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Abstract: Roselle (Hibiscus sabdariffa L.) seeds, traditionally used in liver disorders, have recently attracted
more attention as a new source of healthy edible oil with anti-inflammatory and antioxidant activities. However,
its hepatoprotective effect has not been explored yet. In the current study, the hepatoprotective potential of
roselle seed oil (RSO; 0.6, 4 and 8 mL/kg) and its nano-formulation (RSO-NE; 4 and 8 mL/kg), and their
possible underlying mechanism were investigated in a paracetamol-induced hepatotoxicity rat model, compared
to silymarin. RSO and RSO-NE protected the liver against paracetamol-intoxication and maintained the overall
architecture of liver tissues in a dose dependent manner. Additionally, hepatic nuclear factor-erythroid 2-related
factor2 (Nrf2) and glutathione (GSH) increased significantly in pre-treated groups, while malondialdehyde
(MDA) decreased. Moreover, RSO and RSO-NE significantly inhibited paracetamol-induced mRNA expression
of pro-inflammatory cytokines (TNF-a and IL-6). Chemical analysis of RSO showed fatty acids (mainly linoleic,
oleic, palmitic and stearic acids), n-eicosane, B-sitosterol and tocopherols as the major constituents, which
contributed synergistically to its protective effect. The efficacy of RSO-NE (8 mL/kg) was superior to its
corresponding unformulated oil (0.6 mL/kg), indicating its enhanced bioavailability. These findings encourage
the use of RSO in development of health promoting products such as food supplements, functional food and
nutraceuticals for the prevention of liver disease.

Keywords: Hepatoprotective; Hibiscus sabdariffa; nanoemulsion; Nrf2; pro-inflammatory cytokines;
tocopherols. © 2019 ACG Publications. All rights reserved.

1. Introduction

Liver is a crucial organ involved in a broad range of functions, such as detoxification of various
metabolites, glycogen storage, protein synthesis and production of biochemicals necessary for
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digestion. Liver injury can be induced by toxic chemicals, xenobiotics, drugs, heavy metals, radiations
and others [1]. Chronic liver disease and its complications, represent a major health burden,
responsible for more than 2 million deaths every year [2]. Despite being a worldwide problem, liver
diseases still suffer from inadequate medical management. Treatment options exhibit adverse effects
and are often too costly, especially for developing countries [3]. Hence, growing attentions have been
paid to the usage of herbal medicines due to their low toxicity and good therapeutic performance. For
several years, herbal drugs have been used in the treatment of liver disorders [4].

Hibiscus sabdariffa L. (Malvaceae), popularly known as roselle or red sorrel in English and as
karkadeh in Arabic, is widely distributed in tropical and subtropical regions around the world [5]. Its
fruits, calyces, petals, flowers, leaves, seeds and roots have been used in ethnomedicine in the
treatment of various ailments [6,7]. In Trinidad and Tobago, the seeds are used to clean liver and
blood [8]. They are traditionally used in India, to treat dysuria, indigestion, diarrhea and inflammation
when applied externally, and to enhance lactation in Nigeria [6,7]. Additionally, the seeds are used for
their oil in Sudan and China, eaten roasted or ground in Africa, and fermented into a condiment in
Nigeria [6,9]. Roselle is widely cultivated in Egypt, however huge quantities of the seeds are discarded
as by-products, despite of its ethnomedicinal importance.

Recently, roselle seeds have attracted more attention, owing to their potential nutritional value
as a source of protein, dietary fibre and edible oil [9-11]. Roselle seeds yield 15-20% fixed oil of high
oxidative stability, predominantly composed of linoleic and oleic acids, besides being rich in
phytosterols and tocopherols [11-15], rendering it beneficial to human health. Furthermore, the
application of roselle seed oil (RSO) in food industry was reported, where it improved the oxidative
stability of mayonnaise, compared to corn oil [15]. However, little data was recently reported on the
biological efficacy of RSO, including its anti-inflammatory [16,17], antioxidant [11] and hypolipdimic
activities [11,18]. RSO might be a potential hepatoprotective based on its ethnomedicinal use in liver
problems [8], as well as its reported antioxidant and anti-inflammatory properties [11,16,17].
However, its hepatoprotective effect has not been yet explored.

Despite of the declared usefulness of RSO, its poor water solubility may affect its nutritional
quality and bioavailability, hence limit its application in medicine. Bioavailability is one of the major
obstacles in the translation of preclinical potential to clinical application of poorly water soluble
phytochemicals. The assimilation of plant derived oils into nanoemulsion systems has become an
attractive trend owing to their long-term stability, high solubilization, ease of preparation and
enhanced bio-accessibility [19,20]. Nanoemulsions are considered as biphasic dispersions of two
immiscible phases; either water in oil (W/O) or oil in water (O/W) droplets stabilized by amphiphilic
surfactant, with mean droplet size < 500 nm [21]. They are thermodynamically and kinetically stable,
thus rarely show signs of coalescence and aggregation [20].

