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The present study involves the preparation of cubic liquid crystalline nanoparticles (cubsomes) for liver
targeting to assess the potential of a formulated bioactive polysaccharide isolated from the hot aqueous
extract of Ulva fasciata as an alternative natural agent with anti-hyperlipidaemic activity. Cubosomal
nanoparticles were prepared by disrupting the cubic gel phase of the polysaccharide and water in the
presence of a surfactant. Different lipid matrices and stabilizers were tested. All the formulations were
in the nanosize range and showed sufficient negative charge to inhibit the aggregation of the cubosomes.
Drug entrapment efficiencies (EEs%) were determined and in vitro release studies were performed.
Transmission electron microscopy (TEM) and differential scanning calorimetry were used to analyze
the loaded cubosomal nanoparticles containing glyceryl monostearate (GMO 2.25 g), poloxamer 407
(0.25 g) and 50 mg of the polysaccharide. A preclinical study comparing the cubic liquid crystalline
nanoparticles containing polysaccharide to fluvastatin as a reference drug in hyperlipidaemic rats was
conducted. The rats treated with the polysaccharide- loaded cubosomes showed significant decreases
in total cholesterol (TC), triglycerides (TG) and total lipid (TL) compared to the untreated HL rats. In addi-
tion, oxidative stress and antioxidant biomarkers were measured in the HL rats. Compared to the
untreated HL rats, the cubosome treated rats showed a significant reduction in malondialdehyde
(MDA), whereas insignificant changes were detected in nitric oxide (NO), glutathione (GSH) levels and
total antioxidant capacity (TAC). Further, vascular and intercellular adhesion molecules (VCAM, ICAM),
and myeloperoxidase were demonstrated. A histopathological examination was conducted to study the
alterations in histopathological lesions and to document the biochemical results. In conclusion, this study
demonstrates the superiority of using a natural lipid regulator such as polysaccharide loaded cubosomes
instead of fluvastatin.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction search for new drug delivery approaches and new modes of action
One of the most important goals in the pharmaceutical industry
is targeting drugs to specific organs and tissues. In this context, the
represents one of the main challenges at present. The advances
necessary to improve the therapeutic index and bioavailability of
systems capable of site-specific delivery require a multidisci-
plinary scientific approach (Haag and Kratz, 2006; Korting and
Schafer-Korting, 2010; Semete et al., 2010; Wang et al., 2011).
With the increased usage of nanotechnology, nanomedicine has
emerged as a strategy for the production of commercially available
drug products. Nanomedicine involves the innovative use of
nanometer scale materials to develop new approaches and thera-
pies. Because of their characteristic small size, surface structure
and high surface area, materials exhibit unique physicochemical
properties (Semete et al., 2010). Such properties facilitate the intra-
cellular uptake of nanomaterials to specific cellular targets, helping
overcome the current limitations of traditional formulations.
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Fatty liver disease is a reversible condition where large vacuoles
of triglyceride fat accumulate in liver cells via the process of steato-
sis (i.e. abnormal retention of lipids within a cell). Fat accumula-
tion may be accompanied by a progressive inflammation of the
liver (hepatitis), i.e., steatohepatitis (Katiyar et al., 2016). In a pre-
vious study performed in our lab, we proved that a polysaccharide
from Ulva fasciata polysaccharide was an effective anti-
hyperlipidaemic agent (Matloub et al., 2013; Borai et al., 2015;
Rizk et al., 2016a, 2016b). Polysaccharides a family of active mate-
rials similar to sialic acid; enhances the negative charges on cell
surfaces to affect the aggregation of cholesterol in the blood,
thereby, decreasing serum cholesterol levels (Li et al., 2008).

Cubic liquid crystals, also known as cubosomes, are dispersed
nanostructured particles characterized by high biocompatibility
and bioadhesive properties (Spicer, 2005). Cubosomes are pro-
duced in a liquid crystalline phase with cubic crystallographic
symmetry and are formed by the self-assembly of amphiphilic or
surfactant like molecules (Scriven, 1976). However, the cubic
phases possess the unique property of very high solid like viscos-
ity: because of their interesting bicontinuous structures, which
enclose two distinct regions of water separated by a controlled
bilayer of surfactant (Rizwan et al., 2007). Consequently, the cubic
phases can be fractured and dispersed to form particulate disper-
sions that are colloidal and thermodynamically stable for a long
time (Scriven, 1976). Cubosomes are characterized by their capa-
bility to encapsulate hydrophilic, hydrophobic and amphiphilic
substances (Gustafsson et al., 1997; Bei et al., 2010). They also
enable targeted and controlled drug release (Bei et al., 2010) and
easily prepared and low cost.

This work describes a simple method for preparing a cubic
phase gel matrix containing the polysaccharide isolated from the
hot aqueous extract of Ulva fasciata. The prepared cubic gel matrix
could be dispersed in water to form cubosomal nanoparticle dis-
persion prior to oral administration.

