique because it established, for
the first time, enhanced anticancer activity of 4NSG against pancreatic patient-derived xenograft (PDX) mouse
model and PPCL-46 cells compared with Gem. 4SGN enhanced pharmacokinetic profile and improved the
therapeutic efficacy of the standard-of-care Gem. Lastly, 4GSN showed a remarkable tumor growth inhibition
and revealed significant antiangiogenic activity in 4GSN treated pancreatic PDX tumor.

Keywords:

Gemcitabine
4-N-stearoylGem
Pancreatic cancer
Antitumor efficacy
Patient-derived xenograft
PDX

1. Introduction

Pancreatic cancer (PCa) is one of the most aggressive and devas-
tating type of malignancies in the United States of America with high
mortality rate (Siegel et al., 2019). It is expected to surpass breast and
colorectal cancer in the next two years to become the second leading
cause of cancer-related deaths (Siegel et al., 2019; Grasso et al., 2017).
The 5-year survival rate of 5% is one of the poorest according to World
Health Organization (WHO) (Binenbaum et al., 2015). Although we live
in an era filled with remarkable advances in cancer treatment, there are
limited therapeutic options for patients diagnosed with PCa. Gemcita-
bine (Gem), a nucleoside analog, has been in existence for more than a

decade and remains the first-choice treatment for PCa. However, Gem
treatment resistance coupled with its poor pharmacokinetic profile
(short half-life) has resulted in poor treatment outcomes (de Sousa
Cavalcante and Monteiro, 2014). Gem is given as monotherapy in pa-
tients with locally advance and metastatic PCa and a good response in
the early stages of treatment, nonetheless, drug resistance develops
with time (de Sousa Cavalcante and Monteiro, 2014; Jia and Xie, 2015).

Gem as a choice of drug in PCa therapy has improved the quality of
life, disease related symptoms and the survival rate with unresectable
PCa (Andersson et al., 2009). Standardized clinical dosing schedule for
Gem given as an intravenous (IV) fusion for 30 min is 1000 mg/mg?
administered weekly for 3 weeks (28 day cycle) followed by a week of
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Scheme 1. Reagents and conditions for the synthesis of 4NSG (4): a) TBSCI, imidazole, DCM, rt. b) DIPEA, stearic anhydride, DCM, 24 h c¢) TBAF DMF, rt., 2 h.

resting phase (Garcia-Cremades et al., 2018). Gem is a cytotoxic agent
with mechanism of action that involves biotransformation into tripho-
sphate metabolite that blocks DNA synthesis (Grasso et al., 2017; Liu
et al.,, 2018). A major concern which constrains effective therapy is
systemic instability due to cytidine deaminase-induced deactivation of
Gem via the removal of -NH, to yield an inactive metabolite which is
excreted in urine (Amrutkar and Gladhaug, 2017). In humans, the half-
life of Gem has been reported as 8-17 min as a result of the rapid
metabolism (Dai et al., 2017). Further, cellular uptake and inter-
nalization of Gem depends on nucleoside transporters on the surface of
PCa cells namely the human equilibrative nucleoside transporter 1
(hENT1) which often times are under-expressed in more than 65% of
PCa patients (Dai et al., 2017). Another challenge of concern is that,
PCa cells are besieged by a thick desmoplastic stromal matrix and has
been implicated in drug resistance (Mei et al., 2016). It is justified to
say that the ability to surmount this thick biological barrier will argu-
ably improve drug delivery and efficacy in cancer chemotherapy.

There has been a growing interest in the applications of modified
existing chemotherapeutic agents and patient derived tumor xenografts
in cancer research, a paradigm shift from chemotherapy drugs and
conventional cancer cell lines (Hidalgo et al., 2014; Jin et al., 2010). In
this study, we successfully synthesized 4NSG from Gem and stearic
acid. We conducted cytotoxicity and apoptotic studies of 4NSG on
MiaPaCa-2 and PPCL-46 cells. Tumor efficacy studies were performed
in mice bearing pancreatic PDX tumor. In this study, we demonstrated
that synthesized 4NSG remarkably reduced tumor growth in pancreatic
PDX mouse model due to increased bioavailability and reduced vas-
cular endothelial growth factor (VEGF) receptors expression while
histological data revealed no morphological changes in liver and kidney
tissues among the control, GemHCl and 4NSG treated PDX mouse
model. Put together, the current study is novel because it discovered,
for the first time, enhanced anticancer activity of 4NSG against pan-
creatic patient-derived xenograft (PDX) mouse model and PPCL-46 cells
compared with Gem. Secondly, 4SGN enhanced pharmacokinetic pro-
file and improved the therapeutic efficacy of the standard-of-care Gem.
Thirdly, 4GSN showed a remarkable tumor growth inhibition and re-
vealed significant antiangiogenic activity in 4GSN treated pancreatic
PDX tumor.

2. Materials and methods
2.1. Materials

Gemcitabine Hydrochloride (GemHCl) was purchased from AK
Scientific (Union City, CA). Pancreatic cancer MiaPaCa-2 cells (K-Ras

(G12Q)) were bought from American Type Culture Collection (ATCC)
(Manassas, VA). PPCL-46 is a patient-derived cell line (K-Ras (G12V))
obtained from Dr. Trevino's laboratory with methods previously de-
scribed (Pham et al., 2016). The PPCL-46 was derived from a 75-year-
old, Caucasian female with a moderately differentiated, T3N1 pan-
creatic ductal adenocarcinoma who underwent pancreatoduode-
nectomy for her disease. All materials, both solvents and reagents of
analytical grade were purchased from Sigma Aldrich (St. Louis, MO).