With this background, the current study was designed to explore the protective effect of RSO
against paracetamol-induced hepatotoxicity in rats, and its possible mechanism of action. Additionally,
RSO was incorporated into an efficient (O/W) nanoemulsion formulation, to test the hypothesis of the
enhanced biological effect of the developed nanoemulsion (RSO-NE), compared to unformulated oil,
as a new potential formulation in the prevention of liver disease. The hepatoprotective effects of RSO
and RSO-NE were investigated in comparison to silymarin.

2. Materials and Methods
2.1. Plant Material

Seeds of Hibiscus sabdariffa L. were collected, in the mature fruiting stage, from Medicinal,
Aromatic and Poisonous Plants Experimental Station, Faculty of Pharmacy, Cairo University, Giza,
Egypt, in December 2015. The plant was identified by Dr. Mohammed El-Gebaly (Senior botanist and
consultant at Orman Botanical Garden, Dokki, Egypt), and a voucher specimen (No. 6-3-2016) was
kept in the Herbarium of Pharmacognosy Department, Faculty of Pharmacy, Cairo University.

2.2. Drugs and Chemicals

Reference tocopherols (a, v, 6-tocopherol), Tween 80 and polyethylene glycol (PEG 400) were
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acquired from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). Paracetamol was obtained from
Chemical Industries Development (CID) (Giza, Egypt). Silymarin was procured from VACSERA
(Giza, Egypt). All other chemicals and reagents were of analytical grade.

2.3. Chemical Characterization of RSO
2.3.1. Preparation of RSO

Seeds were dried in shade and pulverized into a coarse powder. Two kg of dried powdered
seeds were exhaustively extracted with petroleum ether by cold maceration (ten times with 2.5 L
solvent). The oil was then filtered through filter paper Whatman no.1, and the solvent was evaporated
under vacuum, at 50°C. The obtained oil was dried over anhydrous sodium sulphate to yield 17.5%
wiw of RSO.

2.3.2. GC-MS of Fatty Acid Methyl Esters (FAME) and Unsaponifiable Matter (USM) of RSO

One g of the seed oil was saponified with 20% alcoholic KOH for 24 hours, and the
unsaponifiable and saponifiable fractions were separated. Fatty acids were methylated with
diazomethane [22]. The USM as well as the FAME were subjected to GC/MS analysis, using Agilent
HP 6890 series GC system, fitted with 5973 Mass Selective Detector. The apparatus was equipped
with an HP-5MS column (30 m length, 0.25 mm i.d., 0.25 pum film). The carrier gas was He, at a flow
rate of 1.5 mL /min. The sample (1 pL) was injected at a split ratio of 25:1. The injector and detector
temperatures were 250°C and 280°C, respectively. For FAME analysis, the oven initial temperature
was held at 50°C for 1 min, then increased to 150°C at a rate of 25°C/min, then to 275°C at 7°C/min,
followed by further increase to 320°C at 9°C/min. For USM, the initial temperature of the oven was
set at 30°C for 1 min, then programmed at a rate of 7°C/min to 300°C. MS was operated in the
electron ionization mode at 70 eV and the scan range was set at 40-600 m/z. Different constituents
were identified based on comparing their relative retention times with those of authentic reference
standards as well as matching their mass spectra with Replib, Manileb and Wiley library databases.

2.3.3. Tocopherol Analysis of RSO

HPLC analysis of tocopherols was performed, according to previously described method [23].
An HPLC system, Shimadzu Class-VP 5.03 (Kyoto, Japan), equipped with UV Shimadzu detector,
LC-16 ADVP binary pump, DCou-14A degasser and Phenomenex Si (250 mm X 4.6 mm, 5 um)
column (Torrance, CA, USA) were used. Hexane/isopropanol (99:1, v/v) was used as the mobile
phase, at a flow rate of 0.65 mL/min. UV detection was set at 292 nm and the sample injection volume
was 20 pL.

2.4. Development of Nanoemulsion (RSO-NE)

Aqueous titration method was used for the preparation of RSO-NE [24]. This was performed
through vortexing of oil (final concentration: 7.5% w/w) and Tween 80/PEG 400 (2:1) (final
concentration: 55% w/w), followed by stepwise addition of water (to complete the system weight to
100) to formulate a stable nanoemulsion. The nanoemulsion was kept at room temperature (25°C) and
observed for three months after formulation. The mean droplet size, polydispersity index (PDI) and
zeta potential of the nanoemulsion were determined by photon correlation spectroscopy using a
Zetasizer Nano ZS (Ver.6.20, Malvern Instruments Ltd., Worcestershire, England). The apparent pH
of the nanoemulsion was measured by a pH meter (Mettler Toledo MP 220, Greifensee, Switzerland).
All measurements were done, in triplicate, at room temperature (25°C). The prepared formulation was
diluted with acid buffer pH 1.2 infinitely (i.e. 500 times). The diluted formulation was shaken and then
visually inspected after 24 hours for any form of instability. Besides, the mean droplet size and
polydispersity index (PDI) of the diluted formulation were measured. Finally, the morphology and
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structure of the nanoemulsion were visualized by transmission electron microscopy (TEM) (Jeol JEM
1230, Tokyo, Japan).

2.5. Acute Toxicity Study

Acute oral toxicity was performed for RSO-NE according to the OECD (Organization for
Economic Cooperation and Development) guidelines.