The polysaccharide-loaded cubosomes were evaluated for their
in vitro and in vivo characteristics to explore their potential as a tar-
geted drug delivery system providing optimal concentration of
polysaccharide to the liver tissues.
2. Materials

The polysaccharide was isolated from the hot aqueous extract
of Ulva fasciata as described by Matloub et al. (2013). Glyceryl
mono-oleate (GMO), glyceryl mono-stearate (GMS), poloxamer
407 and poloxamer 188 were purchased from Sigma-Aldrich
Chemical Company (Milwaukee, USA). Cellulose membrane dialy-
sis tubing (molecular weight cut-off of 12,000–14,000 g/mole);
was purchased from Sigma-Aldrich Chemical Company; St. Louis,
USA. Fluvastatin was purchased from NOVARTIS Pharmaceuticals
(Egypt, Cairo). Enzyme –linked immunoadsorption assay (ELISA)
kits were provided by UCSN (U.S.A.) for myeloperoxidase (MPO)
and Eiaab (USA) for both vascular cell adhesion molecule-1
(VCAM-1) and soluble intracellular adhesion molecule-1 (ICAM-
1). Other chemicals and reagents were purchased from Biodiagnos-
tic Company for Diagnostic and Research Reagents; (Egypt). All sol-
vents and reagents were of analytical grades.
3. Methodology

3.1. Acquisition of the extract calibration curve using the sulfuric acid -
UV method

The procedure for the proposed sulfuric Acid–UV method is as
follows. A 1 ml aliquot of carbohydrate solution was rapidly mixed
with 3 ml of concentrated sulfuric acid in a test tube and vortexed
for 30 s. The temperature of the mixture increases rapidly within
10–15 s after the addition of sulfuric acid. Then, the solution was
cooled on ice for 2 min to bring it to room temperature. Finally,
the UV light absorption of the sample was read using a UV spec-
trophotometer (Shimadzu UV spectrophotometer 2410/PC, Japan)
at 322 nm. Reference solutions were prepared according to the
same procedure described above, except that the carbohydrate ali-
quot was replaced with distilled water (Albalasmeh et al., 2013).

3.2. Preparation of blank and drug- loaded cubic gels

For a blank cubic gel, GMO or GMS (2.25 g) and poloxamer 407
(0.25 g) or poloxamer 188 (0.25 g) were melted at 70 �C in a water
bath. The obtained molten solution was added dropwise to 4 ml of
deionized water (70 �C) and vortexed. The solution was mixed at
high speed at room temperature to achieve a homogenous state.
The mixture was equilibrated at room temperature for 48 h to
obtain the blank cubic gel (Nasr et al., 2015). The drug-loaded cubic
gel was prepared by dissolving 50 or 100 mg of extract in 4 ml of
deionized water before adding the GMO or GMS/poloxamer 407
or poloxamer 188 molten solutions. The prepared formulations
were subjected to physical examination to identify the homoge-
nous gel and the separated system. The remaining steps were the
same steps as those described for the preparation of the blank
cubic gel. The cubic gels were stored at ambient temperature until
use.

3.3. Preparation of cubosomal nanoparticles dispersions

To prepare the cubosomal dispersions, the cubic gel was dis-
persed in 18.50 ml of deionized water by vortexing at high speed
for 3 min. The final concentration of lipids in the dispersion was
10% (w/w) with respect to the final dispersion weight. The final
extract concentration in the cubosomal dispersion was 2 mg/g
cubosomal dispersion.

3.4. Characterization of cubosomes

3.4.1. Particle size
The average diameter of the cubosomal dispersions and poly-

dispersity index (PDI) were determined by photon correlation
spectroscopy (PCS) using a Zetasizer Nano ZS (Malvern Instru-
ments, Malvern, UK) at a fixed angle of 90� and at 25 �C. The aque-
ous cubosomal dispersions were diluted with distilled water before
analysis. Each value represents the average of 3 measurements.

3.4.2. Zeta potential analysis
The particle charge was quantified as zeta potential (ZP) using a

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at 25 �C.
Before measuring, each sample had to be diluted with demineral-
ized particle free water to reach an adequate intensity. Each mea-
surement was performed at least in triplicate.