2.2. Synthesis of 4NSG

Synthesis of 4NSG followed a method as described by Trung et al.
(Trung Bui et al., 2013; Immordino et al., 2004) with slight modifica-
tions. Gemcitabine 1 (2.630 g, 9.992 mmol, 1 eq) was dissolved in
100 mL dichloromethane (50.0 mL). To the solution was added tert-
butyldimethylsilyl (TBS) chloride (3.765 g, 24.981 mmol, 2.5 eq) and
imidazole (2.041 g, 29.977 mmol, 3 eq) successively. The reaction
mixture was stirred at room temperature until Gem was consumed, as
indicated by thin layer chromatography (TLC) analysis (using 100%
ethyl acetate (EtOAc)). The mixture was washed successively with sa-
turated ammonium chloride, sodium bicarbonate and sodium chloride
solutions. The organic layer was dried by anhydrous sodium sulfate,
filtered and concentrated under vacuum. The TBS-protected compound
2 was crystalized from EtOAc as a white solid which was used in the
next step without further purification (Scheme 1) (Trung Bui et al.,
2013).

Next, to a solution of N, N-diisopropylethylamine (DIPEA)
(1.200 eq) in dichloromethane (DCM) was added stearate anhydride
(1.100 eq)-warmed to dissolve and TBS protected gemcitabine 2
(~1.000 eq). The resulting mixture was stirred for 24 h at room tem-
perature. After, the excess solvent was removed under reduced pres-
sure. The residue containing intermediate 3 obtained was used in the
next step without further purification.

A mixture of 3 (1 g, 1.4 mmol) and tetra-n-butylammonium fluoride
(TBAF) in dimethylformamide (DMF) (15 mL) was stirred at room
temperature for 2 h. Excess solvent was removed and the resulting re-
sidue was directly purified on silica gel flash column chromatography
with gradient DCM-ethanol (up to 15% ethanol) to afford 4NSG (4) as a
white solid (Trung Bui et al., 2013).

The 4NSG was synthesized according to Scheme 1 and analyzed by
proton and carbon-13 NMR, elemental analysis and TLC. The melting
point for solid 4NSG compound was determined. The purity of the
4NSG was close to 99.6% as determined by NMR and elemental ana-
lysis. Elemental analysis was conducted by Atlantic Microlab, Inc.,
Norcross, GA.
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2.2.1. Preparation of 4NSG stock solution

4NSG stock solution was prepared by adding 200 mg of soy lecithin
in 10 mL of sterile water. The mixture was vortexed intermittently until
soy lecithin was dissolved completely followed by addition of 240 mg
4NSG to soy lecithin solution. The mixture was sonicated until 4NSG
dispersed completely in the solution (Kumar et al., 2014; Zhang et al.,
2018). Soybean lecithin is a basic substance of life, and it is a safe
natural mixture of phospholipids (Kumar et al., 2014). It exhibits an
amphiphilic structure which may be used as an inactive ingredient and
its FDA approved.

4NSG.

'H NMR (600 MHz, DMSO-dg) 6 10.93 (s, 1H), 8.20 (d, J = 7.6 Hz,
1H), 7.25 (d, J = 7.7 Hz, 1H), 6.27 (d, J = 6.5 Hz, 1H), 6.14 (t,
J = 7.4 Hz, 1H), 5.27-5.24 (m, 1H), 4.19-4.14 (m, 1H), 3.86 (d,
J = 8.4 Hz, 1H), 3.80-3.75 (m, 1H), 3.65-3.59 (m, 1H), 2.40-2.34 (m,
2H), 1.51 (t, J = 7.4 Hz, 2H), 1.26-1.15 (m, 28H), 0.82 (t, J = 7.0 Hz,
3H).

13C NMR (151 MHz, DMSO) § 174.53, 163.33, 154.64, 145.16,
123.38, 96.34, 84.55, 81.47, 68.83, 59.23, 36.83, 31.72, 29.46, 29.44,
29.42, 29.40, 29.27, 29.13, 28.87, 24.78, 22.52, 14.38. MP = (145-
146 °C), Rf value = 0.54 (100% ethyl-acetate). HPLC (H,O/ACN
(90:10), % purity = 99.8%, RT = 14.3 min) MS (M + H)* = 530.59,
Molecular formula: Cy,H4s5F;N305°H,0, Mol wt: 547.68. Elemental
Analysis: Calculated, C, 59.21H, 8.65 N, 7.67 F, 6.94; Found, C, 59.27;
H, 8.59; N, 7.51; F, 6.67.

2.3. Cytotoxicity in two and three dimensional (2D and 3D) cultures 2D
MiaPaCa-2 and PPCL-46 cells

Prior to viability studies, Dulbecco's modified Eagle medium
(DMEM) with high glucose and ir-glutamine was supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(PenStrep) (Vande Voorde et al., 2019). Briefly, MiaPaCa-2 and PPCL-
46 were seeded at a density of 1 x 10° per well in 96-well plates in
triplicates for each drug concentration level and incubated at 5% CO,
and temperature of 37 °C (Vande Voorde et al., 2019). At 70-75%
confluence, both MiaPaCa-2 and PPCL-46 cells were treated with
GemHCl and 4NSG. Varying concentrations of 4NSG was prepared from
its stock solution with growth medium. For GemHC], a stock solution
was prepared with phosphate-buffered saline (PBS) and serially diluted
with growth medium to prepare varied concentrations: thus 5, 10, 20,
40 and 60 pM. Both cells were treated with 100 pL of each drug con-
centration in triplicates and incubated for 48 h. At termination, 20 pL of
0.05% resazurin sodium salt (Alamar blue®) was added and incubated
at optimum conditions (5% CO,, 37 °C) for 4 h (Gradiz et al., 2016).
Fluorimetric analysis was determined at excitation wavelength of 560/
580 nm and emission wavelength of 590/610 nm and the percent viable
cells per concentration calculated.