2.6. Hepatoprotective Activity

2.6.1. Experimental Animals

Adult male Wistar albino rats (180-220 g), obtained from Helwan farm, Cairo, Egypt, were
housed in the laboratory animal house of Faculty of Veterinary Medicine, Cairo University, Egypt.
Animals were kept under standard laboratory conditions (24 + 2°C and 12 h light/12 h dark cycles)
with free access to commercial diet and water ad libitum, throughout the experimental period. Animals
were allowed to acclimatize for one week to the current laboratory conditions, prior to starting the
experiment. The experimental protocol was approved by Institutional Animal Care and Use
Committee (IACUC), Cairo University, Egypt (Approval number of ethics committee,
CU/MI/F/17/18).

2.6.2. Experimental Design

The in vivo hepatoprotective activity was assessed using paracetamol (PCM)-induced
hepatoxicity model in rats [25]. The experiment lasted for six weeks where animals were pre-treated
with the tested samples for five consecutive weeks; at the end of the fifth week liver intoxication was
induced by single oral dose of PCM (2 g/kg, p.0.); treatments were administered for another week
after liver damage. After acclimatization, a total of 56 rats were randomly allocated into 8 groups (7
rats/ group) as follows: (i) normal control group: rats received only the vehicle [0.5% CMC (Carboxy
methyl cellulose)], (ii) PCM group: rats received the vehicle and (2 g/kg, PCM), (iii) silymarin group:
rats were protected by silymarin (100 mg/kg), (iv) RSO-low dose group: rats were protected by RSO
(0.6 mL/kg), (v) RSO-medium dose group: rats were protected by RSO (4 mL/kg), (vi) RSO-high dose
group: rats were protected by RSO (8 mL/kg), (vii) RSO-NE-low dose group: rats were protected by
RSO-NE (4 mL/kg) and (viii) RSO-NE-medium dose group: rats were protected by RSO-NE (8
mL/kg). All treatments were suspended in 0.5% CMC and administered orally via gavage. PCM was
administered orally after administration of the tested treatments to all groups except the normal control
group. Twenty four hours after the last treatment dose, rats were anesthetized, blood samples were
collected from the retro-orbital plexus and serum was separated by centrifugation and used for the
assessment of liver markers. Animals were then sacrificed and liver tissues were isolated immediately,
washed with ice cold saline (0.9% NacCl), blotted dry. A portion of the liver was saved in 10%
formalin for histopathological examination, while the remaining portions were stored at — 80°C for
assessment of oxidative stress and inflammatory markers.

2.6.3. Assessment of Liver Functional Markers

Liver intoxication was assessed by determination of serum biomarkers such as alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma
glutamyl transferase (GGT), total bilirubin (TB), total protein and albumin, using commercial assay
kits (Biodiagnostic, Cairo, Egypt), according to manufacturer’s protocol.

2.6.4. Assessment of Oxidative Stress Markers

Portion of livers was homogenized in ice-cold phosphate buffer saline (0.1 M PBS, pH 7.0-
7.2). The homogenates were then centrifuged for 15 min at 4000 rpm and the supernatants were
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collected for estimation of protein and oxidative stress markers. Protein content was determined using
Bicinchoninic acid (BCA) protein assay kit (Biodiagnostic, Cairo, Egypt). Hepatic reduced glutathione
(GSH) and hepatic malondialdehyde (MDA) levels were measured using commercial kits from
(Biodiagnostic, Cairo, Egypt), while hepatic nuclear factor-erythroid 2-related factor2 (Nrf2) content
was determined using commercial kits from (Mybiosource company, Southern California, San Diego,
USA).

2.6.5. Assessment of Inflammatory Markers

Total RNA was extracted from liver tissue using a QlAamp RNeasy Mini kit (Qiagen,
Germany), then eluted in 45 pL of nuclease free distilled water and stored at -20°C till
analysis. Messenger RNA (mRNA) expression levels of tumor necrosis factor alpha (TNF-a) and
interleukin six (IL-6) were determined using the corresponding PCR fluorescence gquantitative
diagnostic kits (Cat.No. BSA09S2, SNP biotechnology R&D, Turkey for TNF-a and Cat. No.
BVI1053S8, Qiagen, Valencia, CA for IL-6), which utilized sybegreen mastermix technology.
Quantification was performed by Real time PCR device (Rotor-Gene Q5 plex real-time Rotary
analyzer, Corbett Life Science, USA).

2.6.6. Histopathological Analysis

At the ending of the experimental period, specimens from liver of all animals were collected
and fixed in 10% neutral buffered formalin, dehydrated in alcohol, cleared in xylene and embedded in
paraffin. 4-5 um Thick sections were prepared and stained with Hematoxylin and Eosin [26] for light
microscope examination (Olympus BX50, Japan).

2.6.7. Statistical Analyses

Results were expressed as mean = S.D. and statistical comparisons were carried out using one
way analysis of variance (ANOVA), followed by Tukey’s Multiple Comparisons test. The minimal
level of significance was identified at P < 0.05.

3. Results and Discussion

3.1. Chemical Characterization of RSO

Chemical characterization of RSO was performed as a prerequisite for its standardization and to
explore the possible constituents associated with its mechanism of action.

