
INTRODUCTION

Nowadays biopolymers of natural origin have found many
applications in pharmaceutical and food industries and in other
sectors because of their beneficial physicochemical properties
(1). One of the examples of this kind of compounds is chitosan,
which is a unique polymer as the only natural cationic
polysaccharide (2, 3). However, synthetic polymers also have
wide therapeutical potential, but they often show toxicity, poor
hemocompatibility, and low biodegradability (2, 4, 5).
Therefore, new biocompatible polymeric materials from natural
sources are searched for, such as pullulan, which is non-
mutagenic, non-toxic, non-carcinogenic, biodegradable, edible
and adhesive (1, 6-8). This nonionic polysaccharide occurs in
nature as a component of the cell wall of the common yeast-like
fungus Aureobasidium pullulans. In the structure of the pullulan
chain there are three glucose units connected with α-1,4
glycosidic bonds (maltotriose units) (9-11). Consecutive
maltotriose units are connected with α-1,6 glycosidic bonds.
Most metal ions, for example sodium, influence viscosity of

pullulan solutions which also changes in different pH conditions
(1, 8). On the other hand, change in temperature does not
significantly affect pullulan solution viscosity.

Biomedical applications of pullulan and its derivatives

Pullulan is a water soluble polysaccharide and, like dextran,
it can be used as a potential blood-plasma substitute (1, 12). As
a plasma expander, this polymer performs best if its molecular
weight is about 60 kDa. What is more, it has been reported that
also pullulan modified anionically via gamma irradiation was
used as a base for blood-plasma substitute (1, 12). Moreover,
modified pullulan can be used in medical imaging (1, 13), as an
anti-cancer drug in tumor cell targeting (1, 14), as a carrier for
gene delivery (1, 15, 16) and drug delivery (1, 17-23), and in
tissue engineering (1, 24, 25). Pullulan has been safely used for
over 20 years in Japan as a pharmaceutical bulking agent and as
a food additive (26). The allowed daily consumption of this
polysaccharide is 10 g as evaluated by the Food and Drug
Administration (FDA) (26).
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Pullulan is a biocompatible polysaccharide obtained from black, yeast-like fungus Aureobasidium pullulans.This
polymer is usedto deliver various substancesto the liver because of itsspecificity for this organ. Pullulan is
internalized into hepatocytes in the process of asialoglycoprotein receptor mediated endocytosis. Recently, by reaction
with glycidyltrimethylammonium chloride (GTMAC) we have successfully synthesized a cationically-modified
pullulan (Pull-GTMAC). Pull-GTMAC exhibits some unique beneficial effects not found for its native counterpart. In
this article we have reported for the first time that Pull-GTMAC administered orally to apoE-knockout mice (murine
model of atherosclerosis) at a dose of 300 mg/kg b.w./day for 18 weeks showed anti-atherosclerotic activity reducing
the area of atherosclerotic plaque. We have also found that Pull-GTMAC at a dose of 300 mg/kg b.w./day increases
both the average daily mass of feces and the average number of droppings excreted by apoE(–/–) mouse in relation to
the control sample derived from the mice fed with feed without the tested compound. However, the raw fat content in
the feces of apoE-knockout mice was decreased in the group fed with the diet containing Pull-GTMAC towards control
group of animals. Pull-GTMAC caused also statistically significant increase of mRNAlevel for LDL receptor in the
apoE(–/–) mice liver after administration at a dose of 300 mg/kg/b.w./day for 18 weeks. However, the compound had
no impact on lipid profile in serum of the tested mice. What is more, the studies on HepG2 cell line indicated an
antiproliferative potential of cationically modified pullulan after 24 hour and 48 hour of incubation with the
polysaccharide. In this paper we have shown for first time that cationically modified pullulan has antiatherogenic
potential and influences on lipid metabolism.
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Cationic modification of pullulan and its specificity for the
liver

Pullulan is also usedto deliver various substancesto the
liver, because of itsspecificity for this organ (26-28, 11). It was
reported that vectors based on the cationic pullulan were applied
in tumor suppressor gene delivery to the liver (26, 29). Binding
affinity of the modified pullulan to liver cells was also studied
both in vivo in mice and in vitro on human hepatocyte cell line
HepG2 (26, 30). The cationic pullulan, obtained by reaction with
GTMAC formed polyionic complexes with DNAthat showed
stability in plasma (26, 30). The uptake of nano-complexes with
a cationic pullulan by hepatocytes, hemocompatibility of
modified pullulan and in vitro transfection in studies of
directional delivery of genes into liver cells were also studied
(26, 30).