2.4. 3D Spheroid of MiaPaCa-2 and PPCL-46 cells

MiaPaCa-2 and PPCL-46 cells were plated in 3D formation 96-well
plates, Nunclon Sphera® at seeding density of 3.0 x 10% and 2.6 x 10*
in 100 pL/well of growth medium respectively, volume of cell sus-
pension in each well plate was then made up to 200 pL with growth
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medium and incubated for 72 h to allow for spheroid formation
(Paskeviciute and Petrikaite, 2017). At treatment, 100 pL of super-
natant was replaced with drug in growth medium prepared as described
under 2D viability studies of MiaPaCa-2 and PPCL-46 cells and in-
cubated for 48 h (Wen et al., 2013). At termination, 50 pL of 0.05%
resazurin sodium salt (Alamar blue®) was added to each well and gently
dispersed by pipetting and incubated for 4 h. Fluorimetric analysis was
measured as described above (Wen et al., 2013; Diaz Osterman et al.,
2016).

2.5. 4NSG induced apoptosis

PPCL-46 cells were seeded in 96-well plates at a density of
1.0 x 10® cells/well and incubated at optimum conditions until the
cells reached 70-75% confluency. At confluency, the cells were treated
with Gem (with Gem equivalent dose of GemHCI and 4NSG) at a con-
centration of 20, 40 and 80 pM. Briefly, the cells were treated for 24 h,
washed twice with PBS and fixed with 4% formalin for 15-20 min.
Afterwards, the cells were permeated with 0.1% Triton-X for 15 mins
and finally incubated with 20 pL mixture of 5 ug acridine orange (AO)/
3 ug ethidium bromide (EB) (ratio 1:1) and kept away from light for
30 min (Liu et al., 2015). Cells were finally washed thrice with sterile
PBS and examined for evidence of apoptosis under an Olympus fluor-
escence microscope.

2.6. Animals

Eight-week-old female non-obese diabetic (Cg-Prkdc*“12rg™Wil/
SzJ (NSG) mice were obtained from The Jackson Laboratory (Bar
Harbor, ME).

2.6.1. Ethics statements

The mice were housed in a virus-free, indoor, light- and tempera-
ture- controlled barrier environment, and were provided ad libitum
access to food and water. All procedures with mice were in strict ac-
cordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Florida A & M
University Animal Care and Use Committee.

2.6.2. Tumor transplantation

The implantation of surgical tumor tissue into immuno-compro-
mised mice was described previously (Pham et al., 2016; Delitto et al.,
2015). Briefly, a viable portion of resected tissue 2 x 2 mm in size was
isolated immediately from surgically resected primary PCa specimens
with care to minimize critical ischemia time. PCa tissue was then im-
planted subcutaneously into an 8-week-old female non-obese diabetic
Cg-Prkdc*9112rg™Wil/SzJ (NSG) mouse (The Jackson Laboratory, Bar
Harbor, ME). Xenografts were allowed to grow to a maximum diameter
of 1.5 cm before passage and/or in vitro culture. Herein, we defined a
passage as explanation of a PCa xenograft and implantation into the
flank of a new host.
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2.7. Pharmacokinetic studies

For pharmacokinetic (PK) studies, normal healthy mice were
grouped into control, GemHCl and 4NSG. Mice were given a single
bolus intravenous injection of 30 mg/kg of Gem (with Gem equivalent
dose of GemHCI] and 4NSG) while control mice received normal saline
(0.9% NacCl). After the injection, aliquots of blood samples were col-
lected at predetermined time points (5, 10, 15, 30, 60, 120, 240, 360,
720 and 1440 min). Blood samples collected were treated with 2 mL of
an extraction solvent (15% of isopropyl alcohol in ethyl acetate)
(Beumer et al., 2008; Affram et al., 2017). The mixture was vortexed for
30 s and centrifuged at 3000 rpm for 15 and the supernatant collected
and vaporized to dry overnight in a water-bath. Residual solvent was
removed by placing the dried samples in the vacuum chamber. Finally,
500 uL of mobile phase was used to reconstitute the dried sample (5%
acetonitrile in 10 mM dihydrogen phosphate buffer, pH adjusted to 3).
The sample solution was again centrifuged at 3000 rpm for 15 min,
supernatant collected and filtered and samples analyzed for Gem by
HPLC-UV (Apparaju et al., 2008). The PK parameters were estimated by
using PKSolver (Zhang et al., 2010).

2.7.1. HPLC analysis

Gem analysis was performed according to method described by Lanz
and colleagues with minor modifications (Lanz et al., 2007). Briefly,
Gem analysis was performed using a chromatographic system, which
consisted of a HPLC (Waters Corporation, Milford, MA) equipped with
an auto-sampler, photo diode array (2998 UV/Vis) detector and pumps.
Separation was performed using a reverse phase column (ZORBEX SB —
C18 4.6 x 250 mm, 5 pm). A flow rate of 1.0 mL/min and injection
volume 20 pL at ambient temperature were maintained while detection
was performed at 268 nm. Prior to analysis, reverse phase column was
equilibrated with mobile phase made up of 5% acetonitrile in 10 mM
dihydrogen phosphate buffer, pH adjusted to 3 with trifluoroacetic acid
(TFA). An isocratic elution was performed throughout the entire ana-
lysis including internal standards.