Roselle seed yielded 17.5% oil, in accordance with previously reported data [14]. GC/MS
analysis of the fatty acid composition revealed nineteen fatty acids, with unsaturated fatty acids
representing 57.13% (Table 1). Linoleic (30.06 %, ®-6 fatty acid) and oleic (14.45%, ®-9 fatty acid)
acids were the predominant unsaturated fatty acids, whereas palmitic and stearic acids (25.85 and
11.17%, respectively) were the major saturated ones, in agreement with previous studies [13, 18, 27].
Total hydrocarbons constituted 88.83% of the unsaponifiable matter, while that of sterols represented
11.16% (Table 2). Sixteen hydrocarbons were identified, among which two long chain hydrocarbons
(n-eicosane, 34.3% and n-nonadecane, 30.49%) were the major components. On the other hand, four
sterols were detected, with B-sitosterol (6.63%) being the major one, followed by stigmasterol
(3.06%).

Furthermore, HPLC analysis revealed that RSO is a rich source of tocopherols (235.84
mg/100 g oil, Table 3), 3-5 times higher than other vegetable oils such as sunflower, corn, rapeseed
and soybean oils [28].
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Table 1. Fatty acid profile of RSO

Table 2. Unsaponifiable content in RSO

Fatty acids Relative Compound Relative
% %
Muyristic acid (C14:0) 0.64 n- Heptane 1.42
Pentadecanoic acid (C15:0) 0.06 n- Octane 5.28
7,10-Hexadecadienoic acid (C16:2) 0.06 n- Nonane 1.01
Palmitoleic acid (C16:1) 2.50 n- Decane 2.06
Palmitic acid (C16:0) 25.85 n- Undecane 0.08
Civetic acid (C17:1) 1.28 n- Dodecane 0.08
Margaric acid (C17:0) 0.73 n-Tridecane 0.06
Linoleic acid (C18:2) 30.06 n-Tetradecane 7.13
Oleic acid (C18:1) 14.45 n-Pentadecane 3.48
Stearic acid (C18:0) 11.17 n- Hexadecane 0.13
10-Nonadecenoic acid (C19:1) 7.41 n- Heptadecane 0.93
y-Linolenic acid (C18:3) 0.35 n- Octadecane 0.26
a-Linolenic acid (C18:3) 0.64 n- Nonadecane 30.49
Gondoic acid (C20:1) 0.38 n- Eicosane 34.30
Arachidic acid (C20:0) 2.48 n- Heneicosane 2.01
Heneicosanoic acid (C21:0) 0.07 n- Docosane 0.11
Behenic acid (C22:0) 1.26 Cholesterol 0.18
Tricosylic acid (C23:0) 0.12 Campesterol 1.29
Lignoceric acid (C24:0) 0.48 Stigmasterol 3.06
Total saturated fatty acids 42.86 p-sitosterol 6.63
Total unsaturated fatty acids 57.13 Total Hydrocarbons 88.83
Total sterols 11.16

Tocopherols content is an important criterion in assessing seed oils, considering its inhibitory
effect on lipid peroxidation of polyunsaturated fatty acids [29] which contributes to the oxidative
stability of oil and hence enhance its quality and prolong its shelf life, in addition to their well-
established health benefits [29]. The ratio of tocopherol isomers (o:y:3) in roselle oil (25:64:11)
revealed the prevalence of y-tocopherol (149.98 mg/100 g oil), being more than twice as much as its
a-tocopherol content (58.7 mg/100 g oil), which is in agreement with previously reported data [15]. In
contrast to a-tocopherol, the y-isomer revealed unique features and more significant contribution to
human health, demonstrating more potent antioxidant and anti-inflammatory activities [29, 30].

Table 3. Tocopherol content of RSO

Tocopherol Content (mg/100g)
a-Tocopherol 58.7
y-Tocopherol 149.98
d-Tocopherol 27.16
Total tocopherols 235.84

3.2. Nanoemulsion Formulation of RSO

RSO was successfully formulated as O/W nanoemulsion to improve its aqueous solubility. The
clear stable system consisted of 7.5% oil (w/w) and 55% (w/w) Tween 80/PEG 400 (2:1). The
nanoemulsion was stable throughout the three months, where no signs of creaming, cracking or phase
separation were noticed. The formulated nanoemulsion possessed a droplet size of 44.05+0.48 nm,
with a polydispersity index of 0.13+0.01, indicating uniform size distribution (Figure S1). The zeta
potential of the formula was -16.40+0.42 mV and the pH value was 5.38+0.14. Upon dilution with
acid buffer pH 1.2, there were no significant changes in particle size (46.72+0.89 nm) and PDI
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(0.21£0.06), which confirms the stability of the formulation under acidic pH conditions. TEM
micrograph (Figure 1) revealed the droplets of nanoemulsion as discrete spherical globules, emerging
as dark spots in a bright background, confirming the O/W nature of the prepared nanoemulsion after
dilution.

