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Abstract

Cancer cells shift their energy metabolism (ATP) production from Mitochon-
drial oxidative phosphorylation observed in non-tumour cells to cytosolic aer-
obic glycolysis. This change, known as the Warburg Effect, is mediated by in-
creased expression of uncoupling protein-2 (UCP,), resulting in the uncou-
pling of oxidative phosphorylation of ATP in the mitochondria. It has been
proposed that mitochondrial recoupling would be a novel therapeutic strategy
for cancer. Oroxylin A has been observed to be an inhibitor of the uncoupling
protein-2 (UCP,). This report details the synthesis of nanoparticles containing
Oroxylin A encapsulated into PLGA, Solutol or nanofibrils. The effect of Orox-
ylin A alone and encapsulated Oroxylin A on the cell viability of mouse mela-
noma cells is studied, as well as the effect of Oroxylin A alone and encapsu-
lated Oroxylin A on apoptosis (determined by caspase-9 activity). It was found
that Oroxylin A alone had little effect on melanoma cell viability or apoptosis
but that encapsulation of Oroxylin A into PLGA, Solutol or nanofibrils had a
marked inhibitory effect on melanoma cell viability. Oroxylin A encapsulated
into Solutol markedly stimulated caspase-9 while Oroxylin A encapsulated into
PLGA strongly inhibited caspase-9 activity. The effect of PLGA or Solutol alone
on melanoma, human colorectal carcinoma cells or human gastric adenocarci-
noma cell viability was studied. PLGA showed little inhibition or was even,
somewhat, stimulatory. Solutol, particularly at higher concentrations, was in-
hibitory.
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1. Introduction

In this study, we target a fundamental difference in metabolism between cancer
cells and normal cells. Cancer cells shift their energy metabolism (ATP produc-
tion) from mitochondrial oxidative phosphorylation observed in non-tumour
cells to cytosolic aerobic glycolysis. This change is known as the Warburg Effect
[1]. The Warburg Effect is mediated by increased expression of uncoupling pro-
tein-2 (UCP,) [2]. UCP; uncouples the oxidative phosphorylation from ATP in the
mitochondria.

Oroxylin A is an o-methylated flavone obtained from the root-bark of Oroxy-
lum indicum, the dried root of Scutellaria baicalensis and several other plants.

Oroxylin A has been documented to have preventative and therapeutic effects
in cancer [3] [4]. The studies of Lu et al [3], Sajeev et al [4] and Wang et al. [5] detail
the mechanisms of the anti-cancer activity of Oroxylin A. Also, Tuli e a/ [6] have
reviewed the anti-cancer effects of Oroxylin A in both in vitro and in vivo studies.

Pertinent to the present study, Oroxylin A has been observed to be an inhibitor
of uncoupling protein-2 (UCP,) [7].

The role of UCP; in cells is the uncoupling of mitochondrial oxidative phos-
phorylation. Baffy et al [8] have suggested that mitochondrial recoupling would
be a novel therapeutic strategy for cancer.

This study details the synthesis of nanoparticles containing Oroxylin A encap-
sulated into PLGA, Solutol or nanofibrils. The primary aim of the present work is
to study the effect of these encapsulated Oroxylin A nanoparticles on cancer cell
viability and apoptosis. In addition, the effect of PLGA or Solutol alone on cancer
cell viability is also studied in this work.

The high molecular weight of these encapsulated Oroxylin A nanoparticles, in
PLGA, Solutol or nanofibrils, will enable them to be taken up and retained by the
tumour vasculature and also accumulated in tumours to a greater extent than they
do in normal tissue. This is known as the Enhanced Permeability and Retention
Effect (EPR effect) [9], creating the potential for a novel enhanced and targeted can-
cer therapy based on mitochondrial recoupling.

2. Materials and Methods
2.1. Materials

The mouse melanoma (B16/F10), human colon carcinoma cells (HCT-116), hu-
man gastric adenocarcinoma cells (AGS) and human skin fibroblasts (Detroit 551)
were from American Type Cell Culture (ATCC)/(Bethesda, MD, USA). Dulbecco’s
Modified Eagle’s medium (DMEM) was provided by Gibco (Auckland, New Zea-
land), Eagle’s Minimum Essential Medium (EMEM), McCoy’s 5A medium and
Ham’s F-12K medium were from ATCC. Oroxylin A was supplied by MedChem
Express (Monmouth Junction, NJ, USA). The caspase-9 activity assay kit was from
R&D Systems (Minneapolis, MN, USA). Poly (D,L-Lactide-co-glycolide) (lactide:gly-
colide) (1:1) ester terminated (MW 24,000 - 38,000) (PLGA) and Solutol®/Kolliphor
HS15 (Macrogol) (15)-hydroxystearate, and all other reagents were obtained from
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Sigma- Aldrich (St Louis, MO, USA). Information of the properties of (PLGA) may
be found in Rezvantalab et al. [10]. Information of the properties of Solutol® HS15
is described in a review by Ali et al [11].

