International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Tuftsin-Bearing Liposomes Co-Encapsulated with
Doxorubicin and Curcumin Efficiently Inhibit EAC
Tumor Growth in Mice

Kalaimathi Murugesan'
Padmapriya Srinivasan'*
Raghunandan Mahadeva(®'*
Chhitar M Gupta'

Wiahajul Haq®?

'Institute of Bioinformatics and Applied
Biotechnology (IBAB), Bangalore, India;
2Central Drug Research Institute (CDRI),
Medicinal and Process Chemistry
Division, Lucknow, India

*These authors contributed equally to
this work

Correspondence: Kalaimathi Murugesan
Institute of Bioinformatics and Applied
Biotechnology (IBAB), Biotech Park,
Electronic City Phase |, Bangalore 560100,
India

Tel +919585986415

Email mathi.biotech@gmail.com

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: Targeted multidrug-loaded delivery systems have emerged as an advanced
strategy for cancer treatment. In this context, antibodies, hormones, and small peptides have
been coupled to the surface of drug carriers, such as liposomes, polymeric and metallic
nanoparticles loaded with drugs, as tumor-specific ligands. In the present study, we have
grafted a natural macrophage stimulating peptide, tuftsin, on the surface of the liposomes
(LPs) that were loaded with doxorubicin (DOX) and/or curcumin (CUR), by attaching to its
C-terminus a palmitoyl residue (Thr-Lys-Pro-Arg-CO-NH-(CH,),-NH-COC,sH3,, P.Tuft) to
enable its grafting within the liposome’s bilayer.

Methods: The prepared drug-loaded liposomes (DOX LPs, CUR LPs, DOX-CUR LPs, P.
Tuft-LPs, P.Tuft-DOX LPs, P.Tuft-CUR LPs, P.Tuft-DOX-CUR LPs) were thoroughly char-
acterised in terms of particle size, drug content, encapsulation efficiency and structural
properties using UV—visible spectroscopy, dynamic light scattering (DLS) and Fourier trans-
form infrared spectroscopy (FTIR). The anti-cancer activity and drug toxicity of the liposo-
mal formulations were examined on Ehrlich ascites carcinoma (EAC) tumor-induced mice
model.

Results: A significant reduction in the tumor weight and volume was observed upon treating
the tumor-bearing mice with palmitoyl tuftsin-grafted dual drug-loaded liposomes (P.Tuft-
DOX-CUR LPs), as compared to the single drug/peptide-loaded formulation (DOX LPs,
CUR LPs, DOX-CUR LPs, P.Tuft- LPs, P.Tuft-DOX LPs, P.Tuft-CUR LPs). Western blot
analysis revealed that the tumor inhibition was associated with p53-mediated apoptotic
pathway. Further, the biochemical and histological analysis revealed that the various liposo-
mal preparation used in this study were non-toxic to the animals at the specified dose (10mg/
kg).

Conclusion: In conclusion, we have developed a targeted liposomal formulation of P.
Tuftsin-bearing liposomes co-encapsulated with effective anti-cancer drugs such as doxor-
ubicin and curcumin. In experimental animals, tumor inhibition by P.Tuft-DOX-CUR LPs
indicates the synergistic therapeutic effect of the peptide and the dual drug.

Keywords: palmitoyl-tuftsin, antitumor, doxorubicin, curcumin

Introduction

In recent years, combination drug therapy and multidrug-loaded delivery systems
have emerged as an advanced approach to cancer treatment.' Besides, combination
of chemotherapeutic drugs along with the targeted peptide-based nanoformulations
has shown great potential in cancer treatment.” For instance, treatment with RGDK-

peptide (arginine-glycine-aspartate)-bearing liposomes loaded with curcumin and
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doxorubicin have shown to exhibit a better effect on the
tumor vasculature.® Further, Sengupta et al* developed an
effective delivery system called “nanocell” for sequential
release of multi-drugs within solid tumors. This means that
an ideal drug delivery system must have a target-specific
component and an effective release strategy at the specific
site. Keeping this in view, we have employed in this study
the target peptide, tuftsin-bearing liposomes, co-
encapsulated with hydrophobic (CUR) and hydrophilic
(DOX) drugs.