Polysaccharidessuch as pullulan and dextran after
intravenous injectionare deliveredto the liver and can therefore
beusedas drug carriers(27, 31). Studies inrats have shownthat
the distribution of pullulan in the liver is mediated by
asialoglycoproteinreceptor(27, 28, 31). In vitro studieson the
rat liver cellshave shown thatduring incubationpullulan is
specificallytaken upby theparenchymal cellsof the liver (27).
Pullulan chain branching and the position of the hydroxyl groups
play an important role in intracellular disposition of
polysaccharides and are the cause of the differences in the
distribution between the dextran and pullulan. These properties
are important in view of the specific drug targeting to the liver
cells using these polymers (27).

Whatis particularly important, in vitro studies demonstrated
that the cationically modified pullulan, obtained by reaction with
GTMAC, has specific affinity towards hepatocytes, leading to
increased uptake of nanoplexes of derivatized pullulan by the
liver cells (30). In vivo studies in BALB/c mice also confirmed
uptake of the nanoplexes by hepatocytes and showed that this
phenomenon is time dependent. What is more, it was observed
that plasmid pullulan-basednanocomplexeswere evenly
distributed throughoutthe cytoplasmand in the regionof the
nucleus after internalizationto HepG2 cells(30).

Contrary to the previous reports suggesting that pullulan is
an indigestible carbohydrate (33- 36), it has been also shown that
pullulan is slowly digested in human digestive system (33). It
was found thatpullulan is slowly digested in both the cooked
and raw form. Referring to the conclusions ofthis experiment
postprandial blood glucose excursion after pullulan ingestion in
humans was studied (33). The decrease of incremental peak
blood glucose concentration after consumption of pullulan by
nondiabetic healthy adult subjects was found in comparison with
a control equivalent maltodextrin challenge. There were small
fluctuations in the level of glucose in the blood in 180 min
period of time, suggesting that pullulan is slowly digested. It was
concluded thatpullulan ingestion attenuates the postprandial
glycemic excursion. What is more, an increased breath hydrogen
excretion and gastrointestinal intolerance symptoms after
ingestion of pullulan were found, suggesting malabsorption of
some pullulan portion (33).

Although it is known that pullulan is a food additive slowly
digested in the gastrointestinal system of humans andthat it
prevents from the increase of blood glucose level, the influence
of this polymer on lipid metabolism and on progression of
atherosclerosis has remained unexplained so far. To show the
impact of cationically modified pullulanon lipid metabolism
and atherosclerosis and to characterize physicochemical
properties of this polymer we have recently synthesized
cationically modified pullulan (Pull-GTMAC) by covalently
substituting pullulan with GTMAC. Pull-GTMAC has been
administered orally to apoE-knockout mice (apoE(–/–) mice,

that constitute a murine model of atherosclerosis, at a dose of
300 mg/kg b.w./day for 18 weeks and its anti-atherosclerotic
activity and influence on the lipid metabolism were studied.

MATERIALS AND METHODS

Materials

Pullulan from Aureobasidium pullulans, Mw = 200 kDa
(Sigma); glycidyltrimethylammonium chloride technical, ≥
90%, GTMAC (Aldrich); sodium hydroxide G.R., NaOH
(Lach:ner); RPMI Medium 1640 (1×) (Gibco); Fetal Bovine
Serum (FBS) (Gibco);MTT reagent (3[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide, approx. 98%, TLC)
(Sigma); dimethyl sulfoxide (DMSO), minimum 99.5% GC
(Sigma); enoxaparin Clexane 40 mg/0.4 ml, Enoxaparinum
natricum solution for injection (Sanofi Aventis);n-hexane, p. a.
(Chempur, Poland), hexane Chromasol V®, for HPLC, ≥ 97.0%
(GC) (N-Hexane) (Sigma-Aldrich, Germany); anhydrous
sodium sulfate, Na2SO4, ≥ 99.0% (Sigma-Aldrich) dried at
100°C; acetone, p.a. (POCH, Poland); acetone p.a., CH3COCH3

(Chempur); phosphate buffered saline, 10 × concentrate,
BioPerformance Certified (PBS at pH 7.4, concentrate dissolved
10 × in distilled water for using in experiments) (Sigma); Kilik
cryostat embedding medium (Bio-Optica); glass microscope
slides SuperFrost® (Menzel Glaser); poly-L-lysine solution
0.1% w/v in water; thimerosal 0.01% added as preservative
(Sigma-Aldrich); Oil Red O (Sigma); Rneasy® Fibrous Tissue
Mini Kit, (Qiagen); RevertAidTM Reverse Transcriptase
(Fermentas); 10 mM dNTPs Ultrapure Mix (EURx); 5 ×
Reaction Buffer for M-MulVRT (Fermentas); RiboLockTM
RNase Inhibitor (Fermentas); PPM24937F-200: RT2 qPCR
Primer Assay for Mouse Ldlr (Qiagen); PPM02946E-200: RT2

qPCR Primer Assay for Mouse Gapdh (Qiagen); SybrGreen
Jump StartTMTaq MixTM Ready for quantitative PCR, in MgCl2

buffer (Sigma); Water Biotechnology Performance Certified
(Sigma-Aldrich).