The Oroxylin A-PLGA at 4.26 pg of Oroxylin A/mL in 1% PLGA and the Orox-
ylin A-Solutol at 1.99 ug of Oroxylin A/mL in 0.1% Solutol were prepared by Dr.
Sean Mackay, University of Otago, Dunedin, New Zealand. Also, the preparation
of Oroxylin A in whey protein-derived nanofibrils was donated by Hi-Aspect Ltd.,
Wellington, New Zealand.

2.2. Methods

Mouse melanoma cells (B16/F10) were cultured in DMEM, human colon carci-
noma cells (HCT-116) in McCoy’s 5A medium, human gastric adenocarcinoma
cells (AGS) in Hams F-12K medium and human skin fibroblasts in EMEM. All
cultures were supplemented with 10% foetal bovine serum and penicillin (100
U/mL)/streptomycin (100 pg/mL). The test samples were added to the cells (5 x
10* cells/mL), which were incubated using 96-well flat-bottomed multi-well plates
for 24 hours at 37°C in a 5% CO,/95% air atmosphere. Each sample was assayed
atleast in triplicate. The carrier used was 1.5% dimethyl sulphoxide in Hank’s
Balanced Salt Solution. Cells were then lysed and the cell concentrations were de-
termined at 570 nm following reaction with 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) [12]. Caspase-9 activity was measured using
an assay kit supplied by R&D Systems. The caspase activity per cell in each culture
was also determined by dividing the caspase activity by the absorbance value from
the MTT assay.

Oroxylin A-PLGA nanoparticles were prepared using a double emulsion method
(Figure 1) similar to that described by Ramalho et a/ [13]. Initially, as proof of
concept for the double emulsion method, a hydrophobic organic dye, 1,1’-dioc-
tadecyl-3,3,3’,3’-tetramethylindocarboryamine perchlorate, was used as a substi-
tute to Oroxylin A for PLGA encapsulation. Using this model, it was established
that PLGA nanoparticles could be repeatedly formed using the double emulsion
method, whereby insoluble 1,1’-dioctadecyl-3,3,3’,3’-trimethylindocarboryamine
perchlorate could be suspended in phosphate-buffered saline (pH 7.4) to produce

a pink suspension.

T (
Stabilizing N \ ./,_ I
OH + Agent <~ =
_— , Oroxylin A
Ot%};(yl?n A Emulsion Solvent 7 - g ~ Stabilizing
Evaporation (N Agent

Figure 1. Schematic illustration depicting the preparation of PLGA nanoparticles encapsulating Oroxylin A.

Following this successful demonstration, we undertook the encapsulation of the

desired agent, Oroxylin A. PLGA (100 mg) and Oroxylin A (approximately 1 mg)
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were dissolved in acetone (10 mL), while a 1% aqueous solution of Pluronic F127®
(1%, 200 mg in 20 mL) was prepared. The organic phase was added dropwise to
the aqueous phase with continuous stirring (~1000 rpm). The solution was con-
tinuously stirred for a further 6 hours under a light air flow to allow the acetone
to evaporate. Control PLGA nanoparticles were prepared in an identical manner,
but without the inclusion of Oroxylin A. The PLGA suspensions were subsequently
purified by centrifugation at 2500 rpm for 5 minutes, followed by 3500 rpm for 5
minutes. The pelleted material (larger micron-sized PLGA/Oroxylin A) was dis-
carded. The remaining suspension was then dialysed against phosphate-buffered
saline for 24 hours to remove any excess Pluronic F127%.

A spectrophotometric assay for the sensitive detection and quantification of
Oroxylin A was developed based on the strong absorbance of Oroxylin A observed

at 374 nm under alkaline conditions, which is due to the deprotonation of Orox-

ylin A to form the Oroxylin A anion (Figure 2).

OH O OH O

Figure 2. Reaction scheme for the deprotonation of Oroxylin A under alkaline conditions.

To determine the concentration of Oroxylin A in the PLGA nanoparticle sus-
pension, a standard curve of Oroxylin A was prepared by dissolving Oroxylin A
in a mixture of acetone and pH 10 sodium borate buffer (1:1 acetone: buffer; 100
mM sodium borate adjusted with NaOH; 1 mM Oroxylin A). The stock solution
was serially diluted to produce a concentration range between 0 and 0.33 mM and
the absorbance was measured at 374 nm (Table 1, Figure 3).

Characterisation of the PLGA nanoparticle suspensions was performed primarily
by Dynamic Light Scattering (DLS) (Figures 4-7). DLS was performed on all sus-
pensions. Control PLGA nanoparticles displayed a hydrodynamic diameter of ap-
proximately 150 nm with excellent polydispersity (Figure 4). PLGA nanoparticles
encapsulating Oroxylin A tended to have a slightly greater hydrodynamic diame-
ter of approximately 160 nm with good polydispersity (Figure 5). The potential

Table 1. Absorbance of Oroxylin A at 374 nm under alkaline conditions (~pH 9) with in-
creasing Oroxylin A concentration.