A calibration curve was prepared using Gem standard solutions with
concentration range of 0.063-2.0 pg/mL. A plot of the peak areas as a
function of Gem concentration was plotted and the linear equation of
the calibration curve given as y = mx + ¢ was determined, where y is
the peak area, m is the slope, x is the concentration of Gem and c is the
y - intercept was. Supernatants from controls were spiked with aliquots
of 0.5 ng/mL of Gem. Recovery of Gem in supernatant from blood and
tissues was performed by comparing peak areas of controls spiked with
known amounts of Gem (Lanz et al., 2007).

2.8. Acute toxicity studies

2.8.1. Histology

Histological studies were performed in normal healthy mice to as-
sess the integrity of the liver and kidney tissues after the single bolus
intravenous administration of 30 mg/kg of Gem (with Gem equivalent
dose of GemHCI and 4NSG). Two weeks after the administration, mice
were euthanized and the liver and kidneys extracted. The wet tissues
were rinsed in PBS, submerged in 10% neutral buffered formalin (NBF)
and stored for 48 h at room temperature.

Tissue examination: In the final step liver and kidney tissues were
embedded in paraffin wax to prepare blocks. Tissue sections of 5 pm
thickness were cut and hematoxylin and eosin (H&E) stained and ex-
amined under light microscope (Krishna, 2013).

2.8.2. Liver enzgymes activity

Twenty-four hours after administration of 30 mg/kg of Gem (Gem
equivalent dose of GemHCI and 4NSG) to normal healthy mice, blood
samples were collected in the control, GemHCl and 4NSG treated
groups. This study was conducted to determine any elevation of key
liver enzymes includingaspartate aminotransferase (AST) and alanine
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aminotransferase (ALT) activity using reagent kits from Sigma-Aldrich
(catalogue # MAKO55 for AST; catalogue # MAKO052 for ALT) (Ricart,
2017). The manufacturer's assay procedure was followed with minor
modifications. Briefly, the collected blood samples were centrifuged at
3500 rpm for 6 min the serum was collected, and then serially diluted.

In the assay of AST activity, standard glutamate solution was used to
plot a calibration curve. Briefly, 10 pL of 0.1 M glutamate standard
solution was diluted with 990 uL of AST assay buffer to produce a
1.0 mM stock solution. The stock solution was serially diluted with AST
assay buffer to yield standard solutions of 0 (blank), 2, 4, 6, 8, 10
nmole/well in a 96-well plate. As a guide, a positive control was also
included in this assay by adding 5 pL of AST positive control and diluted
with 45 pL with AST assay buffer. For the samples, a master reaction
mix was prepared per the manufacturer's protocol using a scale factor of
20; AST enzyme buffer = 1600 pL, AST enzyme mix = 40, AST
developer = 160 pL and AST substrate = 200 pL.

Fifty microliters of serially diluted solutions of control, GemHCI and
4NSG were pipetted in triplicates and in 96-well plate, diluted with
100 pL master reaction mix and mixed well by pipetting. Plates were
protected away from light by wrapping them in aluminum foils.
Subsequently, the plates were incubated at 37 °C for 3 mins and the
absorbance measured on a Bio-Rad iMark™ Microplate reader at
450 nm as the initial absorbance (A;uitia1) and time recorded as Tipigal-
Absorbance recordings were taken every 5 min until the most active
sample gave an absorbance that exceeds the highest glutamate standard
(10 nmole/well). The penultimate reading (Afina at Tgnay) thus reading
before the linear range of the calibration curve was used to calculate the
AST activity. The change in absorbance (Agna — Ainitia) Was calculated
and the glutamate activity determined from the calibration curve. The
AST activity was determined from the equation provided below.

B x Sample dilution factor

AST Activity = —
Reaction time X Sample volume (mL) (€8}

where B = Amount (nmole) of glutamate generated between Tinitial
and Tfinal.

Reaction time = Tfinal — Tinitial in minutes.

In the estimation of ALT activity, the same procedure above was
repeated, however, the calibration curve was generated with a pyruvate
standard and serial dilutions were done with an ALT assay buffer pro-
vided by the kit. The master reaction mix was prepared as shown; ALT
assay buffer = 1548 pL, fluorescent peroxidase substrate = 36 pL, ALT
enzyme mix = 36 pL and ALT substrate = 180 pL.

Absorbance was measured in a similar manner as described in the
assay of AST activity. In lieu, measurement was performed at 595 nm
and the change in absorbance calculated similarly to AST assay. The
ALT activity was calculated as provided below.

B x Sample dilution factor

ALT Activity = —
Reaction time X Sample volume (ml) 2)

B = Amount (nmole) of pyruvate generated between Tinitial and T
final.

2.9. Immunohistochemistry

Mice were euthanized and tissue samples (tumor, liver and kidney)
were excised from mice immediately, washed with PBS and placed in
10% buffered formalin for 24 h and transferred to 70% ethanol for
histopathological analysis. Histology was performed by HistoWiz Inc.
(histowiz.com) using a Standard Operating Procedure and fully auto-
mated workflow. Samples were processed, embedded in paraffin, and
sectioned at 4 pm (Harder et al., 2009; Pignochino et al., 2010; Walsh
et al., 2013). Immunohistochemistry was performed on a Bond Rx au-
tostainer (Leica Biosystems) with enzyme treatment (1:1000) using
standard protocols. Antibodies used were rat monoclonal F4/80 pri-
mary antibody (eBioscience, 14-4801, and 1:200) and rabbit anti-rat
secondary (Vector, 1:100) (Harder et al., 2009; Pignochino et al., 2010;
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Walsh et al., 2013). Bond Polymer Refine Detection (Leica Biosystems)
was used according to manufacturer's protocol. After staining, sections
were dehydrated and film coverslipped using a Tissue-Tek Prisma and
Coverslipper (Sakura). Whole slide scanning (40 x ) was performed on
an Aperio AT2 (Leica Biosystems).