3.5. Determination of drug entrapment efficiency and drug loading
capacity

The entrapment efficiency (E.E.) was determined by measuring
the concentration of drug in the supernatant after centrifugation
using a cooling centrifuge (Union 32R, Korea). The unentrapped
drug was determined by adding 1 ml of drug-loaded cubic gel to
9 ml of water and then centrifuging this dispersion at 9000 rpm
and 4 �C for 30 min. The supernatant was collected, filtered
through a Millipore membrane filter (0.2 mm), then diluted with
water and measured using the sulfuric-acid-UV method against a
blank. The E.E. was calculated using the following equation (Hou
et al., 2003; Souto et al., 2004):
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E:E:% ¼ Initial drug conc:� free drug conc:
Initial drug conc:

� 100

The drug loading capacity (D.L.%) was calculated according to
the following equation:

D:L:% ¼ Amount of entrapped drug
Drug nanoparticle weight

� 100
3.6. In vitro drug release studies

The in vitro release of polysaccharide from the different cuboso-
mal dispersions was evaluated by the dialysis bag diffusion
method reported by Yang et al. (2000). The release studies were
performed in phosphate buffer at pH 6.8. Polysaccharide-loaded
cubosomal dispersions equivalent to 2 mg of drug were suspended
in distilled water (donor compartment) in a dialysis bag (molecular
weight cut-off of 12,000–14,000 g/mol) sealed at both ends and
dialysed against phosphate buffer (receptor compartment). The
dialysis bag was immersed in the receptor compartment contain-
ing 50 ml of dissolution medium, which was stirred at 100 rpm
and maintained at 37 ± 2 �C. The receptor compartment was cov-
ered to prevent evaporation of the dissolution medium. To deter-
mine the amount of drug that diffused through the dialysis bag,
samples (2 ml) were taken from the receptor compartment and
the same amount of fresh dissolution medium was added to keep
a constant volume at fixed time points (0.5, 1, 2, 3, 4, 5, and 6 h).
The polysaccharide in the samples was measured spectrophoto-
metrically at 322 nm. The release studies were carried out in trip-
licate for all formulations, and the results were expressed as the
mean values ± SD. The cumulative percent of polysaccharide
released was plotted against time.
3.7. Transmission electron microscopy

The morphology of the selected cubosomal formulation was
evaluated using a transmission electron microscope (TEM, JEOL
JEM1230, Tokyo, Japan). One drop of diluted sample was placed
on a copper grid and stained with 2% (w/v) phosphotungstic acid
for examination. The experiment was conducted at room tempera-
ture, and micrograph was taken at a suitable magnification power.
3.8. Differential scanning calorimetry

To detect any possible change in the physical state of the
polysaccharide in the cubic gel, differential scanning calorimetry
(DSC) was performed on the drug-loaded cubic gel, blank cubic
gel, polysaccharide and poloxamer 407 using a thermal analysis
system (DSC-60, Shimadzu, Japan). The samples (5 mg) were
heated from 25 to 400 �C at a constant rate of 10 �C/min in an alu-
minium pan under a nitrogen atmosphere. The thermograms
obtained were evaluated for peak shifts or the appearance/disap-
pearance of new peaks.
3.9. Assay of antihyperlipidaemic activity

3.9.1. Preparation of animals
Sixty male Wister rats (120 ± 10 gm), were provided by the ani-

mal house of the National Research Centre (NRC). These rats were
housed in a temperature-controlled environment (26–29 �C) with
a fixed light/dark cycle for two weeks as an adaptation period
and were supplied with water and food ad libitum. The present
study was approved by the Ethical Committee of the NRC, Egypt
(16,047).
3.9.1.1. Induction of hyperlipidaemia. Rats were fed orally with a
high-fat diet (composed of lard mixed with a normal diet in a ratio
of 1:5 for twelve consecutive weeks according to Adaramoye et al.
(2008) to establish the rat model of hyperlipidaemia. The lipid pro-
file of total cholesterol (TC), triglycerides (TG) and total lipids (TL)
was determined for selected HL rats.

3.9.2. Experimental design
Rats were randomly divided into four groups of 15 rats each as

follows:
Group 1: Served as a normal control (fed with a normal diet and

distilled water). The normal diet was composed of yellow corn,
soybean meal, extruded soybean seed, corn gluten, limestone
powder, mono-calcium phosphate, L-lysine hydrochloride, salt,
sodium bicarbonate, a mixture of vitamins and minerals, D- & L-
methionine and choline chloride.

Group 2: Served as the HL rats.
Group 3: HL rats that received an oral dose of 100 mg/kg.b.wt

(dose was inoculated using a gastric tube) of formulated hot
polysaccharide extract-loaded cubosomes. This dose was calcu-
lated based on the therapeutic dose for rats (Pengzhan et al., 2003).

Group 4: HL rats that received an oral dose of 2 mg/kg.b.wt. of
fluvastatin. This dose was calculated based on the therapeutic dose
(10 mg/day) for human beings (Koter et al., 2002) using the con-
version table of Paget and Barnes (Paget and Barnes, 1964).

The normal groups continued to be provided with the common
commercial rat chow. All treatments were given orally 5 times/
week for 4 weeks.