Tuftsin is an immunomodulatory tetrapeptide (Thr-Lys-
Pro-Arg) derived from immunoglobulin IgG.” Modification
of tuftsin at the C-terminus with the addition of a fatty acyl
(Thr-Lys-Pro-Arg-CO-NH-(CH;),-NH-COC,sH3;.
palmitoyl Tuftsin; P.Tuft) has been shown to facilitate

chain

easy grafting of this peptide on to the surface of the
liposomes.® It has been demonstrated that palmitoyl
Tuftsin-bearing liposomes specifically bind to polymorpho-
nuclear (PMN) cells, macrophages and monocytes and con-
sequently induce the natural killer activity of these cells
against tumors and pathogens.” Furthermore, tuftsin-
bearing liposomised etoposide have shown to significantly
inhibit the growth of fibrocarcinoma® and administration of
antigenic polypeptide along with tuftsin effectively inhib-
ited the tumor growth in colorectal cancer.’ Despite the use
of tuftsin for over forty years, the pathway through which
tuftsin signals have not been fully elucidated, lately it was
identified that tuftsin signals by binding to neuropilin-1
receptor which plays an important role in blood vessel
formation and microvascular permeability of tumor
cells.'®!" In this study, we have used palmitoyl tuftsin to
enable its efficient grafting on to the liposome surface, and
also to further complement the anti-tumorigenic potential of
the drugs encapsulated in the liposomes.

Doxorubicin (DOX) is an antitumor antibiotic widely
used to treat several types of cancers.'? However, its clinical
use is restricted vowing to its drug resistance and side
effects.® Therefore, various attempts have been made to
find new chemosensitizers, to improve the efficacy of dox-
orubicin against multi drug-resistant (MDR) cancer cells.'*
that
a chemosensitizer to reverse doxorubicin resistance against

Curcumin is one such compound acts as
solid tumors by down regulation of NF-kB transcription
factor."® In addition to its strong anti-cancer activity, curcu-
min is now being explored for its unique ability to enhance
the effects of chemotherapeutics when administered along
with several anticancer drugs, such as doxorubicin, cispla-

tin, etc.'® For instance, treatment with poly (butyl

% DSPE-PEG 2000
% Palmitoyl Tuftsin
® Doxorubicin

¢ Curcumin

€ Phospholipid

Figure | The schematic representation of the assembly of tuftsin-bearing lipo-
somes encapsulated with DOX and CUR.
Abbreviations: DSPE-PEG, distearoyl-L-A-phosphatidylethanolamine; DOX, dox-
orubicin; CUR, curcumin; LPs, liposomes.

cyanoacrylate) nanoparticles (PBCA-NPs) loaded with
DOX and CUR efficiently reversed MDR resistance in
MCE-7 breast cancer cell line.!” We, therefore, considered
it appropriate to co-encapsulate curcumin with doxorubicin

8 to

as a chemosensitizer in tuftsin-bearing liposomes'
enhance the efficacy of doxorubicin against EAC induced
solid tumors. Figure 1 is a schematic representation of the

tuftsin-bearing liposomes encapsulated with the dual drug.

Materials and Methods

Preparation of Liposomes

Palmitoyl Tuftsin (P.Tuft) was prepared as reported
earlier.'” The solvent evaporation method was used for
the preparation of various liposomal formulations (LPs)
used in this study.®® Briefly, in 10mL of chloroform,
curcumin (CUR; 3mg), cholesterol (15mg), DSPE-PEG
2000 (12.5mg) and egg lecithin (120mg) were dissolved.
In a rotary evaporator, the mixture was evaporated at 45°
C, and the thin layer formed was dried overnight for
complete removal of the solvent. The thin film was then
suspended in phosphate-buffered saline (PBS) containing
50 mg of P.Tuft for 30 mins. The mixture was then
sonicated at S00W for 2 min using probe-type ultrasoni-
cator. Curcumin-loaded liposomes (CUR-LPs) with and
without P.Tuft was prepared using the same method. The
unencapsulated curcumin was removed by centrifugation
at 5000 rpm for 45 min. Doxorubicin (DOX) loaded
liposomes were prepared by preheating the liposomes at
37°C in a water bath. Followed by the addition of S5mg/
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mL of DOX to the preheated liposomes with gentle
stirring for 15min at 37°C.