Experimental animals and treatment

All animal procedures were approved by the Local Ethics
Committee for the Animal Experiments at Jagiellonian
University. In the carried out experiments 20 homozygous
female apoE-knockout mice were used (Taconic, Denmark) with
nomenclature:APOE-F B6.129P2-Apoetm1UncN11 homozygous
mice at the age of seven to eight weeks, with the genetic
background of C57BL/6J mice. Females were divided randomly
into two groups: a control group with size of 14 mice (n = 14),
not receiving the tested chemical compound in the diet, and a
research group of 6 mice (n = 6) fed with diet containing Pull-
GTMAC at a dose of 300 mg/kg b.w./day which has been given
for 18 weeks. The mice were quarantined and fed with Labofeed
H fodder on a chow diet (containing 5% fat; ‘Morawski’Works
of Feed, Poland) mixed with cationic pullulan for 18 weeks in
the Animal House of the Chair of Immunology at Faculty of
Medicine at Jagiellonian University Medical College in the daily
cycle of light and darkness (the length of the light corresponding
to the natural day length in spring and summer), in the
conditions of temperature range from 21°C to 22°C and
humidity of 60%. The animals were kept in ad libitumaccess to
food and water.

Synthesisof cationically modified pullulan (Pull-GTMAC)

Nine grams ofpullulan (pullulan from Aureobasidium
pullulans, Mw = 200 kDa, Sigma) was dissolvedin 450 ml of
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distilled water with constant stirring using magnetic stirrer. Then,
130 ml of glycidyltrimethylammonium chloride (GTMAC) and
water mixture was added (before addition, 80 ml of GTMAC had
been mixedwith 50 ml of distilled water). While the mixture of
pullulan and GTMAC was mixedin a 1000 ml round-bottomed
flask,20ml of 5M NaOH was added.Next, the reaction mixture
washeatedfor 14 h at80°Cwith constant stirring. The reaction
mixture was cooled and dialyzed for 5 days against distilled water
with controlling the conductivity of the water until it fell below 4
µS (microsiemens). Finally, the solution was concentrated using
rotary evaporatorand freeze-dried.

Chemical analysis of the cationic pullulan derivative

The zeta potential of 1 mg/ml Pull-GTMAC solution in
physiological saline (0.1 M) at pH = 7.4 was measured in folded
capillary cells using Zetasizer Nano-ZS (Malvern Instruments)
at 25°C. In order to confirm the structure of the Pull-GTMAC,
the FT-IR spectra of pullulan and the derivative were recorded
using a Bruker IFS 48 526 spectrometer and the elemental
analysis was performed using Vario Micro CHNS elemental
analyzer (Elementar). Based on the results of elemental analysis
the substitution degree of pullulan with GTMAC was calculated
according to the following formula:

where:
DS is degree of substitution, mN - percentage by mass of

nitrogen (N) in a Pull-GTMAC sample (mean from two
elemental analyses), mC - percentage by mass of carbon (C) in a
Pull-GTMAC sample (mean from two elemental analyses), MW(N)

- atomic weight of nitrogen, MW(C) - atomic weight of carbon.

Cytotoxicity study on HepG2 cell line

Human liver hepatocellular carcinoma cells (HepG2 cells)
were incubated with Pull-GTMAC in varied concentrations for
24 hours and 48 hours. The experiments were repeated several
times (incubation of cells in 6 wells of cell culture plates for each
concentration of the compound). The tests were performed on
the cells of the HepG2 cell line cultured in RPMI cell culture
medium with 5% (w/w) of FBS serum (fetal bovine serum).
Incubation of the cells was performed with Pull-GTMAC at the
following concentrations: 0, 0.1, 0.3, 1, 3, 10, 30, 100 µg/ml of
cell culture medium. The solutions with given substance
dissolved in NaCl2 was administered in a volume of 20 µl per
one well of 96-well plate. The control sample (relative to the
incubation with the cationic polysaccharide) constituted 20 µl of
0.9% NaCl-solution per well with HepG2 cells.

Procedure of incubation of HepG2 cells with Pull-GTMAC and
MTT test

The cells were dropped on 96-well plates (TPPCompany,
Switzerland) in the number of 30,000 cells per well containing
180 µl of RPMI medium with 5% FBS. HepG2 cells were
incubated for 24 and 48 hours with cationically modified
pullulan in an incubator (incubator Heracell 240, Heraeus
Instruments) at 37°C under an atmosphere containing 5% CO2.
After 24 and 48 hours 20 µl of 0.2% MTTsolution in NaClag was
added to each well containing cells for 2 hours of incubation at
37°C. Next, the medium containing MTTwas removed from
wells and the plates were frozen and incubated at –20°C
overnight. Then, the plates were stirred after adding 200 µl
DMSO per each well. Absorbance from each well of plate was
read at the wavelength of 562 nm on a plate reader (Epoch).

