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ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is considered one of the most serious public health problems
affecting liver. The reported beneficial impact of raspberries on obesity and associated metabolic disorder
makes it a suitable candidate against NAFLD. In the current study, the chemical profile of raspberry seed
oil (RO) was characterized by analysis of fatty acid and tocopherol contents using high-performance lig-
uid chromatography (HPLC) in addition to the determination of total phenolic and flavonoids. High levels
of unsaturated fatty acids, linoleic acid (49.9%), a-linolenic acid (25.98%), and oleic acid (17.6%), along
with high total tocopherol content (184 mg/100 gm) were detected in oil. The total phenolic and flavo-
noid contents in RO were estimated to be 22.40 + 0.25 mg gallic acid equivalent (GAE)/100 mg oil and 1.
34 + 0.15 mg quercetin (QU)/100 mg, respectively. Anti-NAFLD efficacy of RO at different doses (0.4 and
0.8 mL) in a model of a high-fat diet (HFD) fed rats was assessed by estimating lipid profile, liver enzyme
activity, glucose and insulin levels as well as adipokines and inflammatory marker. Peroxisome
proliferator-activated receptor y (PPARY), which is a molecular target for NAFLD was also tested. Liver
histopathology was carried out and its homogenate was used to estimate oxidative stress markers.
Consumption of RO significantly improved lipid parameters and hepatic enzyme activities, reduced insu-
lin resistance and glucose levels, significantly ameliorated inflammatory and oxidative stress markers.
Furthermore, RO treatment significantly modulated adipokines activities and elevated PPARy levels.
Raspberry seed oil administration significantly improved these HFD induced histopathological alter-
ations. Moreover, a molecular docking study was performed on the identified fatty acids and tocopherols.
Among the identified compounds, oleic acid, a-linolenic acid and y-tocopherol exhibited the highest
docking score as PPARY activator posing them as a potential anti-NAFLD drug leads. Study findings sug-
gest RO as an effective therapeutic candidate for ameliorating NAFLD.
© 2021 The Author(s). Published 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

NAFLD is a pathological condition characterized by fat
deposition in hepatocytes without history of excessive alcohol con-
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tries’ population (Ma et al., 2017). It is estimated that NAFLD global
prevalence in adults is 7-37% and in children it is 20-30%
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(Mapfumo et al., 2020).
NAFLD causes continuous liver tissue damage ranging from
steatosis to non-alcoholic steatohepatitis (NASH), that involves

https://doi.org/10.1016/j.jsps.2021.09.014

many inflammatory processes and may quickly proceed to develop
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liver fibrosis, cirrhosis, and subsequently liver cancer
(Juarez-Hernandez et al., 2015). Obesity and type 2 diabetes are
strong risk factors for NAFLD (Wong et al., 2018). NAFLD is highly
related to type 2 diabetes, insulin resistance, obesity, high blood
pressure as well as high-serum lipoproteins (Iser and Ryan, 2013).

Unfortunately, there are no standard guidelines for NAFLD
pharmacological therapy, therefore weight loss, dietary and life-
style improvements are considered the most effective NAFLD ther-
apy to date (Bril and Cusi, 2017). However, anti-obesity, anti-
diabetic, antioxidants, and anti-hyperlipidemic synthetic agents
are utilized as treatment for NAFLD and its related complications
(Beaton, 2012). These synthetic drugs cause side effects and are
expensive, thus most people in the world prefer to use plant-
derived medicines for disease control (Mapfumo et al., 2020).

Edible oils are necessary macronutrients in foods that can pro-
mote human health by providing fat-soluble vitamins, essential
fatty acids, and other phytochemicals (Gunstone, 2011). Berry seed
oils, like red raspberry, are considered as special oil that is used in
different food nutraceutical and cosmetic products. Raspberry seed
oil (RO) is abundant in essential polyunsaturated fatty acids
(PUFA), various anti-inflammatory, anticancer, antioxidant, and
anti-atherosclerotic substances, like vy, o and &-tocopherol,
tocochromanols, phytosterols, flavonoids, carotenoids, and pheno-
lic acids (Li et al., 2016; Parry et al., 2005).