Characterisation of Liposomes

The particle size distribution of the liposomes was analysed
using DLS (Malvern zetasizer nano ZS90, Malvern, UK)
with the following parameters; refractive index 1.59, scat-
tering angle of 90° and viscosity of 0.89. FT-IR analysis was
carried out as described by Murugesan et al.>! Amounts of
curcumin entrapped inside the liposomes was determined
by measuring absorption at 450 nm after lysis of the lipo-
somes with 1% triton-X. The amount of encapsulated DOX
in the liposomes was determined by measuring absorption
at 483 nm using UV-visible spectrophotometer X (Tecan
Infinite M 200 pro, Tecan Austria GmbH, Austria) after
lysis of liposomes with 10% SDS (w/v). P.Tuftsin was
quantified by using HPLC with fluorescence detector.
Briefly, the synthesised P.Tuftsin-bearing liposomes were
dissolved in methanol and then diluted with a mixture of
acetonitrile and water (20:80, v/v), 2ul of the resultant
solution was then injected into the HPLC system (Agilent
1100 series). C18 column was used for chromatographic
separation, the mobile phase consisted of acetonitrile and
0.2% formic acid with a flow rate of 1 mL/min.

. C tration of ent dd
Entrapment efficiency (EE% )= oncentration o7 en rappé T8 100
Total drug concentration

In vitro Release Studies

The liposomal formulations (CUR LPs, DOX LPs, P.Tuft
LPs, P.Tuft-CUR LPs, P.Tuft-DOX LPs, P.Tuft-DOX-CUR
LPs) equivalent to ImL were filled in the dialysis bag with
a cut off of 12—14KDa. Each dialysis bag was immersed in
a solution containing 0.01M PBS (pH 7.4) with 1% tween
80 and 20% ethanol placed on a shaker at 100rpm. One
milliliter of the sample was then withdrawn at 1 hr, 2 hr, 4
hr, 8hr, 12hr, 24hr, 36hr and 48hr and replaced with ImL
of PBS. The amount of DOX and CUR released at each
time point was then analysed. The experiment was carried
out in triplicate.

Preparation of Rhodamine B-Labelled

Liposomes

Rhodamine B isothiocyanate (5mg) was solubilised in
ImL of DMSO. From this solution, 200uL was added to
1 mL of various preparations of liposomes (Blank LPs,
CUR LPs, DOX LPs, P.Tuft LPs, P.Tuft-CUR LPs, P.Tuft-
DOX LPs, P.Tuft-DOX-CUR LPs) followed by addition of

1 mL of 2 M NaHCO; buffer. The mixture was then
incubated in dark for 12 hr at 4°C. Free rhodamine

B was removed by dialysis against distilled water.

In vitro Cellular Uptake of Liposomes
Human cervical cancer cell line (HelLa) was procured
from NCCS (National Center for Cell Sciences), Pune,
India. The cells were grown in 50 mL flask in MEM
media and about 80% confluency the cells were detached
by trypsinization, pelleted, and suspended in fresh media.
2mL of 5x10 cells were coated on the coverslips and kept
for 12hr to adhere. To it was added 200ul of rhodamine
B-labelled preparations of various types of liposomes
(Blank LPs, CUR LPs, DOX LPs, DOX-CUR LPs, P.
Tuft LPs, P.Tuft-CUR LPs, P.Tuft-DOX LPs, P.Tuft-
DOX-CUR LPs) and the mixture was incubated further
for 12 hr. After incubation, the cells were fixed for 10
mins with 4% paraformaldehyde. The nuclei of the cell
were stained with DAPI (4',6-diamidino-2-phenylindole),
and the fluorescence images were captured and analysed
by confocal laser-scanning microscope (FV1000, Tokyo,
Japan).