Procedure of murine feces collection

After 16 weeks of apoE-knockout mice feeding with a diet
containing Pull-GTMAC at a dose of 300 mg/kg b.w./day the
feces were gathered at the end of 72-hour collection of stool
from both research and control groups. All droppings from each
group were counted. Feces from 72-hour collection were
weighed, frozen and stored at –20°C. The material was collected
in order to carry out the extraction of raw fat by the method of
Soxhlet continuous extraction.

Extraction of fat by the method of Soxhlet continuous
extraction

The extraction of the fat was carried out from a stool samples
of apoE-knockout mice both from the control group fed with a
feed containing no tested compound (14 animals in the group) and
from the tested group fed with a feed containing cationic pullulan
(6 animals in the group) for 16 weeks. Extraction was performed
with n-hexane using a Soxhlet apparatus and the ratio of the
weight of extracted fat and the total weight of the sample was
calculated. Three extractions using the samples from the tested
group and five extractions using the material from the control
group were carried out. Results for each group are presented as the
mean value calculated from data obtained from 3-5 measurements
with the standard error of the mean (S.E.M.). The final results
were obtained as the average content of raw fat (H) in a group of
mice with S.E.M. and expressed as a percentage score.

Procedure of the Soxhlet continuous extraction

Stool sample was kneaded and rubbed into a homogenous
mass. Next, 6 g of the prepared sample was weighed and then
mixed with 6 g of anhydrous sodium sulfate and placed in an
extraction thimble. Round-bottomed 100 ml volume flask was
put in the heating bath (at 90 – 95°C) and 50 – 60 ml of n-hexane
was poured carefully into it. The flask was connected with the
Soxhlet extractor and the extraction thimble containing the
sample was placed in the extraction tube of Soxhlet apparatus.
The extractor was combined with the condenser tube. The
sample was extracted for 5 cycles (overflows). After the
extraction the solvent was evaporated using rotary evaporator.
Next, 2 ml of acetone was added to the flask containing the
extract and gently mixed. The flask was placed on a rotary
evaporator and acetone was evaporated. The flask content was
dried for about 10 minutes in a stream of an inert gas (argon or
nitrogen). Then, the flask with the extract was dried for 10
minutes in a vacuum oven at about 100°C. The flask was cooled
and weighed on an analytical balance with an accuracy of 1 mg.
The raw fat content in the sample of feces (H) was calculated
and expressed in percent. Calculations were performed
according to the following formula:

where: m0 - mass of the stool sample, m1 - mass of the empty
flask, m - mass of the flask containing the extract.

Procedure of tissue isolation

After feeding with feedmixed with cationically modified
pullulanfor 18weeks, mice were heparinizedvia intraperitoneal
administration of10 mg ofenoxaparin and euthanized by CO2

inhalation.
At first, the blood was takenby punctureto the right ventricle

of heart. Next, the auricle of right atrium was incised. The vascular
system wasperfused with PBSat pH 7.4with a puncture ofthe
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left ventricular apexat constantpressure.Then, a fragment of the
liver was incised and submerged in RNAstabilizing buffer as a
material for the study of gene expression. Thoracic and abdominal
part of aorta and heart were purified in situ and resected. The
resected heart was cut in half with a scalpel and the upper part of
the heart with aortic root was dipped into cryostat gel. Then, the
heart was snap-frozen and stored at –80°C. Plasma was obtained
by centrifuging of blood with an acceleration of 2,000 × g for 10
min at 4°C. The plasma was stored at –80°C.

Analysis of plasma lipid profile of apoE-knockout mice

Plasma lipids analysis was made in apoE-knockout mice fed
for 18 weeks with a feed containing Pull-GTMAC (6 mice). The
control plasma samples were derived from the mice fed with feed
containing no cationic polysaccharide in the diet (n = 6 in group).

Levels of various lipid fractions were marked (total
cholesterol, LDL, HDL, triglycerides) for groups of apoE-
knockout mice fed with feed containing cationic pullulan. Levels
of lipid fraction expressed in mmol/l of plasma were presented as
a mean ± S.E.M. for all mice in a group. The volume of plasma
samples for testing was approximately 210 µl. The research was
conducted in the liquid phase of the plasma in the Laboratory of
Biochemistry (Department of Diagnostics, University Hospital in
Cracow) using automatic biochemical analyzers: for total
cholesterol the CHOD-PAP method of analysis was used on
Hitachi 917 and Modular Panalyzers, for HDLcholesterol - the
direct enzymatic-colorimetric method by Abell-Kendall on Hitachi
917 and Modular Panalysers, for cholesterol LDL(DIRECT) - the
enzymatic method on Modular Panalyser, for triglycerides - the
GPO-PAP method on Hitachi 917 and Modular Panalysers.