3.9.3. Collection of blood samples
At the end of the experiment, the animals were withheld food

for at least 12 h, and venous blood samples were collected by
puncture of the sublingual vein into sterilized tubes for serum sep-
aration and were immediately centrifuged at 3000 rpm for 15 min
at 4 �C. Next, the clear, non haemolyzed supernatant sera were
quickly removed and frozen at �20 �C until biochemical measure-
ments of the lipid profile, liver function parameters, inflammatory
myeloperoxidase (MPO), nitric oxide (NO) and cell adhesion mole-
cules; vascular and intercellular adhesion molecules (CAMs, i.e.,
VCAM-1 and ICAM-1).

3.9.4. Biochemical examination
3.9.4.1. Lipid profile. Serum was used to determine the levels of TC,
TG and TL with colourimetric methods (Zollner and Kirsch, 1962;
Allain et al., 1974; Fossati and Prencipe, 1982).

3.9.4.2. Endothelial dysfunction markers.
3.9.4.2.1. Nitric oxide. Serum nitric oxide (NO) was determined
according to the method of Montgomery and Dymock (1986).
3.9.4.2.2. Cell adhesion molecules. Rat soluble intercellular adhe-
sion molecule-1 (s-ICAM-1) and rat soluble vascular cell adhesion
molecule-1 (s-VCAM-1); concentrations were determined using
ELISA.
3.9.4.2.3. Inflammatory markers. In vivo quantitative measure-
ments of MPO were performed using ELISA. The results were
expressed as the mean ± SD and the differences between groups
were compared statistically using Student’s t test and Co–state sta-
tistical software, different letters were used to denote significant
differences at p � .05.

3.10. Histopathological examination of processed liver samples

Liver biopsies were fixed in 10% buffered formalin, and were
processed until embedded in paraffin. Serial liver sections with a
thickness of 4 mmwere obtained from the prepared paraffin blocks.
The liver sections were stained with haematoxylin and eosin.
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Histopathological examination of the stained sections was con-
ducted using a Zeiss microscope (Drury and Wallington, 1980).
3.11. Statistical analysis

Statistical analysis was accomplished using SPSS� software
(USA). Comparison between two or more groups was conducted
using the unpaired t test or one-way analysis of variance (ANOVA)
followed by the least significant difference test, respectively. A p
values < .05 was considered statistically significant.
4. Results and discussion

4.1. Preparation of cubosomal nanoparticles

The polysaccharide-loaded cubosomal nanoparticles were com-
posed of GMO or GMS (2.25 g), and were stabilized by 0.25 g of sur-
factant (poloxamer 188 or poloxamer 407). The polysaccharide
was incorporated at different concentrations (50 and 100 mg).

Eight formulations were prepared, and; the composition of the
investigated cubosomal formulations is shown in Table 1. The pre-
pared formulations were evaluated visually as a homogenous gel
or as two separated systems. All the formulations containing
GMS were found to exhibit phase separation. By contrast, when
GMO was used, an opalescent dispersion of the cubic nanoparticles
was obtained. This observation can be attributed to the unsatu-
rated double bond present in the GMO which may help its interac-
tion with the drug. On the other hand, the GMS is a saturated
compound; so no chance for interaction occurrence with other
components. This suggestion may explain the phase separation in
the GMS formulations’ compared to homogeneity in case of GMO
formulations’. The four selected formulations containing GMO
were subjected to further investigations.
4.2. Characterization of the prepared cubosomal vesicles

4.2.1. Particle size and zeta potential analysis
The particle size (PS), PDI and ZP results are presented in

Table 1. All the formulations were in the nanoscale range, with
sizes between 255 ± 9.11 and 588.6 ± 14.23 nm. The results
showed an increase in the PS with increasing drug concentration
(CUB-F1 & CUB-F2 versus CUB-F3 & CUB-F4). This observation
can be explained by the assumption that the lipid has a certain
loading capacity and that the addition of excess drug can lead to
aggregation, yielding a larger PS. The size distributions of polysac-
charide cubosomal dispersions were monomodal. The relatively
low PDI values as showed in Table 1 are proving the formation of
almost homogenous nanoparticles in the preparations.

As well, the ZP values showed the presence of sufficient charge
to inhibit aggregation of cubosomes via electric repulsion, indicat-
ing that the formulations are stable.
Table 1
Composition of different cubosomal gel (CUB) formulations.