Absorbance Concentration (mM)
0 0
0.062 0.0024
0.215 0.011
1.068 0.061
2.459 0.33
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Figure 3. Standard curve of Oroxylin A alkaline conditions (pH ~9) with absorbance meas-
ured at 374 nm.

for the PLGA/Oroxylin A nanoparticle suspensions to be lyophilised and stored
as a dry powder for re-suspension when required was also investigated. After ly-
ophilisation, PLGA nanoparticles containing Oroxylin A could be easily re-sus-
pended in deionized water or phosphate-buffered saline (pH 7.4) with only a small
degree of aggregation observed by DLS (Figure 6). It was noted however, that re-
suspending the PLGA nanoparticles containing Oroxylin A by ultrasonication (bath
ultrasonicator, 40 kHz, 100 W, 60 seconds) caused significant aggregation by DLS
(Figure 7). Therefore, PLGA nanoparticles containing Oroxylin A can be lyophi-
lised and stored as a dry powder but are not recommended for re-suspension to be
facilitated by ultrasonication.

The absorbance of control and Oroxylin A PLGA nanoparticles was measured
under identical conditions by diluting (1:10) an aliquot of nanoparticle suspen-
sion with acetone:borate buffer (pH 10; 1:1 acetone:buffer; 100 mM sodium bo-
rate) and measuring absorbance. Under these conditions, it was observed that the
cloudy appearance of the nanoparticle suspension clarified, suggesting either that
PLGA is more soluble under these conditions, or that the PLGA is hydrolysed into
lactic acid and glycolic acid. Absorbance of control PLGA nanoparticles (no Orox-
ylin A) had little absorbance at 374 nm (0.07, within error of baseline), while the
absorbance of the Oroxylin A PLGA nanoparticle suspension corresponded to an
Oroxylin A concentration of approximately 60 uM (A = 0.124; ¢ = ~0.063 mM;
batch variation ~0.057 - ~0.063 mM). Increasing the concentration of Oroxylin A
used during the manufacturing process produced little benefit to the final Oroxy-
lin A concentration in suspension using this method. To maximise the concentra-
tion of Oroxylin A, the PLGA/Oroxylin A nanoparticle suspension was concen-
trated by lyophilisation resulting in an increased Oroxylin A concentration of ap-
proximately 150 pM.

Attempts to solubilise Oroxylin A as a microemulsion were made using Kolli-

phor HS15 (Solutol). A solid quantity of Oroxylin A was dispersed in 1% Solutol
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via ultrasonication (60 minutes) and stirred continuously for 15 hours at 40°C.
The maximum concentration of Oroxylin A achieved using a 1% Solutol emulsion
was approximately 70 pM.

Attempts to produce a liposome suspension of Oroxylin A were also made.
Oroxylin A and soy phosphatidylcholine were dissolved in chloroform. The chlo-
roform was removed under vacuum and the residual phospholipid/Oroxylin A
film was rehydrated with pH 7.4 PBS to produce a final concentration of 1 mM
Oroxylin and 10 mM soy phosphatidylcholine in suspension. The lipid suspension
was subsequently extruded 15 times through 1000 nm followed by 100 nm pol-
ycarbonate membranes at 60°C. The liposome suspension was then purified via
dialysis against pH 7.4 PBS for 12 hours, during which the liposome suspension
aggregated from solution. The process was repeated unsuccessfully using 0.5 mM
Oroxylin A to 10 mM soy phosphatidylcholine.

Cell viability was measured by the MTT assay. The MTT assay is a colorimetric
assay that detects the conversion of the yellow tetrazolium salt, MTT, to a purple

formazan product produced by active mitochondria in living cells.

3. Results

Figures 4-7 show the size distribution of PLGA nanoparticles, PLGA nanoparti-
cles encapsulated with Oroxylin A and the further treatment of PLGA encapsulated
with Oroxylin A.

Figure 4 shows the size distribution of nanoparticles containing PLGA alone.

Figure 5 shows the size distribution of PLGA nanoparticles encapsulating Orox-
ylin A.

Figure 6 shows the size distribution of PLGA nanoparticles encapsulating Orox-
ylin A after freeze drying and re-suspension in deionized water.

Figure 7 shows the size distribution of PLGA nanoparticles encapsulating Orox-
ylin A after freeze drying and re-suspension in deionized water and using bath

sonication to re-disperse the nanoparticles.

(2)

Intensity (Percent)
- - N
9 ©°
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Size Distribution by Intensity
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o

10 100 1000 10000
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Record 19: PLGA 100 mg NO drug acetone precipitation formulation centrifuged 2000 rpm 5 min dialysed. 1
Record 20: PLGA 100 mg NO drug acetone precipitation formulation centrifuged 2000 rom 5 min dialysed. 2
—— Record 21: PLGA 100 mg NO drug acetone precipitation formulation centrifuged 2000 rpm 5 min dialysed. 3
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(b) Size Distribution by Number
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Record 19: PLGA 100 mg NO drug acetone precipitation formulation centrifuged 2000 rom 5 min dialysed. 1
Record 20: PLGA 100 mg NO drug acetone precipitation formulation centrifuged 2000 rpm 5 min dialysed. 2
Record 21: PLGA 100 mg NO drug acetone precipitation formulation centrifuged 2000 rpom 5 min dialysed. 3