In vivo Efficacy in EAC Tumor-Induced
Mice

The animal study was approved by CPCSEA (“committee
for the purpose of control and supervision of experiments
on animals”, Government of India, Animal welfare divi-
sion, Reg. No. 1994/GO/ReBi/S/17/CPCSEA) and all the
experiments were conducted according to the guidelines
and regulation of CPCSEA. The in vivo efficacy of differ-
ent types of liposomes was evaluated in Ehrlich ascites
carcinoma (EAC) tumor-bearing mouse model. The tumor
was induced in swiss albino mice by injection of 1x10°
EAC cells on either of the hind limb of mice. When tumor
volume reached ~ 200 mm®, the animals were segregated
into eight experimental groups (5 animals per group). The
formulations (Blank LPs, CUR LPs, DOX LPs, DOX-
CUR LPs, P.Tuft LPs, P.Tuft-CUR LPs, P.Tuft-DOX LPs,
P.Tuft-DOX-CUR LPs and untreated control) were given
intraperitoneally at a dose of 10 mg/kg every alternate day
for 30 days. The tumor volume and body weight were
monitored for 30 days. The tumor volume was calculated
with a digital caliper using the formula V = (LxWxW)/2,
where V is tumor volume, W is tumor width, L is tumor
length.
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Western Blotting

Protein samples were isolated from 100mg tumor tissues
from each treatment groups (CUR LPs, DOX LPs, DOX-
CUR LPs, P.Tuft LPs, P.Tuft-CUR LPs, P.Tuft-DOX LPs,
P.Tuft-DOX-CUR LPs and untreated control). The protein
concentration was determined by Bradford method. The
protein samples were then resolved on sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
. The resolved protein samples were blotted onto PVDF
membrane using semi-dry transfer method (Transblot-
Turbo blotting system, Biorad, USA). The membranes
were treated with 5% non-fat milk for 1 hour at room
temperature. The membranes were then incubated with
primary antibody (Bcl-2, BAX and p53) for 2 hours fol-
lowed by incubation with streptavidin—horseradish perox-
idase conjugate for 1 hour. The immunoblots were
developed using chemiluminescence detection reagent
(Clarity Western ECL blotting substrate, Biorad, USA).
The intensity of the bands was captured using Syngene
G: Box gel doc system and the bands were quantified
using GelQuant.Net, BiochemLab solutions.

Assessment of Drug Toxicity

The drug toxicity was evaluated after treatment of the mice
with various preparations of liposomes (Blank LPs, CUR
LPs, DOX LPs, DOX-CUR LPs, P.Tuft LPs, P.Tuft-CUR
LPs, P.Tuft-DOX LPs, P.Tuft-DOX-CUR LPs) for 30 days.
At the end of the experiment, blood samples were collected
from mice in each treatment groups and serum was separated.
The drug toxicity assessment was made as per the protocol
described in ALT/AST activity assay kit (Abcam, India).

Histological Analysis
The H
& E staining was performed as described by Murugesan

et al?!

Briefly, the tumor tissues and the organs were fixed
in formalin and then embedded in paraffin. The tissues
were sectioned into 5 um thickness. The protocol followed
dewaxing of the tissue slides with xylene for 5 mins fol-
lowed by dehydration in ethanol gradient (100-30%). The
slides were then washed with distilled water and then
incubated with hematoxylin for 5 min. The slides were
washed with 1% acid-alcohol and then counter stained
with eosin for 1 min. The tissue slides were dehydrated
in ethanol gradient followed by incubation with xylene for
5 min. The slides were then fixed using DPX mounting
medium and observed under the microscope.

Statistical Analysis

All experiments were performed in triplicates and reported
as mean £ SD. One-way analysis of variance was used to
determine the statistical significance of the drug release
assay and tumor size. Significant change is considered at
p-value <0.05. The statistical data was evaluated on SPSS
v20.0 software.

Results

Particle Size and Entrapment Efficiencies
The hydrodynamic diameters of the various formulations con-
taining DOX LPs, CUR LPs, DOX-CUR LPs, P.Tuft LPs, P.
Tuft-CUR LPs, P.Tuft-DOX LPs, P.Tuft-DOX-CUR LPs were
measured by DLS (dynamic light scattering) and the size was
within the range of 100-140nm (Figure 2, Table 1). The drug
entrapment efficiencies of doxorubicin and curcumin loaded
liposomes were determined spectrophotometrically (Figure 3).
Curcumin entrapment efficiency in liposomes was found to be
(70-78%) and the entrapment efficiency of doxorubicin was
about (96-98%). The amount of Tuftsin in liposomes ranged
from 50-60% of the total amount.