Formula Lipid Surfactants (gm) PolysaccharideConc. (mg

Poloxamer 407 Poloxamer 188

CUB-F1 GMO 0.25 – 50
CUB-F2 0.25 – 100
CUB-F3 – 0.25 50
CUB-F4 – 0.25 100
CUB-F5 GMS 0.25 – 50
CUB-F6 0.25 – 100
CUB-F7 – 0.25 50
CUB-F8 – 0.25 100
4.3. Drug entrapment efficiency and drug loading capacity

The E.Es of all the formulations are presented in Table 1. It can
be observed the high E.Es values for the prepared formulations
which can be largely due to the presence of GMO which is a com-
monly used oil in drug delivery that can also act as an emulsifying
agent (Basha et al., 2017). To evaluate the effect of the different for-
mulation variables on the drug E.E., entrapment factors including
the type and concentration of surfactant and the concentration of
the drug were studied. The acquired data showed that increasing
the concentration of the Ulva polysaccharide from 50 mg to 100
mg, resulted in a significant decrease (p < .05) in the entrapment
efficiency and loading capacity of the tested polysaccharide in
the cubosomal formulations (CUB-F1 & CUB-F2 versus CUB-F3 &
CUB-F4). This decrease can be attributed to the fact that the
amount of drug added had increased above the encapsulation
capacity of GMO (Salama and Aburahma, 2016). Therefore, many
drug molecules remained unencapsulated at a drug concentration
of 100 mg. Regarding the effect of the surfactant type, formulations
containing poloxamer 407 showed higher E.Es and loading capac-
ity than those containing poloxamer 188 with the same amount
of drug (CUB-F1 & CUB-F3; CUB-F2 & CUB-F4). This result was in
agreement with many studies showing that poloxamer 407 is the
stabilizer of choice in cubosome preparation (Spicer, 2005;
Rizwan et al., 2007; Nasr et al., 2015). Furthermore, the low hydro-
philic lipophilic balance (HLB) of poloxamer 407 compared to that
of poloxamer 188 contributed to the high drug entrapment effi-
ciency. It was reported that incorporation of surfactants with low
HLB values during the preparation of nonionic vesicles significantly
increase the E.E. (Rizwan et al., 2007). The results reveal that the
highest E.E. (67.3 ± 2.65%) and drug loading capacity (25.1 ± 0.3)
were achieved in the cubosomal formulation CUB-F1 as shown in
Table 1.
4.4. In vitro drug release study

The results of investigating in vitro drug release from the loaded
cubosomes are presented in Fig. 1. The relatively slow release of
the active compound observed from the cubosomes may be attrib-
uted to the limited diffusion of the drug molecules incorporated in
the aqueous channels; in this case diffusion is governed by the tor-
tuosity and the relatively narrow pore size of the aqueous channels
(Anderson and Wennerstroem, 1990; Clogston et al., 2005). The
potential of cubosomes to serve as a slow release matrix for drugs
of varying sizes and polarities has been reported (Burrows et al.,
1994; Sadhale and Shah, 1999; Lara et al., 2005; Shah and
Paradkar, 2005; Clogston et al., 2005; Nguyen et al., 2011). Another
factor contributing to the slow drug release from the cubosomes is
the presence of GMO as one of their main components, which
might lead to slower partitioning of the drug from the oily medium
to the aqueous one (Nguyen et al., 2011).
) P.S (nm ± S.D.) Z.P (mV ± S.D.) PDI E.E.% D.L.%

255 ± 9.1 �22.3 ± 1.3 0.24 ± 0.3 67.3 ± 2.6 25.1 ± 0.3
498.8 ± 22.3 �16.7 ± 0.6 0.33 ± 0.02 55.3 ± 3.5 15.3 ± 0.2
272.3 ± 9.2 �25.2 ± 1.2 0.27 ± 0.01 57.1 ± 1.5 10.4 ± 1.1
588.6 ± 14.2 �16.7 ± 0.5 0.31 ± 0.4 50.0 ± 3.7 12.1 ± 0.4
– – – – –
– – – – –
– – – – –
– – – – –



Fig. 1. In-vitro drug release profiles of the prepared cubosomal formulations (n = 3) in phosphate buffer saline (pH 6.8).
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4.5. Characterization of the optimized cubosomal vesicles

As shown in the results presented above, the cubosomal formu-
lation CUB-F1 exhibited the highest E.E., a high negative ZP and the
smallest PS. Thus, it was selected for characterization by TEM and
DSC analysis and in vivo investigations.
Fig. 2. TEM photograph of the drug loaded cubosomal vesicle CUB-F1.

Fig. 3. DSC thermograms of (A) polysaccharide, (B) poloxamer 407 (C), blank
cubosome and (D) CUB-F1.
4.5.1. Transmission electron microscopy
The morphological examination of the drug-loaded cubosomal

formulation CUB-F1 was performed using TEM. Fig. 2 reveals that
the tested formulation was cubic in shape. It has been previously
reported that using poloxamer 407 in colloidal nano-vesicles can
alter their spherical shape into cubic shape (Salama et al., 2016).
Moreover the particle diameters measured by TEMwere noticeably
smaller than those determined by the Zeta sizer. This result can be
explained by the dehydration of particles due to drying during the
TEM analysis.