2.10. Tumor efficacy studies

In this study, mice bearing surgically implanted tumor mice with
sizes of 70-100 mm? were randomized into groups as control, GemHCI
and 4NSG (n = 5/group). Baseline tumor volumes were established and
dosing initiation began on day 1 with intravenous administration of
30 mg/kg Gem (twice weekly for 3 weeks) with equivalent dose of
GemHCI and 4NSG (Li et al., 2005). Once tumors became palpable
tumor volumes were measured thrice per week and weight of mice
recorded twice per week. Tumor volumes were measured using calipers
and calculated using the following equation: V = (L*(W)?)/2, where V
is volume (mm?), W(width) is the smaller of two perpendicular tumor
axes and the value L (length) is the larger of two perpendicular axes.
Mean tumor volume growth curves and means were calculated for each
treatment group (Delitto et al., 2015).

2.11. Statistical analysis

Pharmacokinetic parameters were estimated using software
PKSolver. The difference between GemHCI and 4NSG treatment groups
were analyzed using Student's t-test and considered significant at
p < 0.05. All experiments were performed at least in triplicate and
analyzed using GraphPad Prism software (GraphPad Software, Inc., San
Diego, CA).

3. Results
3.1. Confirmation of synthesis of 4NSG by 'H NMR

We successfully synthesized 4NSG in good yields and characterized
the structure using 'H and '*C NMR which was in-agreement with re-
ported data (Immordino et al., 2004) (Scheme 1, Supplementary Fig. S1
A and B, Supplementary Fig. S2). Characteristic 4NSG 'H NMR peaks
were 10.88 ppm (-CO-NH) and 1.38-1.04 ppm (-CH»-);5 representing
the amide linkage and long chain methylene group contributed by
stearic acid respectively. The introduced amide carbonyl carbon in
4NSG displays a characteristic C-13 NMR peak at 174.55 ppm. These
peaks confirmed the successful conjugation of stearic acid to Gem.

3.2. Cytotoxicity effect of GemHCl and 4NSG

The cytotoxic activity of the conjugate was preliminarily evaluated
in MiaPaCa-2 cells via 2D culture and 3D spheroids using the Alamar
blue assay. As shown in the Fig. 1A and Table 1, 4NSG demonstrated
significant cytotoxic activity against 2D MiaPaCa-2 culture with ICsq
value of 27.6 * 1.3 pM compared with GemHCl treated with after 48 h
treatment by a magnitude of approximately 1.7 fold-high in 2D culture
compared with GemHCl treated group with ICsq value of
45.7 = 1.4 pM. While ICso values were higher in the treated 3D
MiaPaCa-2 culture compared with that of 2D MiaPaCa-2 culture
(Fig. 1B and Table 1), 4NSG treated 3D MiaPaCa-2 culture
(ICso = 39.1 + 1.5 puM) showed high cytotoxic effect compared with
GemHCI treated 3D MiaPaCa-2 culture (ICso = 55.8 * 1.2 uM).

To investigate the effects of GemHCI and 4NSG on 2D and 3D PPCL-
46 cultures, we exposed the cultures to varying concentrations of Gem
(Gem equivalent dose of GemHCI] and 4NSG). The observed cytotoxic
effects of GemHCl and 4NSG against PPCL-46 cultures appeared to
follow a similar trend to that of 2D and 3D MiaPaCa-2 cultures. 2D and
3D PPCL-46 cultures were more sensitive to 4NSG than GemHCI (Fig. 1
C and D, Table 1). We evaluated the performance of GemHCI and 4NSG
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against the cultures, based on their ICsy values. We found that ICsq
value (75.5 = 1.5 pM) of GemHCI treated 2D PPCL-46 culture was
significantly greater than the ICsy value (41.0 = 1.0 pM) of 4NSG
treated 2D PPCL-46 culture. For 3D PPCL-46 cultures, ICs, value
(95.2 = 1.4 pM) of GemHCl was markedly greater than ICsy value
(59.9 + 1.8 uM) for 4NSG. Fig. 2 exhibits the integrity of PPCL-46
spheroids after exposure to varying concentrations of Gem (with Gem
equivalent dose of GemHCI and 4NSG). Upon a careful examination of
spheroid images, we observed that 4NSG treated 3D spheroid exhibited
a larger surface area as the Gem concentration increases. This behavior
in spheroid pattern may be attributed to loosening of cells adhesion or
spheroid integrity compared with GemHCI treatment alone.

3.3. 4NSG induced apoptosis

To show the morphology of apoptosis in PPCL-46 cells upon ex-
posure to GemHCI and 4NSG at varying Gem concentrations of 20, 40
and 80 uM (with Gem equivalent dose of GemHCI and 4NSG), acridine
orange (AO) and ethidium bromide (EB) staining was performed. At
higher concentrations (40 pM and 80 uM), significant number of 4NSG
treated PPCL-46 cells exhibited signs of early apoptosis observed as
greenish yellow florescence compared with GemHCI (merged images)
Fig. 3. Late apoptosis was identified as reddish-orange fluorescence and
it was observed to be more prominent in 4NSG treated cells compared
with the control or GemHCI treated cells especially at Gem concentra-
tions at 20 and 40 pM.