Figure 4. PLGA nanoparticles made by acetone precipitation. Average size = 148 + 3 nm. Polydispersity index = 0.07 £ 0.03. (a) Size
distribution by intensity. (b) Size distribution by number. The results of three preparations (Record 19, Record 20, Record 21) deter-
mined by Dynamic Light Scattering (DLS).
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Record 16: PLGA 100 mg Oroxylin A 1.7 mg acetone precipitation formulation centrifuged 2000 rpm 5 min dialyzed 2 days. 1

Size Distribution by Number
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Record 16: PLGA 100 mg Oroxylin A 1.7 mg acetone precipitation formulation centrifuged 2000 rpm 5 min dialyzed 2 days. 1

Figure 5. PLGA nanoparticles encapsulating Oroxylin A produced by acetone precipitation. Average size = 162 = 5 nm. Polydisper-
sity index = 0.12 £ 0.02. (a) Size distribution by intensity. (b) Size distribution by number. The results of three preparations (Record
16, Record 17, Record 18) determined by Dynamic Light Scattering (DLS).
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Record 22: PLGA 100 mg Oroxylin A 1 mg resuspenended after freeze-drying 1
Record 23: PLGA 100 mg Oroxylin A 1 mg resuspenended after freeze-drying 2
Record 24: PLGA 100 mg Oroxylin A 1 mg resuspenended after freeze-drying 3
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Record 22: PLGA 100 mg Oroxylin A 1 mg resuspenended after freeze-drying 1
Record 23: PLGA 100 mg Oroxylin A 1 mg resuspenended after freeze-drying 2
Record 24: PLGA 100 mg Oroxylin A 1 mg resuspenended after freeze-drying 3

Figure 6. PLGA nanoparticles encapsulating Oroxylin A by acetone precipitation after freeze-drying and re-suspensing in deionised
water. Average size = 1202 + 138 nm (peak 1) and 147 + 20 nm (peak 2). Polydispersity index = 0.64 + 0.04. (a) Size distribution by
intensity. (b) Size distribution by number. The results of three preparations (Record 22, Record 23, Record 24) determined by Dy-

namic Light Scattering (DLS).
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Record 28: PLGA 100 mg oroxylin a 1 mg resuspenended after freeze-drying sonicator batch 30seconds 1
Record 29: PLGA 100 mg oroxylin a 1 mg resuspenended after freeze-drying sonicator batch 30seconds 2
Record 30: PLGA 100 mg oroxylin a 1 mg resuspenended after freeze-drying sonicator batch 30seconds 3
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Size Distribution by Number
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Record 28: PLGA 100 mg oroxylin a 1 mg resuspenended after freeze-drying sonicator batch 30seconds 1
Record 29: PLGA 100 mg oroxylin a 1 mg resuspenended after freeze-drying sonicator batch 30seconds 2
Record 30: PLGA 100 mg oroxylin a 1 mg resuspenended after freeze-drying sonicator batch 30seconds 3

Figure 7. PLGA nanoparticles encapsulating Oroxylin A by acetone precipitation after freeze-drying, re-suspending in deionised
water, and using bath sonication (40 kHz) to re-disperse the nanoparticles. Average size = 995 + 312 nm (peak 1), 171 + 35 nm (peak
2), 3547 + 3073 nm (peak 3). Polydispersity index = 0.64 + 0.13. (a) Size distribution by intensity. (b) Size distribution by number.
The results of three preparations (Record 28, Record 29, Record 30) determined by Dynamic Light Scattering (DLS).

In this study, we measured the effect of Oroxylin A and encapsulated Oroxylin
A on cell viability in melanoma cells in culture and apoptosis in melanoma cells
in culture. The effects of PLGA and Solutol on melanoma cells, colon carcinoma
cells and gastric adenocarcinoma cells were also studied. Initially, the effects of dif-
ferent Oroxylin A preparations on the viability of melanoma cells were determined
(Table 2).

Table 2. Melanoma cell concentration after 24 hours of incubation in the presence of different Oroxylin A preparations. Viability
determined by absorbance at 570 nm (mean + SEM) following MTT reaction. Statistical significance (T-test) (p < 0.05). NS = Not
significant. The stimulation or inhibition in the presence of the test samples is presented. The concentration of Oroxylin A in nan-
ofibrils was not determined, but it is estimated that it would be of a similar order to the concentration of Oroxylin A in PLGA or
Solutol.

Statistical
Test Culture ;?)SE:?I;:;;M:’SI‘;;; Significance % Inhibition % Stimulation
p <0.05

Cells in 1.5% DMSO (control) 0.972 £ 0.012 - - -

Cells + Oroxylin A (40 pug/mL) 1.055 + 0.052 NS - 8.58%

Cells + Oroxylin A (20 pug/mL) 0.981 +0.033 NS - 0.93%
Cells + Oroxylin A in PLGA (4.26 pg/mL in 1% PLGA) 0.362 +0.018 <0.0001 62.75% -
Cells + Oroxylin A in Solutol (1.99 pug/mL in 0.1% Solutol) 0.356 + 0.018 <0.0001 63.34% -
Cells + Oroxylin A in Nanofibrils 0.289 +0.018 <0.0001 70.27% -

The effect of Oroxylin A on melanoma cell viability showed that Oroxylin A
alone was slightly stimulatory to melanoma cell growth at a higher concentration

(40 pg/mL) (Table 2). However, incorporation of Oroxylin A into PLGA, Solutol

DOI: 10.4236/jct.2026.178037 436 Journal of Cancer Therapy


https://doi.org/10.4236/jct.2026.178037

M. A. Pitt et al.

or nanofibrils markedly inhibited the growth of the cells (Table 2). This suggests
the incorporation of Oroxylin A into the above carriers may be a useful means of
inhibiting tumour growth. It is noted that the effective concentration of the Orox-
ylin A is lower when incorporated into the carriers.