FTIR Analysis

The encapsulation of DOX/CUR in the liposomes was con-
firmed by FTIR spectroscopy. The FTIR absorption spectra
(Figure 4) ranged from 3365 cm 'to 713 cm™'. The charac-
teristic peaks of curcumin were found at 3508 cm ™' repre-
sents the —OH stretching, peak at 1271 cm ™' represents C—O
stretching, and 1023 cm™ ' represents C—O—C stretching. The
main characteristic peaks of DOX corresponds to —NH,
stretching at 3450 cm™', C—C stretching corresponds to
peak at 1410 cm !, and 1073 cm™' corresponds to C=0O
stretching vibrations. The signature peaks of P.Tuft were
found at 1300 cm™' (-RNH,), 1747 cm ™' and 1033 cm™'
(C-C stretching). Once encapsulated with DOX or CUR the
characteristic peaks were shifted from 1747 to 1781, 1073 to
1082 and 1271 to 1267 cm ™', respectively. The occurrence of
the characteristic peaks corresponding to DOX/CUR in each
of the liposomes indicated that the drugs were successfully
loaded in the liposomes.

In vitro Release Kinetics

A diphasic release pattern was observed for DOX and
CUR, with an initial rapid release up to 4h and sustained
release until 48 h (Figure 5A and figure 5B). DOX release
at 48 h was about 54-63% in DOX LPs, P.Tuft-DOX LPs
and P.Tuft-DOX-CUR LPs. Similarly, in case of Cur about
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Figure 2 Size determination of LPs.
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Notes: Particle size distribution of Liposomes including, DOX LPs, CUR LPs, CUR-DOX LPs, PTuft-CUR LPs, PTuft-DOX LPs, PTuft-DOX-CUR LPs as measured by DLS.
Abbreviations: DLS, dynamic light scattering; PTuft, palmitoyl tuftsin; DOX, doxorubicin; CUR, curcumin.

46-55% release was observed in CUR LPs, P.Tuft-CUR
LPs and P.Tuft-DOX-CUR LPs. No significant difference
was observed in release pattern of both DOX and CUR
from P.Tuft-DOX LPs, P.Tuft-CUR LPs and P.Tuft-DOX-
CUR LPs when compared with DOX/CUR LPs. The

results indicate that presence of P.Tuftsin on the surface
of the liposomes does not alter the release pattern of the
drugs from liposomes. However, a slight decrease in
release of DOX and CUR on addition of P.Tuftsin may
be due to high encapsulation efficacy of the drugs within

Table | The Size, Polydispersity Index and Entrapment Efficiency of Liposomes

Liposomes Average Size (nm) Polydispersity Index (PDI) Entrapment Efficiency (%)
CUR DOX Tuftsin

DOX LPS 116 0.49 97.4+0.6

CUR LPs 136 0.31 74.9+4.3

DOX-CUR LPs 132 0.27 73215 98.1+0.3

PTuft LPs 125 0.35 53%

PTuft-CUR LPs 128 0.4 76.814.2 57.2%

PTuft-DOX LPs 11 0.35 98.4+1.4 56.9%

PTuft-DOX-CUR LPs 134 0.22 73.2+4.8 96.5+2.8 52.3%
International Journal of Nanomedicine 2020:15 submit your manuscript 10551
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Figure 4 Characterization of structural properties by Fourier transform infrared spectroscopy (FTIR).
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the liposomes which attributed to slower burst release  Figure 6, all the liposomal formulations showed intracellular
compared to DOX/CUR LPs. rhodamine B concentration after 12 hr. The red fluorescence
intensity in the cytosol of the HeLa cells confirmed the

In vitro Cellular Internalisation of uptake of Rhodamine-B labelled LPs by the cancer cells.

Liposomes
The internalization of rhodamine B-labelled LPs in HeLa
cells was visualised by confocal laser scanning microscopy. Liposomes
The red intensity indicated the level of internalization of = The tumor-bearing mice were subjected to treatment with
rhodamine B-labelled LPs inside the cells. As shown in  different liposomal formulations (Blank LPs, CUR LPs,

In vivo Efficacy of Different Kinds of
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Figure 6 In vitro cellular uptake study.