Quantification of the area of atherosclerotic plaque

The cross-sections of the aortic root was performed according
to the standard protocol (37-39). At first, the series of 10 adjacent
cryostat sections was cut using a cryostat (Jung cryostat CM
1800, Leica) every 100 µm from the proximal 1 mm long
segment of aortic root at –20°C. The collecting of sections was
started at starting point which was situated in 100-µm distance
from place where there was the appearance of the aortic valves
(using microscope to watch the frozen scraps up to date) and the
sections were gathered at 100-µm intervals. The sections were
collected on glass microscope slides (for cryostat) covered with
10 µl (per 1 glass) solution of poly-L-lysine. After air drying the
sections were fixed and stained with oil red O dye (ORO), which
is applied in staining of fats, triglycerides and lipoproteins. The
method of fixation was based on incubating the frozen sections
for 10 min in buffered 4% formalin (formaldehyde solution in
phosphate buffer at pH = 7.4) and washing twice for 5 minutes in
distilled water. Preparations stained with ORO were covered with
cover slips in gelatin-glycerol mixture (glycerogelatin). Then,
microscopic pictures of cross-sections of the aortic root were
taken using Camedia 5050 digital camera (Olympus) and BX50
microscope (Olympus) with a 4 times magnifying lens. The
pictures were taken under magnification of 80 times and stored as
.jpeg files with resolution of 2040 × 1536 pixels. A computer
morphometric image analysis was conducted in order to evaluate
the area of the plaque using a LSM 5 Image Browser (Zeiss)
computer program. The results for the mice were presented as the
average area of atherosclerotic plaques located on 9 sections
spaced about 100 µm. The mean area of atherosclerotic plaque
with S.E.M. for both groups of mice was calculated(the mean of
areas measured for all individuals in the group). Six mice were
used in the method of cross-section of the aorta in the group
receiving the feed with Pull-GTMAC and 14 animals were used
in the group receiving no tested compound.

Analysis of lipid metabolism gene expression

The study of LDLR (low density lipoprotein receptor) gene
expression was performed using real-time PCR method on cDNA
material from the liver of apoE-knockout mice fed with a diet
containing Pull-GTMAC at a dose of 300 mg/kg b.w./day for 18
weeks. RNAisolation was carried out by column-based method
using RNAisolation kit for tissues. 1000 ng of isolated RNAwas
dissolved in RNase free water in final volume of 10.7 µl used for a
sample prepared to the reverse transcription reaction. After adding
to the sample 0.9 µl of 3 times diluted (in RNase-free H2O) solution
of oligonucleotide primers, denaturation of RNAwas performed at
72°C for 10 min in T3 Thermocycler (Biometra). Next, 8.4 µl of a
reaction mixture was added, consisting of: 0.9 µl of reverse
transcriptase in concentration of 200 units per µl (U/µl), 2 µl of
buffer of triphosphate deoxynucleotides mixture, 4 µl of buffer for
reverse transcriptase, 1.5 µl of RNase inhibitor at a concentration
of 40 U/µl. The samples were incubated ina thermal cycler with
the following temperature profile: annealing (hybridization of the
primers): 42°C for 2 hours, elongation: 70°C for 10 min. For
performing the real-time PCR reaction mixtures of sense and
antisense primers were used: for murine receptor for low density
lipoprotein (mouse LDLR), and for mouse glyceraldehyde-3-
phosphate (mouse GAPDH) as a reference gene. Commercial main
solutions of the primer mixture (primer assays) were used at a
concentration of 10 µM for each of the genes. Next, cDNAwas 10
times diluted in RNase-free water. To wells of 96-well plate 13 µl
of reaction mixture was added, containing:

7.5 µl of a mixture containing the SYBR Green dye,
1 µl of mixture of primers (10 µM),
4.5 µl of RNase-free water.
Then, 2 µl of diluted cDNAwas added to the wells in 3

replicates for each of the genes (GAPDH and LDLR). The plate
was transferred to the thermocycler for real-time PCR (7900 HT
fast real-time PCR System with 96 Wells Fast Block, Applied
Biosystems). The following temperature profile was used in the
reaction of real-time PCR: Step 1: 95.0°C for 10:00 minutes; Step
2: (40 cycles) 95.0°C for 0:30 min, 60.0°C for 1:00 min
(annealing), 72.0°C for 0:45 min; Step 3: (step of dissociation):
95.0°C for 0:15 min, 60.0°C for 0:15 min, 95.0°C for 0:15 min.
The results of the real-time PCR reaction was initially analyzed
using the Sequence Detection Systems Version 2.4 software
(Applied Biosystems). Next, analysis of the results was performed
using ∆∆Ct method. The number of mice in groups for the reaction
was 3 individuals in the tested group and control group. Optimized
results of the real-time PCR reaction were presented as the mean
value of expression change (in relative units) for 3 mice ± S.E.M.