Caspase-9 activity is a marker of apoptosis with increased caspase-9 activity be-
ing associated with increased apoptosis. When caspase-9 activity was calculated
per viable melanoma cell, there was a decrease in activity using Oroxylin A alone
at both 20 pg/mL and 40 ug/mL and also Oroxylin A incorporated into PLGA (Ta-
ble 3). However, there was increased caspase-9 activity with Oroxylin A incorpo-
rated into Solutol and also into the nanofibrils, with the effect in the former being

much stronger.

Table 3. Caspase-9 activity per melanoma cell after 24 hours of incubation in the presence of different Oroxylin A preparations. The
caspase-9 activity was divided by the cell concentration (MTT absorbance) (mean + SEM). Statistical significance (T-test) (p < 0.05).

NS = Not Significant. The stimulation or inhibition in the presence of the test samples is presented.

Test Culture

Caspase Activity  Statistical
per Cell (mean = Significance % Inhibition % Stimulation

SEM) p <0.05
Cells in 1.5% DMSO (control) 0.019 +0.008 - - -
Cells + Oroxylin A (40 pg/mL) 0.018 +0.040 NS 5.26% -
Cells + Oroxylin A (20 pg/mL) 0.016 +0.026 0.0016 15.83% -
Cells + Oroxylin A in PLGA (4.26 pg/mL in 1% PLGA) 0 <0.0001 100.00% -
Cells + Oroxylin A in Solutol (1.99 pug/mL in 0.1% Solutol) ~ 0.030 + 0.013 0.0001 - 58.00%
Cells + Oroxylin A in Nanofibrils 0.020 +0.014 0.0001 - 5.31%

In the course of the studies on the effect of Oroxylin A and of Oroxylin A en-
capsulated on cell viability, it was possible that PLGA or Solutol alone affected the
viability of cancer cells. The results of the effects on cell viability are summarised
in Table 4.

Solutol (particularly at the highest concentration used) inhibited cell viability
of these cell cultures. Interestingly, PLGA did not have this effect. Therefore, the
potential use of Solutol alone may be considered to have activity as a single agent
in the treatment of cancer and therefore may provide a potentially additive effect
over the encapsulated anti-cancer agent, particularly when the Solutol-drug par-
ticle retains its nanoparticulate form and the Enhanced Permeability and Reten-
tion (EPR) effect is taken into account [9].

In order to establish whether the results presented for Solutol and PLGA are con-
fined to melanoma, the effects of these two carriers on colorectal carcinoma and
gastric adenocarcinoma cells were determined.

Similar to the results with melanoma cells (Table 4), Solutol (particularly at the
highest concentration used) inhibited cell viability of colorectal carcinoma cells and

gastric adenocarcinoma cells (Table 5).
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Table 4. Melanoma cell concentration after 24 hours of incubation in the presence of different concentrations of PLGA and Solutol.
Viability determined by absorbance at 570 nm (mean + SEM) following MTT reaction. Statistical significance (T-test) (p < 0.05).
NS = Not Significant. The stimulation or inhibition in the presence of the test samples is presented.

Absorbance (MTT) at 570 nm Statistical Significance

Test Culture % Inhibition % Stimulation

(mean + SEM) p < 0.05
Cells 0.199 £ 0.001

Cells in 1.5% DMSO (control) 0.197 £ 0.004 - - -
Cells + PLGA (10 mg/mL) 0.250 £ 0.026 NS - 26.76%
Cells + PLGA (3 mg/mL) 0.214 £ 0.013 NS - 8.13%

Cells + PLGA (1 mg/mL) 0.179 £ 0.004 0.015 9.14% -
Cells + PLGA (0.3 mg/mL) 0.220 £ 0.005 0.007 - 11.71%

Cells + PLGA (0.1 mg/mL) 0.191 +£0.003 NS 3.02% -

Cells + Solutol (10 mg/mL) 0.015 +0.001 <0.0001 91.16% -

Cells + Solutol (3 mg/mL) 0.155 £ 0.007 <0.0001 21.71% -

Cells + Solutol (1 mg/mL) 0.160 = 0.002 <0.0001 19.09% -
Cells + Solutol (0.3 mg/mL) 0.206 £+ 0.005 NS - 4.31%
Cells +Solutol (0.1 mg/mL) 0.204 £+ 0.006 NS - 3.28%

Table 5. Colorectal carcinoma cells (a) and gastric adenocarcinoma cells (b) concentration after 24 hours of incubation in the pres-
ence of different concentrations of PLGA and Solutol. Viability determined by absorbance at 570 nm (mean + SEM) following MTT
reaction. Statistical significance (T-test) (p < 0.05). NS = Not Significant. The stimulation or inhibition in the presence of the test
samples is presented.