DOX LPs

CUR LPPs

DOX-CUR LPs

Rhodamine DAPI

Merged

P.Tuft LPs

P.Tuft-DOX LPs

P.Tuft-DOX-CUR LPs

Notes: Confocal images of Hela cells after 12 h of incubation with different kinds of LPs at the same concentration 0.1 mg/mL; the nuclei were stained by DAPI (blue), and

all of the LPs are labeled by rhodamine B (red).

DOX LPs, DOX-CUR LPs, P.Tuft LPs, P.Tuft-CUR LPs, P.
Tuft-DOX LPs, P.Tuft-DOX-CUR LPs and untreated con-
trol) for 15 doses at a dose of 10mg/kg. The tumor volume
and body weight were measured every day for 30 days. The
tumor volume in each group at the start of the experiment
ranged from 0.2 to 0.26 cm’. At the end of treatment, the
average tumor volume was 5.84 cm® for control group, 6 cm®
for blank LPs, 3.64 cm? for P.Tuft LPs, 3 cm® for CUR LPs,
248 cm’ for DOX LPs, 1.84 cm® for DOX-CUR LPs,
1.72 em® for P.Tuft-CUR LPs, 1.75 em® for P.Tuft-DOX
LPs, 1.53 cm’ for PTuft-DOX-CUR LPs, respectively
(Figure 7A). At the end of treatment, the average tumor
volume of CUR LPs, DOX LPs, P.Tuft LPs (¥*P<0.05) and

DOX-CUR LPs, P.Tuft-CUR LPs, P.Tuft-DOX LPs, P.Tuft-
DOX-CUR  LPs (**P<0.01)
compared with the control groups (Figure 7B). The results
indicate that P.Tuft co-encapsulated with CUR and DOX
suppressed the tumor growth more efficiently, compared to

decreased significantly

the single drug or the dual drug formulations. The initial
body weight of mice ranged from 30-31g (Figure 7C) and
the weight changes towards the end of the experiments in all
the groups were found to be similar. The average tumor
weight after 30 days of treatment was 6.8 g for control, 6.2
g for blank, 4.9 g for P.Tuft LPs, 4.5 g for CUR LPs, 4 g for
DOX LPs, 3.8 g for DOX-CUR LPs, 3.32 g for P.Tuft-DOX,
3.1 g for PTuft-CUR and 2 g for P.Tuft-DOX-CUR LPs,
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Figure 7 The in vivo effects different kinds of LPs in EAC tumor-bearing mice.

Notes: Growth curve of EAC tumors in each group (A) Images of tumors removed from mice in each group after treatment (B) Individual body weight of mice after
treatment (C) Individual tumor weight of mice after 30 days of treatment (D). Each value represents mean #SD from fifteen mice *P<0.05, **P<0.01, **P<0.001.

respectively (Figure 7D). The results indicate that all the
formulations administered at a concentration of 10 mg/kg
significantly reduced the tumor growth in mice, with insig-
nificant changes in the body weight.

Expression of Apoptotic Proteins

The effect of various liposomal formulations on the
expression of major apoptotic regulatory proteins
(BCL-2, BAX, p53) was determined using Western blot-
ting. As seen in Figure 8, liposomal formulations with
P.Tuftsin (P.Tuft LPs, P.Tuft-DOX LPs, P.Tuft-DOX-
CUR LPs) significantly increased the regulation of
BAX about (2-2.5 fold, P<0.01) and p53 about
(2 fold, P<0.05) when compared to untreated control.
Whereas BCL-2 expression decreased by (0.3-0.5 fold,
P<0.05) in P.Tuftin treatment groups in relation to
untreated control. The result indicates that the tumor
suppression may be associated with p53-mediated apop-
totic pathway .

Assessment of Drug Toxicity

At the end of 30 days of treatment with blank LPs, CUR
LPs, DOX LPs, DOX-CUR LPs, P.Tuft LPs, P.Tuft-CUR
LPs, P.Tuft-DOX LPs, P.Tuft-DOX-CUR LPs, blood sam-
ples were collected from all the treatment groups and the
serum was separated. ALT/AST levels in the serum were
analysed. The results indicated that the levels were within
the normal range among all the treatment groups (Figure 10;
ALT <60 U/L, AST<100 U/L). However, DOX-LPs and P.
Tuft-DOX LPS showed a mild elevation in ALT and AST
levels.