Pharmaceutical acceptability of all nanoemulsion ingredients for oral administration, regarding
their safety, is the most essential criterion for selecting these ingredients. Besides, the solubilization
capacity of the surfactant for the oil is a key point for formulating a stable nanoemulsion. O/W
nanoemulsions fabricated by nonionic surfactants are likely to be more stable in vivo [31], thus
Tween80 (Hydrophilic lipophilic balance value=15) was chosen as surfactant and PEG 400 was
selected as a cosurfactant to moderate the critical packing parameter of the used surfactant, which
allow the ease of formulating richer water phases of O/W nanoemulsions. In addition, the cosurfactant
was perfectly inserted into the cavities between the surfactant molecules at the selected ratio of 2:1.
Consequently, this resulted in enhancing the solubilization capacity of the nanoemulsion [24].

As per the physical stability, the formulation showed no signs of separation or creaming and its
droplets appeared in TEM as distinct globules with no aggregations or signs of coalescence. Moreover,
high negative zeta potential value verified the stability of nanoemulsion [20]. It is worth noting that
the result of TEM was in a good agreement with that obtained from the Malvern particle size analyzer
and PDI value below 0.2, designating a narrow size distribution, and thus ensured long-term stability
of the nanoemulsion [32]. The measured pH-values were found to be within the physiological range
accepted for orally applied systems; pH = 4.5-7 [33], thus consenting the safety and the suitability of
administering RSO-NE (containing 7.5% RSO) through oral route.

000% © 211 mm 100 nm

Frint Mag: 2nz
TEM Mode: Imaging HY=80.0kV

Figure 1. Transmission electron micrograph of RSO-NE
3.3. Acute Toxicity Study

Acute oral toxicity of RSO was previously examined [16] and was found to be safe up to 20
mL/kg, p.o. The investigated acute oral toxicity of RSO-NE herein did not exhibit any toxic
symptoms, behavioral changes or mortality up to 120 mL/kg, p.o, indicating its safe use below this
concentration. Therefore, oral doses of 4 and 8 mL/kg were selected for the in vivo hepatoprotective
study.

3.4. Hepatoprotective Activity

In this study, the hepatoprotective effects of RSO and its nanoemulsion (RSO-NE), at different
dose levels, were demonstrated for the first time in PCM-induced hepatotoxic model. PCM-induced
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liver toxicity is a clinically applicable model, widely used to evaluate the hepatoprotective
effectiveness of natural products and other constituents [34].

3.4.1. RSO and Its Nanoemulsion Protected Liver Against PCM Intoxication

The hepatoprotective activities of RSO and its nanoemulsion (RSO-NE) are summarized in
Figure 2. Paracetamol-intoxicated rats showed significant liver damage, as evidenced by notable
elevation in serum ALT, AST, ALP, GGT and total bilirubin as well as significant decrease in serum
total protein and albumin, compared to normal control group (p < 0.05). Pretreatment with RSO and
RSO-NE significantly inhibited PCM-induced hepatotoxicity in a dose dependent manner (p < 0.05),
comparable to that of silymarin (100 mg/kg). RSO-NE at a dose of 8 mL/kg revealed higher protective
effect than unformulated seed oil at different tested doses, being equipotent or superior to silymarin
(100 mg/kg).

3.4.2. Histopathological Examination

Microscopically, liver sections from normal control rats exhibited normal histological structure
of hepatic lobule with normal central vein and concentrically arranged hepatocytes (Figure 3A). In
contrast, PCM-intoxicated rats revealed severe cytoplasmic vacuolization of centrilobular hepatocytes,
moderate pyknosis of hepatocytic nuclei, mild oedema in the portal triad, hydropic degeneration of
hepatocytes, moderate congestion of hepatic sinusoids and mild focal hepatic haemorrhage, in addition
to moderate fibroplasia in the portal triad around the bile duct (Figure 3B, 3C).

However, liver of rats pretreated with silymarin showed improved histopathological picture as
most examined sections revealed changes confined as moderate Kupffer cells activation, mild
binucleation of hepatocytes and mild cytoplasmic vacuolization of centrilobular hepatocytes (Figure
3D). Most examined sections from RSO group (0.6 mL/kg b.wt.) revealed some histopathological
changes as moderate Kupffer cells activation and binucleation of hepatocytes. Some examined
sections showed mild focal hepatic necrosis associated with inflammatory cells infiltration and severe
portal infiltration with inflammatory cells (Figure 3E). Liver of rats from RSO group (4 mL/kg b.wt.)
showed moderate changes as Kupffer cells activation and focal hepatic necrosis associated with
inflammatory cells infiltration. Mild fibroplasia in the portal triad was also observed in some sections
(Figure 3F). Most examined sections from RSO group (8 mL/kg b.wt.) revealed no histopathological
changes, whereas few sections showed moderate Kupffer cells activation (Figure 3G) and mild
sinusoidal leucocytosis. Moreover, most examined sections from rats in RSO-NE group (4 mL/kg
b.wt.) revealed changes described as moderate cytoplasmic vacuolization of centrilobular hepatocytes
(Figure 3H), pyknosis of hepatocytic nuclei and mild Kupffer cells activation. Few sections from this
group showed mild focal hepatic necrosis associated with inflammatory cell infiltration. Rats from
RSO-NE group (8 mL/kg b.wt.) revealed normal hepatic parenchyma with no histopathological
alterations (Figure 3I), whereas some sections revealed mild changes as cytoplasmic vacuolization of
centrilobular hepatocytes and Kupffer cell activation.