3.4. Acute toxicity studies

Histological studies by H and E staining was performed to in-
vestigate the cytotoxic effect of GemHCl and 4NSG on the kidney and
liver tissues. Histological changes in the liver and kidney serve as evi-
dence of injury due to drugs and possible bioaccumulation (Popescu
et al., 2017). Kidney and liver sections from control mice treated with
normal saline showed normal architecture of hepatic and renal cells
with well-preserved cytoplasm (Fig. 4A and D). Histopathological ex-
amination of kidney (Fig. 4B and C) and liver (Fig. 5E and F) of mice
treated with 30 mg/kg of Gem (Gem equivalent dose of GemHCI and
4NSG) exhibited no significant morphological changes as compared to
the control group.

In Tables 2 and 3, no statistically significant elevation of AST level
was observed between the control (non-treated) group and GemHCI
group or the control and the 4NSG group. However, elevated level of
ALT was observed in GemHCl and 4NSG groups compared with the
control group. Further, ALT levels in the GemHCI treated group was
markedly higher than the 4NSG treated group.

3.5. Immunohistochemistry (IHC)

Epidermal growth factor receptor (EGFR) and human EGFR 2
(HER2) and vascular endothelial growth factor receptor (VEGFR) are
tyrosine kinase receptors highly expressed in several solid tumors in-
cluding pancreatic cancer (Lozano-Leon et al., 2011; Karanikas et al.,
2016). These receptors are frequently reported to harbor aberrant ac-
tivities that may lead to proliferation, survival, migration and differ-
entiation required for PCa pathogenesis. We therefore evaluated the
impact of our novel formulated 4NSG on the expression of EGFR, HER2
and VEGFR in the mice pancreatic tumor tissue. Fig. 5 displays im-
munohistochemical staining of EGFR, HER2 and VEGF in PDX tumor
tissues with brown regions demonstrating high positive staining.
Images A, B and C show moderate EGFR expression (IHC 1+) with no
clear difference in expression between GemHCl and 4NSG treated-
tumor tissues (Fig. 5B and C). Similar trend of HER2 expression was
observed in the tumor tissues where high HER2 expression (IHC 2+)
was displayed in control (untreated), GemHCI and 4NSG treated tumor
tissues (Fig. 5D, E and F). For VEGF receptor expression, control and
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Fig. 1. Cytotoxic activity of GemHCl and 4NSG on MiaPaCa-2 cells and PPCL-46 cells at varying concentrations. Cytotoxic studies on (A) MiaPaCa-2 (2D culture)
treated with GemHCI and 4NSG, (B) Mia-PaCa-2 (3D culture) treated with GemHCI and 4NSG, (C) PPCL-46 (2D culture) treated with GemHCI and 4NSG, (D) PPCL-46
(3D culture) treated with GemHCl and 4NSG. ICs, values for 4NSG were significantly lower compared to corresponding values for GemHCl which implies that 4NSG
has higher cytotoxic activity against MiaPaCa-2 and PPCL-46 (2D and 3D) cultures compare to that of GemHCI. Data represent mean +* SEM,n = 3.p < 0.01 (**)

(GemHCl cs0) vs 4NSGcsoy)-

Table 1
ICso values of GemHCI and 4NSG treated MiaPaCa-2 and PPCL-46 2D and 3D
cultures.

ICso UM (2D MiaPaCa-2 culture) 1Cso UM (3D MiaPaCa-2 culture)

GemHCl 45.7 = 1.4 55.8 + 1.2
4NSG 27.6 = 1.3** 39.1 = 1.5%*
ICs0 UM (2D PPCL-46 culture) ICs0 UM (3D PPCL-46 culture)
GemHCl 755 * 1.9 95.2 + 1.4
4ANSG 41.1 = 2.3*%* 59.9 + 1.8**

Data represents mean =+
4NSG(IC50))~

SEM, n = 3. p < 0.01(**)(GemHCl (cs0) VS

GemHCl treated tumors exhibited significant VEGF receptor expression
(IHC 3+) Fig. 5G and H, while 4NSG treated tumor caused significant
decrease in VEGF receptor expression (IHC 0) showing only trace im-
munostaining (Fig. 5I).

3.6. Tumor efficacy studies

In the 4NSG treated group, a significant tumor growth suppression
was observed compared with the control or GemHCI group (Fig. 6A).
While the mean tumor volume of the control group was extremely

large, the mean tumor volume of 4NSG group exhibited significantly
lower tumor growth compared with the mean tumor volume of GemHCl
group especially on the 35th day through to 46th day. Fig. 6B shows
that terminal tumor weight of the 4NSG treated group was significantly
reduced compared with control or GemHCI treated group. Fig. 6C
shows images of tumor extracted from control, GemHCl and 4NSG
groups on day 46. Examination of the tumor images clearly shows that
4NSG group had the smallest size followed by the GemHCI group, and
lastly the control group (non-treated).

The weights of the mice were monitored during the entire study and
changes in the mice weights are shown in Fig. 6D. With the initial
normalized body weight at 100%, we observed that the normalized
body weight of control mice-bearing tumors ranged from 100% to
104% with 4% increase in body weight. While normalized body weight
of GemHCI and 4NSG treated mice bearing tumors ranged from 94.5%
to 100% with 4.5% decrease in body weight.