Histopathology

The specimens of tumor tissues, kidney, liver and spleen were
excised from the mice of experimental and control groups (P.
Tuft-CUR LPs, P.Tuft-DOX LPs, P.Tuft-DOX-CUR LPs).
The H and E stained sections of tumor tissue and organs
were observed for changes such as steatoses, infiltrative
cells, enlargement (hyperplasia),

necrosis, of organs
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Notes: Western blot analysis and quantification of Apoptosis-related proteins (A). The cell lysates were subjected to SDS-PAGE and blotted with Bax (B), p53 (C) and
BCL-2 (D) antibodies. The data are representative of three experiments. Each value represents mean +SD of three experiments.(Figure 9) *P<0.05, **P<0.01.

pigmentation; new blood vessel formation (angiogenesis) and
changes in sinuses and lymphoid follicles. The histopatholo-
gical changes in liver and tumor tissue of the treatment groups
indicated a significant reduction in hyperplasia and angiogen-
esis in comparison with the controls (Figure 11). The results
indicate that there was a significant improvement in the patho-
logical condition of the tumor and organs after treatment with
P.Tuft-CUR LPs, P.Tuft-DOX LPs, P.Tuft-DOX-CUR LPs
compared to the controls.

Discussion

Doxorubicin is a widely used broad-spectrum anti-cancer
agent for the treatment of various cancer types.
Nevertheless, the use of doxorubicin is associated with
several setbacks, primarily induction of multi drug resis-
tant (MDR) gene expression owing to internalisation of the
drug in cytoplasmic vesicles.”> The reasons for drug resis-
tance may be due to the activation of drug-efflux pump
which removes the drug from the cells leading to a low

concentration of intracellular drug levels. Furthermore,

MDR has been associated with ABC transporter proteins
such as MRP-1 (multidrug resistance associated protein)
and Pgp (P-glycoprotein).'® To this end, curcumin has
been found to downregulate ABC transporters including
MRP-1, P-gp and ABCC]1 that are linked to MDR.>***
Earlier studies have shown that nanoformulations of cur-
cumin in combination with doxorubicin could overcome
MDR in tumor cells. For instance, Duan et al'” demon-
strated that loading of both DOX and CUR in chitosan/
poly(butylcyanoacrylate) nanoparticles reversed the multi-
drug resistance in MCF-7 breast cancer cell lines;
NanoDOXCur (NDC) a composite polymer nanoformula-
tion have shown to reduce DOX related cardiomyopathy;*’
co-encapsulation of DOX and CUR in poly(D,L-Lactide-
Co-Glycolide) nanoparticles suppressed the progression of
MDR in leukaemia cell line K562.* In order to take
advantage of these pleiotropic properties of curcumin,
our study aimed to develop curcumin doxorubicin co-
loaded liposomal system. Furthermore, in this study lipo-
somes were used as nanocarriers, owing to its enhanced
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stability, bioavailability, and shelf life for sensitive ingre-
dients as they are assembled from phospholipid bilayers
similar to cell membranes and their biphasic character
making them suitable for being carriers for both hydro-
philic (in the central aqueous compartment) and hydro-
phobic (in lipid bilayers) compound.*®*’

Tuftsin a tetrapeptide (Thr-Lys-Pro-Arg) stimulates
immunomodulatory effects by binding specifically to
macrophages, monocytes, and polymorphonuclear leuko-
cytes (PMN).?® Many studies have reported the anti-tumor
efficacy of tuftsin in animal models.”**° The intrinsic
anticancer/antitumor property of tuftsin makes it an ideal
candidate to be administered along with potent anticancer
drugs in order to efficiently treat various types of cancers.

In the present study, we evaluated the anti-tumor activity

of palmitoyl tuftsin-grafted liposomes co-encapsulated
with dual/single drug.