Statistical analysis

Continuous variables (for example area of the atherosclerotic
plaque) were expressed as the arithmetic mean ± S.E.M. (where
S.E.M. is a standard error of the mean). The T-test was used for
statistical analysis of the results. The P value < 0.05 was
considered as statistically significant.

RESULTS

Chemical characterization

In the FT-IR spectrum of Pull-GTMAC the band at a
wavenumber of 1470 cm–1, characteristic for methyl groups of
the quaternary amine, was observed, that has not been present in
native pullulan (Fig. 1). This band clearly confirmed the cationic
modification (2, 40, 41). Also, as found from the elemental
analysis, the modified pullulan contained 3% of nitrogen, while
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this element has not been present in unmodified pullulan. The
corresponding degree of substitution of Pull-GTMAC was
calculated to be 71.25%. The zeta potential of Pull-GTMAC at
pH 7.4 was +15.2 mV(mean from three replicates).

Cytotoxicity of the cationically modified pullulan

Pull-GTMAC exhibited antiproliferative properties in MTT
test performed on HepG2 cell line. There was statistically
significant decrease of HepG2 cells viability induced by pullulan-
GTMAC at concentrations of 0.1, 0.3, 1.0, 3.0 µg/ml of cell

culture medium after 24 hour incubation as well as after 48 hours
of incubation at concentrations of 0.3, 1.0, 3.0 µg/ml (Fig. 2).
However, cationically modified pullulan increased cell viability
after 48 hour incubation at concentration of 100 µg/ml.

Influence of Pull-GTMAC on fat content in apoE(–/–) mice
feces

It was found that under influence of Pull-GTMAC given at
a dose of 300 mg/kg b.w./day the average daily mass of feces
increased by 35% and the average number of droppings
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Fig. 1. FT-IR spectrum of
pullulan (dotted line) and
pullulan-GTMAC (solid line,
pointer- the band characteristic
for methyl groups of the
quaternary amine)

 A 

 B 

Fig. 2. Results of MTT test
performed after 24 hour (A)
and 48 hour of incubation (B)
of HepG2 cells with Pull-
GTMAC



excreted by apoE(–/–) mouse increased by 8 pieces in relation
to the control mice fed with feed without the tested compound
(Fig. 3A and 3B). However, raw fat content in the feces of
mice decreased by 26% in the group of apoE-knockout mice
fed with the diet containing Pull-GTMAC compared to the
control group of animals (average raw fat content at level of
1.415 ± 0.131% in control group versus 1.042 ± 0.035% in
Pull-GTMAC treated group, T-test, P= 0.022; Fig. 3C). What
is more, the average mass of fat in one piece of feces (in one
dropping) decreased by 14% in the group after cationic
pullulan treatment in relation to control group of mice, but this
result is not statistically significant (T-test, P= 0.131). Finally,
after taking into account the daily mass of feces excreted by
apoE(–/–) and number of animals in group, the average mass
of fat excreted per one mouse in group per day is 0.01461 g in
the control group and 0.01429 g in the group treated with Pull-
GTMAC. To sum up, the average mass of fat excreted daily
per one mouse decreased by 2.2% under influence of Pull-

GTMAC comparing to the control without statistical
significance (T-test, P= 0.419).

Analysis of plasma lipid profile after Pull-GTMAC treatment

No statistically significant changes in the levels of individual
lipid fractions after oral administration of cationically modified
pullulan (Pull-GTMAC) at a dose of 300 mg/kg b.w./day for 18
weeks were found in relation to the control group in studies on
apoE-knockout mice (Fig. 4).

Effect of Pull-GTMAC on atherosclerotic plaque development

In the experiment performed in apoE-knockout mice fed with
feed containing Pull-GTMAC at a dose of 300 mg/kg b.w./day
for 18 weeks (using the cross-section method of aortic root
imaging) a statistically significant reduction of atherosclerotic
plaque under influence of cationically modified pullulan by 13%
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Fig. 3.Effect of Pull-GTMAC on fecal fat
content in apoE(–/–) mice: (A) average
mass of feces excreted by apoE-knockout
mouse per day, (B) average number of
droppings excreted by apoE-knockout
mouse per day, (C) raw fat content (H) in
apoE-knockout mice feces after feeding
with feed containing Pull-GTMAC (mean
± S.E.M.). *P< 0.05 versus control.



was observed compared to the control group of mice whose diet
did not contain the tested compound (T-test, P= 0.047; Figs. 5
and6). Measured lesion area was 3.67×105 ± 0.26×105 µm2 in the

control group versus 3.17×105 ± 0.10×105 µm2 in Pull-GTMAC-
treated group of mice. These results indicate that cationically
modified pullulan attenuates atherogenesis.
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Fig. 4.Analysis of plasma lipid profile of apoE(–/–) mice under influence of Pull-GTMAC administered orally at a dose of 300 mg/kg
b.w./day for 18 weeks.