4. Discussion

Data from numerous researches with commercially available PCa
cells have demonstrated the effectiveness of Gem loaded nanoparticles
to significantly suppress tumor growth and supposedly overcome re-
sistance. For emphasis, these monogenous cell lines lack predictive
value but their importance cannot be damped as they still have re-
levance in preliminary screening of anti-cancer agents. This has
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60 pM

Fig. 2. PPCL-46 spheroidal integrity after treatment with GemHCI and 4NSG at different concentrations. The 4NSG treated PPCL-46 spheroids exhibited irregular or
non-spheroidal shapes with increased spheroidal surface area as 4NSG concentration increases. While GemHCI treated spheroids were observed to have a smaller
surface spheroidal area with less non-spheroidal shapes. Appearance of non-spheroidal shapes clearly indicates spheroids disruption and a reflection of cell loss due to

high anticancer activity due to 4NSG compared with GemHCI.

Control (untreated)

Acridine Orange (AO)

Ethidium Bromide (EB)

Merge

GemHCI

Acridine Orange (AO) Ethidium Bromide (EB) Merge

40 pM 20 M

80 uM

4NSG

Acridine Orange (AO) Ethidium Bromide (EB) Merge

40 pM 20 uM

80 uM

Fig. 3. Apoptosis studies of on PPCL-46 cells exposed to GemHCI and 4NSG at different concentrations was performed by staining with acridine orange/ethidium
bromide in GemHCI and 4NSG (fluorescence microscopy magnification of 20 X ). At higher concentrations (40 uM and 80 uM), 4NSG treated PPCL-46 cells showed
signs of early apoptosis illustrated as greenish yellow florescence compared with GemHCI] (merged images). Late apoptosis was identified as reddish-orange
fluorescence in 4NSG treated cells compared with the control or GemHCI treated cells at Gem concentrations at 20 and 40 uM. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

necessitated the need to employ patient PPCL-46 with a higher pre-
dictive value (Hidalgo et al., 2014; Jin et al., 2010). In this preliminary
study, we underscore the importance and benefit of utilizing a 4NSG
(Gem conjugate) for both in-vitro and in-vivo studies in PPCL-46 in lieu
of commercially available counterparts. It is worthwhile to note that
others have demonstrated the effectiveness of some Gem analogs in

myriad of commercially available cell lines (Immordino et al., 2004;
Chung et al., 2012).

Prior to in vitro studies, the structure and purity of 4NSG was
confirmed using NMR and elemental analysis (Supplementary Fig. S1 A
and B, Supplementary Fig. S2). In fact, the purity of the 4NSG was
99.6% suggesting that the synthesized compound used in this study was
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Fig. 4. Transverse section (evaluated by H&E staining) through the liver and kidney extracted from mice after 7 days post injection with 50 mg/kg of GemHCI and
30 mg/kg of Gem equivalent in 4NSG. Hemotoxilin-Eosin (H&E) staining of the liver of A) control, B) GemHCI, C) 4NSG. H&E staining of the kidney of D) Control, E)

GemHCl, F) 4NSG. Magnification: 20 X .

significantly devoid of any unwanted material. As shown in Fig. 1, ICso
values for 4NSG were significantly lower than corresponding values for
GemHCl which implies that 4NSG has higher antiproliferation activity
against 2D and 3D MiaPaCa-2 and PPCL-46 cultures. The unique
characteristics of 4NSG that might have been attributed to its high
anticancer activity was probably due to modification of the polar nature
of GemHCI to moderately lipophilic through conjugation of Gem to
stearic acid. In addition, Gem has been reported to rely heavily on
nucleoside transporters (hENT1) for its delivery and accumulation into
PCa cells and under-expression of these transporters has been demon-
strated to confer resistance of PCa (Wonganan et al., 2013). Owing to
4NSG lipophilicity nature, we suggest that it may enter PCa cell by
passive diffusion and evidence of such mechanism of transport is

provided by works done by others using Gem derivatives (Bildstein
et al., 2010). It has been demonstrated that hydrolytic enzymes such as
fatty acid amide hydrolases (FAAH) ubiquitous in intracellular mem-
brane and confined in endothelium reticulum (ER) facilitates the re-
lease of Gem from 4NSG by cleaving the amide linkage (Wonganan
et al., 2013; Arreaza and Deutsch, 1999). The released Gem is actively
converted to the metabolite, Gem triphosphate which blocks DNA
synthesis when delivered to the appropriate intracellular compartment
implicated in phosphorylation process (Wonganan et al., 2013). In
contrast, the weak cytotoxicity effect of GemHCI against 2D and 3D
cultures could be attributed to inefficient transportation across cell
membrane as a result of rapid deamination of GemHCI and under-ex-
pression of transporters (Chen et al., 2018). Indeed, we admit that
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Fig. 5. Inmunohistochemical staining of EGFR, HER2 and VEGF in PDX tumor sections. Regions (brown areas) demonstrate high positive staining. Images A, B and C
show moderate EGFR expression (IHC 1+), images D, E and F demonstrate high HER2 expression (IHC 2+), G and H images show overexpression of VEGF
overexpression (IHC 3+) and image I shows negative staining for VEGF (IHC 0). The boxed areas illustrate higher magnification of the tumor sections. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Quantitative determination of liver enzymes profile in serum after adminis-
tration of GemHCI and 4NSG in mice bearing subcutaneous PPCL-46 tumor.

Table 3
Pharmacokinetic profiles of after GemHCl and 4NSG were administered in-
travenously to mice.