Test Culture

(a) HCT-116—Colorectal Carcinoma Cells

Absorbance (MTT) at 570

Statistical Significance

% Inhibition % Stimulation

nm (mean + SEM) p < 0.05

Cells 0.707 = 0.009 - - -

Cells in 1.5% DMSO (control) 0.615 + 0.011 - - -
Cells + PLGA (10 mg/mL) 0.776 £ 0.021 <0.0001 - 26.31%
Cells + PLGA (3 mg/mL) 0.646 = 0.019 NS - 5.17%
Cells + PLGA (1 mg/mL) 0.623 + 0.007 NS - 1.37%

Cells + PLGA (0.3 mg/mL) 0.609 = 0.010 NS 0.93% -

Cells + PLGA (0.1 mg/mL) 0.549 + 0.008 0.002 10.69% -

Cells + Solutol (10 mg/mL) 0.011 + 0.002 <0.0001 98.26% -

Cells + Solutol (3 mg/mL) 0.537 + 0.009 0.0006 12.55% -

Cells + Solutol (1 mg/mL) 0.554 + 0.007 0.002 9.80% -

Cells + Solutol (0.3 mg/mL) 0.552 +0.016 0.015 10.22% -

Cells +Solutol (0.1 mg/mL) 0.605 + 0.007 NS 1.62% -
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Continued

(b) AGS—Gastric Adenocarcinoma Cells

Test Culture

Absorb MTT) at 570 tatistical Signifi
sorbance ( ) a Statistical Significance % Inhibition % Stimulation

nm (mean + SEM) p <0.05

Cells 0.709 £ 0.023 - - -

Cells in 1.5% DMSO (control) 0.682 £+ 0.006 - - -
Cells + PLGA (10 mg/mL) 0.876 + 0.044 0.003 - 28.23%
Cells + PLGA (3 mg/mL) 0.783 £0.014 0.0002 - 14.70%
Cells + PLGA (1 mg/mL) 0.720 £ 0.008 0.005 - 5.49%

Cells + PLGA (0.3 mg/mL) 0.677 £ 0.026 NS 0.75% -

Cells + PLGA (0.1 mg/mL) 0.646 = 0.009 0.012 5.29% -

Cells + Solutol (10 mg/mL) 0.013 £ 0.002 <0.0001 98.10% -

Cells + Solutol (3 mg/mL) 0.650 £ 0.014 NS 4.71% -

Cells + Solutol (1 mg/mL) 0.609 £ 0.008 0.0001 10.75% -

Cells + Solutol (0.3 mg/mL) 0.651 £0.010 0.030 4.61% -
Cells +Solutol (0.1 mg/mL) 0.724 £ 0.012 0.019 - 5.89%

The preparation of Oroxylin A incorporated into PLGA, Solutol or nanofibrils
enables the impact of the EPR effect on tumours to be assessed. While the results
of the studies carried out here are concerned with cell culture and not tumours in
situ, it may be useful to consider the possible EPR effect of nanoparticle encapsu-
lated Oroxylin A, as macromolecular drugs play a key role in tumour selective tar-
geting [9].

In the in vitro studies reported here, a range of concentrations of Oroxylin A
and incorporated Oroxylin A concentrations have been used, both in cell viability
and apoptosis studies. As well, a range of PLGA and Solutol concentrations has
been used in the studies on the cell viability of these macromolecular carriers. In
arecent review, Graham ef al. [14] caution the danger of translating the effect of
in vitro drug concentrations to in vivo situations, especially as many drug studies
have used supratherapeutic drug concentrations.

An experiment was undertaken to determine the ICs, of Solutol on melanoma
cells and human skin fibroblasts, aimed to distinguish the action of this carrier on
cancerous cells (melanoma) and non-cancerous cells (human skin fibroblasts). The
ICs value for the melanoma cells was 5.6 mg/mL and for the skin fibroblasts, it was
6.4 mg/mL. The fact that the ICs, for the two cell types was similar indicates that
the effect of Solutol is not specific to cancer cells but also applies to normal skin cells.
It is considered that the similar effect of Solutol on cancer cells and normal cells
may be due to a detergent effect of Solutol on these cells.

These studies show that Oroxylin A enhances melanoma cell viability and in-
hibits apoptosis. However, cell viability is inhibited by Oroxylin A when integrated

into all three carriers evaluated. Apoptosis in the melanoma cells is inhibited by
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Oroxylin A and Oroxylin A incorporated into PLGA but is stimulated by Oroxylin
A incorporated into Solutol. Thus, nanoparticle-encapsulated Oroxylin A may be
useful as an anti-cancer drug. This effect may be both through affecting cell viability
and inducing apoptosis. As well, Solutol alone may be a useful anti-cancer drug as
it reduces the viability of melanoma cells, colorectal carcinoma cells and gastric ad-
enocarcinoma cells. However, as stated in the above paragraph, the effect of Solu-

tol may be due to its detergent action.