 A   B 

Fig. 6. Representative micrographs showing preparations of aortic root stained with ORO using a cross-section method of
atherosclerotic lesion imaging in (A) a control group of apoE(–/–) mice and (B) in a group treated with Pull-GTMAC.

 

Fig. 5.Area of the atherosclerotic plaque presented as a mean ± S.E.M. in a control group of apoE-knockout mice and in a group of
apoE(–/–) mice treated with Pull-GTMAC at a dose of 300 mg/kg b.w./day for 18 weeks (cross-section imaging of aortic root, ORO
staining). *P< 0.05 versus control.



Influence of cationically modified pullulan on expression of
lipid metabolism gene (LDLR) in the liver

It was shown that cationically modified pullulan has a
significant impact on the expression of gene involved in lipid
metabolism in in vivo studies in a murine model of
atherosclerosis. It is noted that Pull-GTMAC at a dose of 300
mg/kg/b.w./day administered orally for 18 weeks caused a
statistically significant increase of mRNAlevel of LDLR
(upregulation of LDLR gene) in apoE-knockout mice livers in
relation to the control group of mice (Ttest, P= 0.025; Fig. 7).

DISCUSSION

In order to study theearly stagesof atherogenesisanimal
models were used, such as homozygous apolipoprotein E-
deficient mouse (apoE-knockout mouse) which spontaneously
develops atherosclerosis (42). The aim of the research described
in this article was to characterize the physicochemical
properties and to examine the impact of a cationically modified
pullulan (Pull-GTMAC) on lipid metabolism and atherogenesis
in murine model of atherosclerosis (apoE-knockout mice) after
oral administration. On the basis of the experiments it was
shown that the cationic pullulan inhibits atherosclerotic plaque
development and influences the amount of fat excreted with the
feces. However, the mechanism of Pull-GTMAC acting on lipid
metabolism remains unclear. It was previously shown, that
pullulan is internalized inside hepatocytes via
asialoglycoprotein receptor (ASGPR) mediated endocytosis
(27) and that pullulan modified with GTMAC has specific
affinity towards hepatic cells (30). What is especially
interesting, the galactose-specific ASGPR binds and
internalizes lipoprotein (a) (a highly atherogenic plasma
lipoprotein) and is involved in in vivo catabolism of this
molecule (43). It was also shown that atherosclerosis is an
inflammatory disease (42), and ASGPR are the receptors
involved in regulation of the immune system (44). It is believed
that activation of asialoglycoprotein receptors by Pull-GTMAC
and internalization of this polysaccharide into hepatic cells may
influence the lipid metabolism and thus cause inhibition of
atherogenesis.

We have also shown that cationically modified pullulan
increased the mass of apoE(–/–) mice excreted feces and daily
number of droppings. The high molecular weight unmodified
pullulan (high-MWpullulan, MW = 100,000 Da) shows similar
effect in dogs after oral administration twice daily with diet
containing 30% of the tested polysaccharide and 15% fat (45).
Dogs fed with high-MWpullulan had higher fecal scores
(indicating looser stools) and fecal output than dogs after
maltodextrin, γ-cyclodextrin or low molecular weight native
pullulan (low-MW pullulan, MW = 6300 Da) treatment. On the
other hand, dogs consuming low-MWpullulan, γ-cyclodextrin
or maltodextrin had higher dry mass of excreted feces than those
treated with high-MWpullulan (45). What is interesting, it was
also presented that C57BL/6j mice fed with a high fat diet (60%
energy from fat and 0.03% w/w cholesterol) had by about 48%
higher level of fecal total lipids than mice on a chow diet (46).
Probably, Pull-GTMAC decreased raw fat content in apoE(–/–)
mice feces which became close to normal level in normal mice.
It has been previously reported that both apoE-knockout mice
being on a chow diet and C57Bl/6N mice on a high fat western
diet had elevated level of total serum lipids in relation to wild-
type mice on a chow diet (47, 48). It is also possible that after
Pull-GTMAC treatment mass of apoE(–/–) mice feces increased
because it underwent compensatory regulations in relation to
considerable decrease of fat in the stool.