The hepatoprotective actions of RSO and RSO-NE were thus evidenced by maintaining
adequate liver function despite of PCM administration. This was further confirmed by
histopathological examination where RSO and RSO-NE maintained hepatocellular membrane
integrity and the overall architecture of liver tissues. The efficacy of the oil was obviously enhanced
via incorporation into nano-formulation.

PCM toxicity is initiated by the production of N-acetyl p-benzoquinone imine (NAPQI), a
reactive toxic metabolite, which depletes hepatic GSH and binds to hepatic cellular proteins, resulting
in mitochondrial oxidative stress, peroxy nitrite formation and eventually mitochondrial dysfunction,
DNA damage and liver injury [34].
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G Normal control
®PCM (2 g/kg)
gSilymarin (100 mg/kg)
DRSO (0.6 mi/kg)
B8RSO (4 mlkg)

@ RSO (8 ml/kg)
8RSO-NE (4 ml/kg)

B RSO-NE (8 ml/kg)

Serum concentrations (U/L)
8
o
R R

B Normal control
BPCM (2 g/kg)
BSilymarin (100 mg/kg)
BRSO (0.6 milkg)
BRSO (4 mikkg)

2 RSO (8 milkg)
BRSO-NE (4 mlikg)
EBRSO-NE (8 ml/kg)

Serum concentrations (g/dl)

Albumin

ONormal control
BPCM (2 g/kg)

B Silymarin (100 mg/kg)
ORSO (0.6 mi’kg)
RSO (4 mikg)

BRSO (8 mlikg)
@RSO-NE (4 ml/kg)
2RSO-NE (8 ml/kg)

Serum total bilirubin (mg/dl)

Figure 2. Effect of roselle oil (RSO) and its nanoemulsion (RSO-NE) on serum levels of ALT, AST,
ALP, GGT (A), Total protein and albumin (B) and total bilirubin (C) in PCM-intoxicated rats. Data
are expressed as mean = SD, n = 7. # p<0.05 versus normal control group; * p < 0.05 versus PCM
group.

Damaged hepatocytes subsequently activate hepatic macrophages via the release of damage
associated molecular pattern molecules, resulting in significant increase in the expression of pro-
inflammatory cytokines such as TNF-a, IL-1B and IL-6, further contributing to liver-injury
progression [35]. Consequently, PCM liver intoxication is mainly mediated by oxidative stress and
inflammation. Therefore, the effect of RSO and RSO-NE on hepatic oxidative stress and inflammatory
markers was investigated to explore their possible mechanistic action.
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Figure 3. Effect of roselle oil (RSO) and its nanoemulsion (RSO-NE) on the liver histopathology of
PCM-intoxicated rats. Photomicrographs of liver sections of normal control group (A), PCM-treated
group (B&C), silymarin (100 mg/kg)-treated group (D), RSO (0.6 mL/kg)-treated group (E), RSO (4
mL/kg)-treated group (F), RSO (8 mL/kg)-treated group (G), RSO-NE (4 mL/kg)-treated group (H),
RSO-NE (8 mL/kg)-treated group (I). Hydropic degeneration of hepatocytes (yellow arrow),
fibroplasia in the portal triad (black arrow), congestion of hepatic sinusoids (blue arrow), focal hepatic
haemorrhage (green arrow), binucleation of hepatocytes (orange arrow), portal infiltration with
inflammatory cells (red arrow), Kupffer cells activation (brown arrow) and cytoplasmic vacuolization
of centrilobular hepatocytes (light green arrow), (H & E, scale bar 50 pm).

3.4.3. RSO and its Nanoemulsion Attenuated Hepatic Oxidative Stress

PCM administration induced oxidative stress as revealed by significant decrease in hepatic
GSH levels and increase in MDA levels, compared to normal control group (p < 0.05, Figure 4).
However, RSO and RSO-NE pretreated groups dose-dependently reversed PCM-induced oxidative
stress and were comparable to silymarin (p < 0.05, Figure 4). Additionally, PCM resulted in
significant decrease in hepatic levels of Nrf2, compared to normal control group (p < 0.05, Figure 4),
which was significantly attenuated by pretreatment with silymarin (100 mg/kg) or RSO and RSO-NE
in a dose dependent manner. The nanoemulsion (8 mL/kg) was the most effective treatment.

Oxidative stress has a key role in the progress of PCM-induced hepatotoxicity, in which GSH
depletion represents one of the most essential mechanisms involved in its initial steps. Furthermore,
the transcription factor, Nrf2 has shown a major defense role against PCM-induced hepatotoxicity
through regulation of GSH synthesis and cellular detoxification processes [36]. Some compounds have
demonstrated hepatoprotection in different oxidative stress models via activation of Nrf2 [37]. In the
current study, the downregulation of hepatic Nrf2 and GSH with the subsequent increase in hepatic
MDA, manifested in PCM group, were significantly ameliorated by RSO and RSO-NE pretreatments
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in a dose dependent manner. Thus, restoration of GSH normal levels upon pretreatment with RSO and
RSO-NE could be attributed to two mechanisms factors. First, the inherent antioxidant activity of the
oil components, thereby GSH is not much depleted by high levels of NAPQI. Second, the increased
production of GSH via activation of its upstream transcription factor; Nrf-2. The inherent antioxidant
activity was revealed in another unrelated model, where RSO exhibited strong radical scavenging and
antioxidant activities in vitro, and significantly reduced lipid peroxidation in dyslipidemic rats [11].
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Figure 4. Effect of roselle oil (RSO) and its nanoemulsion (RSO) on the levels of Nrf2 (A), GSH and
MDA (B) in livers of PCM-intoxicated rats. Data are expressed as mean + SD, n = 7. #p<0.05 versus
normal control group; *p < 0.05 versus PCM group.