4. Discussion

The results obtained in the present study are clearly distinguished from those re-
ported in the published literature. In all cases, findings by others are clearly iden-
tified with the relevant references. The reference [2] is a commentary on the over-
expression of uncoupling protein-2 in cancer and contains many references to stud-

ies in this area.

4.1. Characteristics of PLGA and SOLUTOL

Poly (lactic-co-glycolic acid) (PLGA) was used as the platform delivery system for
the encapsulation of Oroxylin A due to its widespread use in pharmaceutical sci-
ence for the formulation of poorly water-soluble drugs [15] [16]. The metabolic
products of PLGA produce lactic acid and glycolic acid, which are subsequently
eliminated as carbon dioxide and water via the Krebs cycle. Therefore, PLGA na-
noparticles are biodegradable, biocompatible, and approved by the FDA as a phar-
maceutical excipient.

Poly (lactic-co-glycolic acid) (PLGA) is a copolymer of lactic acid and glycolic
acid [10]. Solutol HS 15 (Solutol) is a non-ionic surfactant and is composed of
polyglycol mono- and di-esters of 12-hydroxystearic acid and free polyethylene
glycol [11]. There is little evidence that PLGA or Solutol nanoparticles have intrin-
sic anti-cancer effect.

PLGA decomposes into H,O and CO, that are eliminated in the body. Its poly-
meric nanoparticles degrade in vivo through hydrolysis of the ester bonds to its
monomeric anions (lactate and glycolate). While D-Lactate is not further metab-
olised before excretion, L-Lactate is converted into CO,, which is excreted through
the lungs and is converted to pyruvate, which then enters the Krebs cycle. Glyco-
late is either directly excreted through the renal system or it can be oxidised to gly-
oxylate, which is subsequently converted into glycine, serine and pyruvate. The lat-
ter can again enter the Krebs cycle and be metabolised into CO, and H,O [10].

PLGA-based nanoparticles encapsulating anti-cancer drugs have been widely
used [10]. Notwithstanding the above, Solutol is known to reverse multi-drug re-
sistance of cancer cells [17]. Also, Solutol-based nanoparticles encapsulating anti-
cancer drugs have been used in several studies [18]-[22]. In these studies, Solutol
is mixed with other polymers to form mixed micelles. Despite the limited evidence
of Solutol alone affecting cancer cells, we found in this study that Solutol alone does

decrease the viability of cancer cells (Table 5).
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4.2. Changes on Cancer Cells and Some Metabolic Effects of
Uncoupling Protein-2 (UCP;) (Table 6 and Figure 8)

| LEDGEND: |
REF:a —[2]
Overexpression of Uncoupling Protein-2 (UCP: )
REF:b —[25]
S0 REF:c- [22]
- REF:d - [1]
Change in carbohydrate e
Metabolism from /\ REF:e — [32]
oxidative phosphorylation to
aerobic Decrease in reactive Inc:'ease in 5
lycolysis — Warburg Effect REF:d oxygen species (ROS cyclooxygenase-
glyeoly 9 R’é‘,’:?a &g : ) (cox2) activity REF:b
Decrease in Mitochondrial
membrane potential (AWYm)
l REF:b
One source of
Increased heat Increased PGE
production REF:e Levels REF:c
Increased

Temperature REF:e

Increased Enthropy
Production REF:e

I

Increased heat transfer
from cancer to normal
tissue and increased
enzvme activitv REF:e

Figure 8. Some metabolic changes due to overexpression of UCP: in cancer cells. These changes include decrease in ROS, increase
in COX2 activity and increase in PGE: levels.

Table 6. Oroxylin A reverses these changes. Hence, Oroxylin A inhibits UCP: expression,
stimulates ROS, inhibits COX2 expression and lowers PGE; levels in cancer cells.

Effect of Oroxylin A on Metabolic Changes in Cancer

Inhibition of UCP, Expression [7]
Stimulation of ROS [25]
Inhibition of COX-2 Expression [25]
Lower PGE; Levels [25]

4.3. Effects of Oroxylin A and Encapsulated Oroxylin A on Cancer
Cells

In this study, we observed that melanoma cell viability is not affected following
administration of Oroxylin A to cancer cells. However, Zhu et al [23] observed
decreased cell viability of squamous cell carcinoma cells following Oroxylin A treat-
ment after alengthy incubation of 48 hours. Also, Zhao et al. [24] and Ha et al. [25]

demonstrated decreased cell viability of human hepatocellular carcinoma cells
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and human colon cancer cells respectively following administration of Oroxylin
A. However, our studies showed decreased cell viability following administration
of Oroxylin A encapsulated nanoparticles to melanoma cells. We did not observe
decreased cell viability following administration of non-encapsulated Oroxylin A
(Table 2). The difference of our findings for Oroxylin A treatment of cancer calls
and those of Zhu et al [23], Zhao et al. [24], Ha et al [25] may be due to the fact that
different cancer cells have been used in each of these studies. We showed increased
apoptosis following treatment of cancer cells with Oroxylin A encapsulated with
Solutol but not with PLGA. Interestingly, Zhu et al. [23] showed Oroxylin A-loaded

PDots caused increased apoptosis in squamous cells carcinoma.