In this article it has also shown that cationically modified
pullulan did not exhibit the lipid-lowering effect in the serum but
despite that it had antiatherogenic properties by reducing an
antiatherogenic plaque development. Thus, it can be assumed
that the mechanism of anti-atherogenic action is independent on
the effect of this compound on serum lipids profile. It is believed
that between the chains of Pull-GTMAC and cholesterol
molecules there are present (in certain specific areas) an
electrostatic interactions between the –N(CH3)3

+ groups of Pull-
GTMAC and the OH groups of cholesterol as same as in
interactions between cationically modified chitosan substituted
by GTMAC (chitosan HTCC) and cholesterol (based on
molecular simulation conjectures) (2, 49).

What is more, based on research conducted under this
publication it seems that pullulan modified with
glycidyltrimethylammonium chloride is a nontoxic polymer.
Although it exhibited antiproliferative properties in studies on
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Fig. 7. Influence of Pull-GTMAC on LDLR gene expression in the apoE-knockout mouse liver after feeding with feed containing the
polysaccharide at a dose of 300 mg/kg/b.w./day for 18 weeks. *P< 0.05 versus control. 



HepG2 cells (liver cancer cell line) but it was a weak effect (up
to 25% of decrease of cell viability after 24 hour incubation) and
occurred only in certain concentrations of Pull-GTMAC (for
example: in concentration of 1 µg/ml of cell culture medium). It
seems to be also a safe compound to oral administration because
the tested animals have eaten Pull-GTMAC with feed for 18
weeks and they did not indicate any distressing symptoms
connected with condition of digestive system in comparison to
the control group of mice. On the other hand, the studies on
HepG2 cancer cells indicated an anticancer potential of
cationically modified pullulan. But, to explain particular
mechanism of anticancer activity of this compound further
research should be done to determine whether the drug acting is
dependent on the cell cycle (and phase-specific) or not. What is
more, it seems that pullulan chains could also create pseudo-
micelles with cholesterol molecules. Possibly, a similar effect
may also include fatty acids and their salts as in the case of
cationically modified chitosan (2).

Pull-GTMAC influenced also an expression of lipid
metabolism gene. The results of the real-time PCR reaction have
indicated that the Pull-GTMAC caused statistically significant
increase of mRNAlevel for LDL receptor in the apoE(–/–) mice
liver after administration at a dose of 300 mg/kg/b.w./day for 18
weeks. It is thought that cationically modified pullulan,
internalized by hepatocytes via asialoglycoprotein receptors, can
influence on lipid metabolism by regulation of lipid metabolism
genes expression and thus it shows antiatherogenic action.
Perhaps the mechanism of action of this polymer is similar to the
effects caused by statins. It was reported that after 48 hours of in
vitro incubation of HepG2 cells with lovastatin an expression of
HMG-CoAR (3-hydroxy-3-methylglutaryl-CoAreductase) was
decreased and the expression of LDLR was increased, as well as
under influence of eicosapentaenoic acid (50).

To our knowledge, this is the first report that describes the
effect of cationically modified pullulan (Pull-GTMAC) on
atherogenesis and its influence on level of fecal lipid in apoE-
knockout mice model of atherosclerosis. We showed that
cationic pullulan (Pull-GTMAC) has antiatherogenic potential
and influences on lipid metabolism regulating lipid metabolism
gene expression. However, particular mechanism of this
polymer action still remains unclear and requires further
research.

It seems to be very important to check the effect of
cationically modified pullulan in another than apoE-knockout
mice model such as, for example, female mice model with
targeted replacement of the endogenous mouse ApoE gene with
human ApoE4 or ApoE3 gene with a C57Bl/6 background (51,
52). The genotypes differ from one another in proinflammatory
response. The mice with ApoE4 genotype had a more advanced
inflammation than mice with ApoE3 genotype due to a high
production of 5-oxoeicosatetraenoic acid in ApoE4 carriers (51-
53). Although the apoE-knockout mice model is well known and
widely used rodent model of atherosclerosis (54-56), in the
model of transgenic mice that carry human alleles the
cardiovascular risk can also be rated (51, 57). It is interesting
that in the comparative studies the ApoE4 allele was posed a
greater cardiovascular risk than the ApoE3 allele (51, 57). The
higher lipid accumulation in hepatocytes isolated from both
transgenic mice strains carrying the human alleles than in wild-
type controls was also observed (51). Furthermore, after
incubation of primary culture hepatocytes, isolated from the
transgenic strains of mice with acetaminophen (APAP) it was
found that mice with ApoE3 and ApoE4 alleles showed higher
susceptibility to acute APAP in vitro toxicity than wild-type mice
(51). Comparing the two tested transgenic genotypes, the
individuals carrying ApoE3 allele were more prone to injury. On
the other hand, it was also shown that the expression of Bcl-2, an

antiapoptotic protein, was downregulated in isolated hepatocytes
after treatment with APAPbut the decline was more pronounced
in ApoE4 and WT than in ApoE3 cells (51).
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