Parameter Control GemHCl 4NSG
ALT (mUnits/mL) 67 = 5 232 + 28 * 172 = 22
AST (mUnits/mL) 62 + 13 85 = 9 76 = 18

Data represents mean + SD,n = 3. p-value = 0.04* (GemHClx; 1 vs 4NSGar 1),
p-value = 0.70 (GemHClagst vs 4NSGast). p* < 0.05 is considered significant.

hydrolysis of 4NSG to release Gem can occur intracellularly outside the
compartment for phosphorylation hence diminishing the efficacy of
4NSG as it suffers from possible intracellular deamination prior to
phosphorylation to a certain degree after the release of Gem. After the
hydrolysis of the amide bond intracellularly, there is also the possibility
of Gem efflux prior to delivery to phosphorylation enzymes (Chen et al.,
2018). The current study tentatively cast a new light on extensive cel-
lular uptake and efficacy of 4NSG than GemHCI. Furthermore, cell in-
duced death or apoptotic studies further support our assertion that
4NSG exhibited a strong cytotoxic effect compared with GemHCL.

Parameter  Unit One-compartment model Significance level p-

value
GemHCl 4NSG
Ko 1/h 1.01 + 0.03 0.36 = 0.04 0.0001
t1/2 h 0.70 = 0.01 1.93 = 0.06 0.0001
Va mL 21.7 = 19 19.3 = 0.2 0.3619
CL mL/h 21.3 = 3.2 71 = 1.1 0.0001
AUC (.9 ug/(mL * 28.2 = 4.3 86.2 + 5.4 0.0001
h)
AUMC(.inp  Hg/(mL * 28.2 = 4.1 86.6 + 4.8 0.0001
h?)
MRT h 1.2 = 0.1 28 + 04 0.02
Vs ug/(ug/ 21.7 + 3.6 239 + 1.6 ns
mL)

kqo, elimination rate constant; t;,,, half-life; AUC.area under the plasma
concentration-time curve; AUMCg.inp), area under the first moment curve;
MRT, mean residence time; Cl, clearance; Vg, volume of distribution; Vg, vo-
lume of distribution at steady state. (Data analyzed using t-test).
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Fig. 6. In-vivo efficacy of 4NSG in PDX mouse model. Tumor growth curves of GemHCI and 4NSG treated mice bearing pancreatic PDX tumor (A), Terminal tumor
weight of treated mice (B), Picture of tumors harvested from control, GemHCI and 4NSG treated mice (C), mouse body weight changes during treatment (D). Asterisks

represent level of significance between control and treatment group (*p < 0.05, **p < 0.01). All data represents mean =+

While AST enzyme level appears to be transiently elevated in
GemHCI group, ALT enzyme levels in GemHCl and 4NSG groups were
significantly high compared with the control. But these levels did not
affect the integrity of the liver as pathological examination of the liver
tissues revealed no observable damage in these treatment groups. In
addition to this, we observed no noticeable damage in kidney tissues of
mice treated with GemHCI and 4NSG. Our findings are supported in
part by similar works carried out by other researchers where no no-
ticeable acute or subacute liver toxicity was observed post intravenous
injection of mice treated with Gem conjugates (Sloat et al., 2011). Put
together, mouse body weight change, liver enzymes levels and patho-
logical data of liver and kidney of 4NSG was not different from the
control PDX mice. This demonstrates that 4NSG exhibited no ob-
servable toxic effect in the PDX mouse model.

EGFR, HER2 and VEGF are tyrosine kinase receptors highly ex-
pressed in several solid tumors including PCa (Lozano-Leon et al., 2011;
Karanikas et al., 2016). These receptors are frequently reported to
harbor aberrant activities that lead to the proliferation, survival, mi-
gration and differentiation required for PCa pathogenesis. In this study,
we investigated the effects of GemHCI and 4NSG on the expressions of
EGFR, HER2 and VEGFR in PDX mouse model bearing pancreatic
tumor. In this particular PDX model, high expressions of EGFR and
HER2 were observed after IHC staining tumor of GemHCI and 4NSG
treated groups suggesting that GemHCI and 4NSG may not effectively
be used as EGFR or HER2 targeted therapy. A similar study was pre-
formed where exposure of PCa cells to Gem resulted in increased

10

SD, (n = 6/group).

phosphorylation and activation of EGFR (Morgan et al., 2008). In ad-
dition, a major partner of EGFR, HER-2 has been reported to be over-
expressed in numerous human cancers with associated multiple drug
resistance (Friess et al., 1996). While there was no significant difference
in VEGF receptor expression between control (IHC 3+) and GemHCl
treated (IHC 3+) tumor tissues, treatment with 4NSG resulted in re-
duction of VEGF receptor expression (trace or negative). Based on this,
we could suggest that treatment with 4NSG may have resulted in sig-
nificant reduction in the tumor growth and is most likely due to 4NSG's
ability to target VEGF receptors.

Anti-tumor activity of 4NSG after the 30th day exhibited a sig-
nificant inhibition of tumor growth compared with GemHCI. And three
major factors could be used to explain the extraordinary tumor efficacy
of 4NSG: i) absence of free NH,-group on 4NSG which rendered the
cysteine deaminase enzyme ineffective to metabolize Gem. This event
most likely allowed for prolong circulation, increased bioavailability
and improved therapeutic efficacy of 4NSG ii) 4NSG ability to sig-
nificantly inhibit VEGR receptor expression and iii) conjugation of Gem
to stearic acid may have imparted some degree of lipophilicity to 4NSG
which may have facilitated its delivery to cancer cells.

5. Conclusion
In this study, we demonstrated that synthesized 4NSG remarkably

reduced tumor growth in pancreatic PDX mouse model due to increased
bioavailability and reduced VEGF receptors expression. Toxicological
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profile of 4NSG was not distinct from control (non-treated) PDX mice.
To improve significantly the in-vivo efficacy of 4NSG, our future studies
would involve the design, development and optimization of targeted
4NSG PEGylated nanoparticles.
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