4.4. Effect of Oroxylin A on UCP; and Changes in Carbohydrate
Metabolism in Cancer Cells

Oroxylin A is an inhibitor of UCP; [7]. We consider that the effects outlined above
of Oroxylin A encapsulated nanoparticles on cancer cells are due, at least in part,
to the inhibition of UCP, by Oroxylin A. UCP, converts the carbohydrate metab-
olism of cancer cells from mitochondrial oxidative phosphorylation to aerobic gly-
colysis. It does this by uncoupling mitochondrial oxidative phosphorylation. Baffy
et al. [8] have suggested that recoupling mitochondrial oxidative phosphorylation
would be a novel way to treat cancer. As Oroxylin A is an inhibitor of UCP, this
agent would be a suitable candidate to cause the recoupling of mitochondrial oxi-

dative phosphorylation.

4.5. Effect of Oroxylin A and Oroxylin A Encapsulated
Nanoparticles on Tumour Size and Weight of Cancer Cells.
Synergistic Effect of Oroxylin A and 5-Fluorouracil on Cancer
Cells

Recently, Zhu et al. [23] investigated the effect of Oroxylin A-Loaded PDots on
squamous cell carcinoma cells. Both Oroxylin A alone and Oroxylin A-Loaded PDots
inhibited cell growth, however Oroxylin A-Loaded PDots were more potent. Zhu
et al. [23] also found that Oroxylin A-Loaded PDots increased apoptosis and that
Oroxylin A and Oroxylin A-loaded PDots were effective in decreasing size and
weight of implanted tumours in mice.

Zhao et al. [24] studied synergism of Oroxylin A and fluorouracil on liver can-
cer viability and observed that Oroxylin A alone inhibited cell growth, increased
apoptosis and reduced growth of implanted tumours. Similarly, Ha et al [25] car-
ried out parallel studies on the synergism of Oroxylin A and 5-fluorouracil on colon
cancer cells. They found Oroxylin A inhibited cell growth, enhanced apoptosis and
reduced growth of implanted tumours. When combined with 5-fluorouracil, Orox-
ylin A was more effective than Oroxylin A alone in decreasing weight and size of
implanted tumours [24] [25]. Other studies have shown that other inhibitors of
UCP,, when combined with anti-cancer agents, are more effective in decreasing cell
viability and increasing ROS production and apoptosis than the inhibitors alone

[2] (reference therein).
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In non-small cell lung cancer, Oroxylin A reverses hypoxia-induced cisplatin
resistance [26]. The combination of Oroxylin A and gefitinib in A549 cells insti-
gated more apoptotic cells than other studied combinations and gefitinib alone
[27].

4.6. Oroxylin A and Encapsulated Oroxylin A Nanoparticles and
the EPR Effect

The effects of encapsulated Oroxylin A nanoparticles and Oroxylin A PDots on
cancer cells have been demonstrated in cancer cells in culture. Maeda [9] has shown
that certain high molecular weight substances are more effective in the treatment
of whole tumours (Enhanced Permeability and Retention Effect—EPR Effect). Alt-
hough the studies carried out by us have been on cultured cancer cells, Zhu et al.
[23] have shown that Oroxylin A-Loaded PDots do shrink tumour size and weight.
Despite our studies with cultured cancer cells, it is interesting that we only achieved
a decrease in cell viability and an increase in apoptosis using Oroxylin A nanopar-

ticles and not using Oroxylin A alone.

4.7. Effect of PLGA or Solutol Alone on Cancer Cell Viability and
Apoptosis

In this work, we treated cancer cells with PLGA or Solutol alone. We found that

Solutol decreased cancer cell viability, but PLGA did not. It appears that the effect

of Solutol alone may be due to its properties as a detergent.

4.8. UCP; Releases Heat and the Effect of Increased Temperature,
Heat and Entropy Production on Cancer Cells

Lawson et al. [28], Lawson et al [29] and Stefanadis et al [30] [31] have shown that
there is an increase in the temperature of cancers compared to normal tissue. This
temperature increase has been attributed to increased heat production by these
tumours [32]. UCP; has been shown to release heat [8] and so its overexpression
in cancer is at least one source of the extra heat production in cancer [32]. Con-
versely, inhibition of UCP, by Oroxylin A will reduce the heat production in can-
cers. The heat production in cancer also results in increased entropy production
in these tumours. Increased entropy production is a feature of a departure from
the steady state, where entropy production is a minimum. Growing tumors are a

departure from the steady state of normal tissue [32].

4.9. Apoptosis Studies in Cancer Cells

Tuli et al [6] have reviewed the anti-cancer potential of Oroxylin A and noted that
apoptosis is lacking in cancer cells, resulting in immortal malignant cells. They
then proceed to cite numerous studies showing that Oroxylin A enhances apop-
tosis in cancer cells. Consistent with these findings, our studies have shown that
Oroxylin A encapsulated in Solutol enhances apoptosis as shown by increased

caspase-9 activity.
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DLS Dynamic Light Scattering
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PBS Phosphate-Buffered Saline

ROS Reactive Oxygen Species

HCT-116 Human Colon Carcinoma Cells
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