4.5.2. Differential scanning calorimetry
Fig. 3 shows the DSC thermograms of the polysaccharide, polox-

amer 407, blank cubosome and CUB-F1. The thermogram of the
polysaccharide showed an endothermic melting peak at approxi-
mately 122.5 �C. By contrast, the thermogram of CUB-F1 showed
complete disappearance of the melting peak of the drug which
indicates the formation of an amorphous dispersion of the drug
in the prepared cubosome (AbouSamra and Salama, 2017).

4.6. Assay of antihyperlipidaemic activity

The results from the measurements of the serum lipid profile,
liver function parameters, and inflammatory marker (MPO) and
CAM (VCAM-1 and ICAM-1) levels are revealed in Tables 2 and 3.
Table 2 shows that compared to the normal rats, the TC, TG and
TL levels in HL rats significantly increased by 63.58, 92.51 and
88.85%, respectively. Treatment of HL rats with CUB-F1 caused a
significant decrease in TC, TG, and TL levels compared to the
untreated HL rats, with percentages of improvement of 55.82,
44.26 and 77.49%, respectively. However, fluvastatin recorded
higher percentages of improvement for TC, TG and TL than CUB-
F1 (55.96, 56.60 and 78.89%, respectively). Furthermore, feeding
the rats with a high-fat (i.e., cholesterol-enriched) diet for 12
weeks resulted in a dramatic rise in serum TC, TG and TL levels.
These results are consistent with those reported by Jang et al.
(2008), who declared that the high level of LDL-C found in HL rats
may be attributed to a down-regulation of LDL receptors by the
cholesterol and saturated fatty acids included in the diet (Flock
et al., 2011).

Therefore, treatment of HL rats with the formulated polysaccha-
ride from Ulva fasciata induced a significant and marked decrease
in serum TL levels.

Table 2 indicates that compared to the normal control rats, the
malondialdehyde (MDA) and NO levels in HL rats significantly
increased by 39.57 and 42.99%, respectively, whereas, the



Table 2
Effect of CUB-F1 supplementation on serum lipid profile, oxidative stress and antioxidant biomarkers in HL rats.

Biomarkers/Groups Serum lipid profile Oxidative stress and antioxidant biomarkers

Parameters TC (mg/dl) TG (mg/dl) TL (mg/dl) MDA (mg/dl) NO (mmol/l) GSH (mg/dl) TAC (Mm/l)

Negative control rats Mean ± SD 60.58 ± 9.98a 40.47 ± 4.18a 1000.30 ± 16.23a 8.34 ± 0.99a 13.98 ± 0.79a 72.79 ± 4.56a 1.88 ± 0.10a

Hyperlipidemic rats (HL) Mean ± SD 99.10 ± 5.12b 77.91 ± 3.28b 1889.13 ± 17.22b 11.64 ± 1.00b 19.99 ± 1.22b 49.4 ± 3.66b 0.945 ± 0.06b

% change to C +63.58 +92.51 +88.85 6.89 ± 0.94c 12.86 ± 1.09a 66.33 ± 10.28a 1.495 ± 0.08a

CUB-F1 treated rats Mean ± SD 67.105 ± 7.90a 60.00 ± 8.22c 1113.96 ± 16.23a �17.39 �8.01 �8.87 �20.48
% change to C +10.76 +48.26 +11.36 �40.80 �35.66 +34.27 +58.20
% change to HL �32.29 �22.98 �41.03 56.95 51.00 23.26 29.26
%improvement 52.82 44.26 77.49 7.00 ± 0.67c 12.09 ± 1.09a 66.00 ± 7.44a 1.38 ± 0.09a

HL-Fluvastatin treated rats Mean ± SD 65.20 ± 5.40a 55.00 ± 4.13c 1099.91 ± 10.00a �16.07 �13.52 �9.33 �26.59
% change to C +7.62 +35.90 +9.95 �39.86 39.52 +33.60 +46.03
% change to HL �34.20 �29.40 �41.77 55.63 56.51 22.81 23.14
%improvement 55.96 56.60 78.89 6.89 ± 0.94c 12.86 ± 1.09a 66.33 ± 10.28a 1.495 ± 0.08a

TC: Total cholesterol, TG: Total triglyceride, TL: Total lipids. MDA: Malondialdehyde, NO: Nitric Oxide, GSH: Glutathione reduced, TAC: Total antioxidant capacity. Data
represented as mean ± SD of ten rats in each group. Statistical analysis is carried out using SPSS computer program, (one way analysis of variance), coupled with co-state
computer program. Superscript unshared letters are significant at P < .05, where similar letters are considered insignificant at P > .05. These are statisctical results.

Table 3
Effect of CUB-F1 supplementation on ICAM, VCAM and MPO levels in HL rats.