It has been demonstrated that the liposomes encapsulated
with both CUR and DOX along with P.Tuft effectively
inhibited the tumor growth (P.Tuft-CUR LPs, P.Tuft-DOX
LPs, P.Tuft-DOX-CUR LPs, P<0.01) in experimental ani-
mals, compared with the liposomes loaded with either drug
alone/peptide alone (CUR LPs, DOX LPs, DOX-CUR LPs,
P.Tuft LPs, P<0.05), suggesting synergy between the anti-
tumor efficacies of P.Tuft and combination of doxorubicin
with curcumin (Figure 7). This may be attributed to efficient
uptake of P.Tuft-bearing drug-loaded liposomes by the tumor
tissue and then modulation of ABC drug transporters func-
tion by curcumin. This is in accordance with an earlier study
which showed that tuftsin-bearing liposomized etoposide,
significantly inhibited the tumor growth at a dosage of
10 mg/kg when administered for five days.® Based on these
findings, we hypothesize that doxorubicin from the lipo-
somes efficiently reaches the tumor vasculature with the
help of curcumin and exerts its cytotoxicity. In addition, the
anti-tumor activity of tuftsin perhaps is manifested through
the stimulation of cytotoxic effector cells, such as PMN,
macrophages, and natural killer cells, rather than by direct
cytotoxicity. This finds support from studies of Florentin

1" which demonstrated that mice treated with tuftsin

et a
showed tumor-specific cytostatic activity through activated
peritoneal macrophages, and also enhanced antibody-
dependent cellular cytotoxicity (ADCC).

Tumor cells are known to have dysregulated apoptotic
machinery; therefore, several anti-tumor drugs/therapies
aim at regulating the disturbed apoptotic machinery.***
BAX a pro-apoptotic regulator belonging to the BCL-2
protein family plays a key role in induction of apoptosis in
tumor cells.** p53 a tumor suppressor protein can inter-
vene at crucial steps of apoptosis by localisation to
mitochondria.®> Once translocated to nucleus p53 interacts
with BCL-2 and neutralises it thereby altering the ratio of
BAX to BCL-2.>® Any drug/peptide that activates BAX
signify anticancer treatment by regulation of apoptosis.*’
In the present study, we have found induction in the
expression of p53 (P<0.05) and BAX (P<0.01) signifi-
cantly in P.Tuftsin treatment groups in comparison to con-
trol groups. Whereas the expression of BCL-2 (P<0.05)
was significantly downregulated in P.Tuftsin treatment
groups (Figure 8). The mechanism involves upregulation
of BAX via p53-mediated apoptosis. The results find sup-
port from the earlier studies, wherein omega-3 conjugate-

bearing tuftsin tagged liposomes delayed progression of
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Figure 11 The micrographs of H&E-stained sections of the main organs and tumors after treatment with different kinds of LPs.
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hepatocarcinoma by regulation of BAX/BCL2 expression

in animal model.*®

Another study with tuftsin-bearing
liposomized etoposide (Tuft-Lip-ETP) delayed tumor
growth in Swiss albino mice with fibrosarcoma by upre-
gulation of p53.% Tt could be confirmed that the selective
tumor suppression in the tuftsin treatment groups may be
due to the induction of p53-mediated apoptosis.

The biochemical analyses (Figure 9) revealed that var-
ious liposomal formulations showed no significant toxicity
at the administered dose (10mg/Kg). This is in accordance
with earlier studies, wherein mice showed no visible toxi-
city upon injecting in them up to 400mg of tuftsin per kg
of body weight.*® Besides, DOX LPs and P.Tuft-DOX LPs
showed slightly elevated levels of ALT/AST but the toxi-
city level of doxorubicin was suppressed in combination
with curcumin. In agreement with this study, it has been
shown that curcumin effectively reversed the toxicity of
doxorubicin by down regulation of P-gp and blocking its
transport function in breast cancer cell line.!” Another
study on leukemia cell line indicated that curcumin
reduced the toxic side effect of doxorubicin by down
regulation of MDR transporters and inhibition of nuclear
factor kappa B (NFkB).?

In conclusion, the results of the study suggest that the
synthesised liposomes (P.Tuft-CUR LPs, P.Tuft-DOX LPs,
P.Tuft-DOX-CUR LPs) are potent anti-tumorigenic formu-
lations against solid tumors. We believe that with further
optimisation of the dosage and ratio of the drugs/peptide
the combination therapy could be used for less toxic and
more effective cancer treatments.
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