3.4.4. RSO and Its Nanoemulsion Inhibited the Expressions of Pro-inflammatory Cytokines

TNF-o plays an important role in mediating liver injury, triggering a cascade of pro-
inflammatory mediators, including IL-6 [38]. Therefore, liver mRNA expressions of TNF-a and IL-6
were evaluated for the most effective doses (8 mL/kg, each), regarding the previously investigated
parameters. Hepatic mMRNA expressions of TNF-a and IL-6 were significantly up-regulated in PCM-
intoxicated rats, compared to normal control group (p < 0.05, Figure 5), suggesting induction of
inflammatory response. RSO (8 mL/kg), RSO-NE (8 mL/kg) and silymarin (100 mg/kg) significantly
inhibited mRNA expressions of these inflammatory mediators (p < 0.05, Figure 5), suggesting that
their hepatoprotective action is partly through suppressing hepatic inflammation. RSO-NE (8 mL/kg)
revealed to be more effective than RSO (8 mL/kg) and close or equipotent to silymarin. In agreement,
RSO was reported to be a potent anti-inflammatory, comparable to diclofenac sodium and
indomethacin, in different animal models [16,17], and its inhibitory effect on the pro-inflammatory
cytokine, IL-6 was documented in dyslipedimic rats [11].

In this study, the hepatoprotective, antioxidant and anti-inflammatory effects of RSO and RSO-
NE were comparable to that of silymarin. RSO (8 mL/kg) exerted significant hepatoprotective effect,
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nearly close to that of silymarin, thus supporting the traditional use of the seeds in liver disorders.
Furthermore, the formulated seed oil (RSO-NE, 8 mL/kg) revealed to be the most effective treatment,
being equipotent or superior to silymarin (100 mg/kg). This demonstrated the enhanced efficacy of
RSO upon incorporation into nano-drug delivery system.
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a (A) and IL-6 (B) in the livers of PCM-intoxicated rats. Data are expressed as mean £ SD, n = 7.
#p<0.05 versus normal control group; *p < 0.05 versus PCM group.

3.5. Previous Reports on Biological Activities of RSO Constituents: Correlation to its
Hepatoprotective Effect

The significant hepatoprotective effect of RSO demonstrated herein can be attributed to its
major components, namely fatty acids (linoleic, oleic, palmitic and stearic acids), tocopherols
(especially y-tocopherol), B-sitosterol and n-eicosane through their antioxidant and anti-inflammatory
activities.

Linoleic acid, the major unsaturated fatty acid in RSO, is metabolized in the GIT into
conjugated linoleic acid (CLA) [39]. Both have antioxidant and anti-inflammatory activities. CLA
attenuated liver damage in CCls-challenged rats by reducing lipid peroxidation, increasing hepatic
reduced glutathione content as well as the activity of catalase and glutathione reductase [40].
According to [41], CLA enhanced the GSH/GSSG ratio, improved mitochondrial function, activated
Nrf2 pathway in livers of high-fat diet rats and induced GSH synthesis in human fibroblasts [42]. In
concurrence, it showed DPPH scavenging activity [43]. Nevertheless, the anti-inflammatory effects of
linoleic acid and its metabolite (CLA) have been studied in various cell types [44-46]. Linoleic acid
suppressed the expression of the pro-inflammatory cytokines; TNF-a, IL-6 and IL-1f through
inhibition of NF-xB in macrophages and human monocytic cells [44, 45].

Oleic acid acts similarly to linoleic acid. Oleic acid rich oils reduced plasma markers of liver
damage (ALT, AST and ALP) in different animal models [47, 48]. In this aspect, olive oil alleviated
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acetaminophen-induced hepatotoxicity in mice through the antioxidant properties of its major
components viz. oleic acid and tocopherols [48]. The antioxidative effect of oleic acid has been shown
to be mediated via its ROS quenching activity [49], enhancement of ROS degradation [50] as well as
protection against induced-structural damage of catalase and superoxide dismutase [51]. Its anti-
inflammatory effect has been associated with reducing pro-inflammatory cytokines (TNF-a. and IL-
1B) and elevating the levels of the anti-inflammatory cytokine; IL-10 during experimental sepsis [52].

Palmitic acid also can contribute in alleviation of hepatotoxicity by its antioxidant [53, 54] and
anti-inflammatory activities [55-57]. It increased the expressions of HO-1 (heme oxygenase 1) and
Nrf2 in HepG2 cells [54]. Furthermore, its inhibitory effect on the mMRNA gene expression levels of
TNF-o and 1L-12 in human monocytic cells was reported [57], being mediated via NF-kB signaling
pathway [55]. It has also shown to function as anti-inflammatory by inhibiting phospholipase Az in an
enzymatic kinetic study [56].