Biomarkers/Groups Parameters ICAM (ng/ml) VCAM (ng/ml) MPO)Pg/ml)

Negative control rats Mean ± S.D. 4.99 ± 0.05a 12161.36 ± 65.43a 120.90 ± 5.20a

Hyperlipidemic rats (HL) Mean ± S.D. 17.27 ± 0.91b 15311.05 ± 62.22b 178.59 ± 13.10b

% change +246.09 +25.89 +47.72

CUB-F1 treated rats Mean ± S.D. 7.93 ± 0.85c 13044.19 ± 43.09a 133.52 ± 10.10c

% change to C +58.92 +7.26 +10.44
% change to HL �54.08 �14.81 �25.24
% improvement 187.17 18.64 37.28

HL-Fluvastatin treated rats Mean ± S.D. 8.22 ± 0.53a 12533.43 ± 52.09a 125.50 ± 9.59c

% change to control ±64.73 3.10 +3.80
% Change to HL �52.40 �18.14 �29.73
% improvement 181.36 22.84 43.91

(VCAM-1): Vascular cellular adhesion molecule-1, (ICAM-1): Intercellular adhesion molecule-1. MPO: myeloperoxidase. Data presented Data represented as mean ± SD of ten
rats in each group. Statistical analysis is carried out using SPSS computer program, (one way analysis of variance), coupled with co-state computer program. Superscript
unshared letters are significant P < .05, where similar letters are considered insignificant at P > .05. These are statisctical results.

A.A. Matloub et al. / Saudi Pharmaceutical Journal 26 (2018) 224–231 229
glutathione (GSH) and total antioxidant capacity (TAC) levels were
significantly reduced by 32.13 and 49.73%, respectively. Treatment
of HL rats with the formulated polysaccharide from Ulva fasciata
(CUB-F1) caused a significant reduction in MDA with a percentage
of improvement of 56.95%. However, insignificant changes were
detected in the NO, GSH and TAC levels of the HL rats compared
to the normal control rats. Furthermore, the drug loaded formula-
tion CUB-F1 induced a higher percentage of improvement in oxida-
tive stress and antioxidant biomarkers than fluvastatin (Table 2).
Oxidative stress is one of the main mechanisms of action of hyper-
cholesterolemia. Excess lipid accumulation in the liver can damage
bio-membranes and the mitochondrial respiratory chain and
increase b-oxidation of fatty acids, which in turn; leads to an
imbalance in oxidative phosphorylation and the formation of free
radicals. Oxidative stress also causes liver damage by inducing
numerous reactive and cytotoxic intermediate products that sub-
sequently leads to cell necrosis or apoptosis. In addition, oxidative
stress produces an inflammatory reaction through cell injury, caus-
ing infiltration of the liver parenchyma by inflammatory cells (Rizk
et al., 2016b). The results of our study showed that supplementa-
tion of HL rats with the formulated CUB-F1 modulated antioxidant
activities and lipid peroxide levels in the liver. The depletion of
GSH and TAC is associated with an increase in lipid peroxidation,
and a decrease in GSH level may also result from enhanced utiliza-
tion of the tested drug by the antioxidant enzymes; glutathione
peroxidase and glutathione-S-transferase (Rizk et al., 2016a).
Table 3 shows that compared with the normal control rats, the
ICAM and VCAM levels in HL rats significantly increased by 16.66
and 25.89%, respectively. However, rats treated with either CUB-
F1 or fluvastatin exhibited insignificant changes in both ICAM and
VCAM levels compared to the control group. Nevertheless, com-
pared to the untreated HL rats, CUB-F1 as well as fluvastatin eli-
cited a significant decrease in both CAMs. Ustyol et al. (2017)
found a correlation between adhesion molecules and fatty liver
patients and observed high serum levels of ICAM-1 and VCAM-1
in patient with fatty liver disease compared to healthy control
patients. Based on the data presented in Table 3, CUB-F1 was inhib-
ited the expression of VCAM-1 and ICAM-1, which is known to
have a protective effect against the progression of atherosclerosis
(Han et al., 2017).

Moreover, the study revealed that the HL-rats exhibited strong
activation of MPO, which is implicated in pathophysiological alter-
ations, and may become a crucial mediator accelerating the pro-
gression of inflammatory disease during hyperlipidaemia. In
accordance with our results, Yida et al. reported marked elevation
in inflammatory markers levels in HL rats and methodically linked
this elevation to the risk of atherosclerosis (Yida et al., 2015). Com-
pared to atherogenic rats, HL rats treated with CUB-F1 showed a
noticeable and significant decrease in the atherogenic inflamma-
tory marker MPO, which might be due to the direct inhibition of
MPO expression. Inducing rats with hypercholesterolemia led to
over-induction of ICAM-1 and VCAM-1.
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High glucose and oxidized LDL-C levels are the main contribut-
ing factors to oxidative stress, and VCAM-1 and ICAM-1 activation.
Both CAMs caused monocytes activation, and upon moving to the
subendothelial layer, they promote vascular diseases
(Blankenberg et al., 2003). CUB-F1 was found to suppress VCAM-
1/ICAM-1, which is considered to have therapeutic potential
against cardiovascular diseases (CVDs). The observed decrease in
the number of adhesion molecules may also be attributed to
antioxidative effects of CUB-F1 that decrease the oxidation of
LDL-C to ox-LDL-C (Rizk et al., 2016a).

Interestingly, CUB-F1 showed increased antihyperlipidaemic
activity compared with fluvastatin as a reference drug (Table 4).
It is important to note that fluvastatin has induced many side
effects, especially in hepatic tissue; these side effects include ele-
vated values in liver function tests (1.1%). Persistent elevations in
liver function parameters of three times over normal values were
reported in up to 1.1% of patients administered fluvastatin in clin-
ical trials. This finding led to the discontinuation of fluvastatin in
0.7% of patients (Langtry and Markham, 1999). By contrast, the
hot polysaccharide extract could protect the liver from fulminant
damage (Said et al., 2017) indicating that CUB-F1 could be used
safely as a natural lipid regulator in place of fluvastatin (Table 2).
Since, CUB-F1 treated HL rats showed high improvement percent-
ages reached to 56.95, 51.00, 23.26 and 29.26%, for MDA, NO, GSH
Table 4
Relative antihyperlipidemic biomarkers activ-
ity of CUB-F1 to fluvastatin drug.

Biomarkers Relative%

TC 94.42
TG 78.16
Total Lipids 98.23
GSH 101.99
TAC 126.44
MDA 102.35
NO 90.23
ICAM 95.91
VCAM 81.64
MAO 84.89

Activity > 75% high, 75–50%: good, 50–25%:
normal, <25%: weak activity.

Fig. 4. Histopathological sections of rats’ liver (A) Liver of control, untreated rat show
hyperlipidemic positive rat showing congestion of central vein and hydropic degener
deposition, (C) Liver of control positive rat showing hydropic degeneration of hepatocyte
group with CUB-F1 showing congestion of hepatic sinusoids and Kupffer cells activation
congestion of hepatic sinusoids and Kupffer cells activation (H & E X 400).
and TAC respectively in comparison with fluvastatin which
recorded 55.63, 56.51, 22.81 and 23.14%, respectively
4.7. Histopathological examination

Histopathological examination of liver biopsies from the normal
control rats clearly showed the normal histological structure of the
hepatic lobule (Fig. 4A). However, the livers of the positive control
rats showed congestion of the central veins (Fig. 4B) and hydropic
degeneration of hepatocytes (Fig. 4C). Meanwhile, the livers of rats
from the treated group exhibited congestion of hepatic sinusoids
and Kupffer cells activation (Fig. 4D&E). In good agreement with
the present findings, Rizk et al. found numerous swollen liver cells
and hydropic degeneration in HL rats (Rizk et al., 2016b). Different
sizes of fat droplets and fatty degeneration of the liver were
observed in the cytoplasm of hepatocytes from the HL rats. An
inflammatory cell infiltration along with spotty and patchy necro-
sis of hepatocytes was also observed in the lobule and portal areas.
In the present study, histological investigations showed that the HL
rats displayed important lipid droplet accumulation and that treat-
ment with the formulated polysaccharide dramatically reduced the
number of hepatocytes containing lipid droplets. Lipid droplets
were previously observed in only the liver tissue of HL rats
(Suanarunsawat et al., 2011), which could be attributed to lipid
accumulation in the hepatocyte cytoplasm. Oxidized LDL induces
the expression of scavenger receptors on the macrophage surface.
These scavenger receptors promote the accumulation of modified
lipoproteins, forming an early atheroma (Alam et al., 2011). In
addition, administration with the formulated extract as well as
the drug fluvastatin induced liver recovery, including decreased
signs of fatty liver disease with less congestion and Kupffer cells
activation.
5. Conclusion

Cubic liquid crystalline nanoparticles loaded Ulva fasciata
polysaccharide was effectively prepared. Selected formulation cho-
sen according to high E.E. and drug loading capacity, small particle
size and high release efficiency was subjected to a preclinical study
against hyperlipidaemic rats compared to fluvastatin as a reference
ing the normal histological structure of hepatic lobule (H & E X 400), (B) Liver of
ation of hepatocytes (H & E X 400). Many cells show eccentric nucleus with fat
s (H & E X 400). Many cells show eccentric nucleus with fat deposition, (D) Treated
(H & E X 400), (E) Liver of rat from treated standard fluvastatin-HC group showing
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drug. CUBF1 showed superiority as a natural lipid regulator com-
pared with fluvastatin. Such result can be an excellent and safe
addition in the field of pharmaceutics for effective treatment of
hyperlipidaemia.
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