Supplementation of stearic acid, improved the recovery of hepatic dysfunction in different
animal models [58, 59]. It ameliorated hepatic biochemical markers (ALT, AST, GGT and albumin) in
a cholestasis-induced liver injury model [58]. Hepatoprotection afforded by stearic acid was shown to
be correlated to its anti-inflammatory potential [58]. It mitigated induced-liver inflammation via
suppressing inflammatory cells accumulation and NF-xB activation. Additionally, it induced the
production of the anti-inflammatory cytokine; IL-10 in rat hepatocytes [60]. Moreover, the anti-
inflammatory potential of stearic acid may be partly attributed to its antioxidant properties. It protected
cortical neurons against oxidative stress via enhancing the activity of antioxidant enzymes [61]. Alike
palmitic acid, stearic acid significantly elevated the expressions of genes and proteins of HO-1 and
Nrf2 in HepG2 cells [54].

The hepatoprotective effects of a- and y-tocopherol isomers were previously demonstrated in
tert-butyl hydroperoxide-induced hepatotoxicity in HepG2 cells [62]. This protective effect was
further confirmed in different animal models [63, 64], being attributable to their antioxidant properties.
a-Tocopherol protected liver against oxidative damage through inhibiting lipid peroxidation, restoring
hepatic activities of catalase and superoxide dismutase, and decreasing GSH content in liver [64]. The
potent antioxidant properties of tocopherols can be attributed to their direct quenching activities of
reactive nitrogen species [30]. In this aspect, y-tocopherol was superior to its a-isomer in trapping
nitrogen dioxide and peroxynitrite, thus more effectively protecting against lipid peroxidation [30].
Additionally, a mixed tocopherol diet, enriched in y-tocopherol, induced the expression of Nrf2 and
phase Il detoxifying enzymes in liver tissues [65]. The anti-inflammatory potential of tocopherols,
specifically y-tocopherol has been demonstrated in vitro as well as in animal and clinical models [30,
66]. y-Tocopherol is shown to suppress COX and 5-LOX mediated biosynthesis of eicosanoids (PGE>
and LTBy) in various cellular environments and animal models, more effectively than its a-isomer
[30]. It is worth noting that a combination of y- and o-tocopherol suppressed inflammation and
ameliorated oxidative stress in clinical studies [30].

The hepatoprotective effect of B-sitosterol in ethanol-induced rats was also reported, being
associated with its antioxidant properties [67]. It inhibited lipid peroxidation and improved hepatic
antioxidant status by enhancing enzymatic and non-enzymatic antioxidants [67]. In CCls-challenged
rats, pB-sitosterol afforded hepatoprotection via enhancing the mitochondrial glutathione redox staus
and improving the functional ability of mitochondria in rat livers [68]. Additionally, the potent free
radical scavenging effect of B-sitosterol was demonstrated in different in vitro assays as well as in vivo
[69]. Its anti-inflammatory activity was previously documented in different animal models [70-72].
The inhibitory effect of B-sitosterol on pro-inflammatory mediators such as IL-1p, IL-6 and TNF-a
through NF-xB pathway was reported [70, 72]. It further increased the levels of IL-10 in macrophages
[73] as well as in mice [72].

Nevertheless, a recent publication [57] reported the inhibitory effects of the hydrocarbons;
eicosane and pentadecane on the genes expression of TNF-a and IL-12 in vitro.

4. Conclusions

RSO is a highly nutritious oil, rich in fatty acids, tocopherols, B-sitosterol and n-eicosane. For
the first time, an optimized thermodynamically stable seed oil-loaded nanoemulsion formulation
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consisting of RSO, Tween 80/PEG 400 and water (7.5: 55: 37.5) was developed to improve the oral
bioavailability of the oil and enhance its biological activity and stability. Besides, nanoemulsion
system plays an important role in protecting active drug molecule from degradation in the stomach and
at the same time prevents possible gastrointestinal tract irritation that may be caused by the drug. The
major disadvantage of nanoemulsions is the cost of fabrication.The current study provides the first
evidence for the hepatoprotective effect of RSO and its nanoemulsion formulation. Alleviation of
oxidative stress, activation of Nrf2 and downregulation of m-RNA expression genes of pro-
inflammatory cytokines might be possible mechanisms underlying the promising effect of this oil.
Based on our findings, the major bioactive components of RSO may contribute synergistically to its
protective effect through their antioxidant and anti-inflammatory activities. This study scientifically
supports the ethnomedicinal use of roselle seeds and encourages the utilization of RSO in the
development of health promoting products such as food supplements, functional food and
nutraceuticals. However, further detailed investigations and clinical studies, based on these findings
are warranted. Owing to the poor water solubility and low oral bioavailability of silymarin [74], a
future study merits to be designed firstly, to examine the pharmacokinetic properties of possible
combinations of RSO and silymarin, incorporated in a nano-emulsion drug delivery system. Secondly,
the in vivo hepatoprotective activity of the optimum combination is to be evaluated, as a promising
alternative for patients with liver disorders.
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