Raspberry dietary supplementation has been reported to reduce
skeletal muscle lipid accumulation (Zou et al., 2019), disrupt insu-
lin resistance and leptin signaling (Attia et al., 2019), as well as
modulate inflammatory condition, liver functions, and lipid meta-
bolism in rats (Fotschki et al., 2015a). Red raspberry seed oil
nanoemulsion showed a synergistic free radical scavenging effect
between lipophilic and hydrophilic antioxidants in DPPH and ABTS
test. The nanoemulsion carrier improved the effect of oil on HeLa
cervical adenocarcinoma cells and showed a safety properties on
normal human lung fibroblasts, MRC-5 (Gledovic et al., 2020).
Red raspberry (Rubus idaeus) consumption restored the impaired
vasoconstriction and vasorelaxation response in the aorta of the
obese Zucker rat (VandenAkker et al., 2020). Hexane extracts from
leaves and stems of Rubus idaeus showed antifungal activity
against Candida albicans with ICso at 500 and 250 pg/mL. Their
bio-guided fractionation led to four active subfractions with ICsq
between 62.5 and 125 pg/mL. Most of the components identified
in active subfractions were fatty acids and terpenoids (Bernard
et al., 2020). Rubusesquilin B1 isolated from the fruits of raspber-
ries showed moderate neuroprotective effects against H,0,-
induced neurotoxicity at the concentration of 25 pM (Lu et al,,
2020). The various parts of raspberry (leaves, fruit pulp and seed
extracts) demonstrated strong antioxidant activities and inhibitory
effects on digestive enzymes (a-glucosidase and o-amylase), pre-
venting oxidative damage and diabetes-related problems (Wu
et al., 2019). Raspberry fruit extract decreased oxidation markers,
improved lipid metabolism and reduced adipose tissue inflamma-
tion in hypertrophied 3 T3-L1 adipocytes (Kowalska et al., 2019).
Red raspberry supplementation alleviated the effects of a high-fat
diet on the brain and behavior in mice (Carey et al., 2019).
Phenolic-enriched raspberry fruit extract resulted in decreased
weight gain, increased ambulatory activity, and elevated hepatic
lipoprotein lipase and heme oxygenase-1 expression in male mice
fed a high-fat diet (Kshatriya et al., 2019). Higher antioxidant activ-
ity was detected in the leaf extracts than in the fruit extracts of
wild raspberry populations, collected from the central Balkan
region evaluated by measuring the scavenging capacity of the
extracts on DPPH. Leaf extracts exhibited anticancer activity with
ICs0/24 h 162.38 pug mL~' and I1C50/48 h 95.69 ug mL~' on human
colorectal cancer cell line HCT-116 (Veljkovic et al., 2019). The ben-
eficial features reported by RO make it the future prophylaxis of
diet-induced NAFLD. However, more elaboration is needed to
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address the potential of oil in preventing NAFLD resulted from
high-fat diet and its associated complications. Since excessive calo-
ric consumption is an essential aspect of NAFLD clinical develop-
ment, NAFLD induction by high-fat diet (HFD) animal model is
considered one of the most established and reliable models used
in NAFLD studies (Van Herck et al., 2017). HFD consumption causes
animals to develop obesity, hyperglycemia, hyperinsulinemia, high
blood pressure and liver damage close to the condition found in
humans with NAFLD (Recena Aydos et al., 2019).

Hence, this study interrogated the potential of RO in controlling
NAFLD associated with HFD. Due to the importance of chemical
characterization of edible oil for assessing the efficacy of herbal
medicine, the cold-pressed RO fatty acid and tocopherols composi-
tion were determined by HPLC in addition to total phenolic and
total flavonoid contents determination. Moreover, Peroxisome
proliferator-activated receptor gamma (PPARY) is one of the poten-
tial therapeutic targets in ameliorating NAFLD. Several studies con-
firmed that the activation of PPARY served as a useful strategy for
preventing NAFLD (Shabalala et al., 2020; Zhong and Liu, 2018). It
is highly expressed in adipose tissue where it controls adipocyte
differentiation and its activation plays a major role in increasing
insulin sensitivity as well as in promoting fatty acids uptake into
adipocytes. The net effect of this process reduces FA delivery to
the liver so it attenuates HFD-induced NAFLD (Feng et al., 2017,
Tailleux et al., 2012). Consequently, the potential role of identified
compounds as anti-NAFLD was predicted by molecular docking
against PPARY.

2. Materials and methods
2.1. Chemicals

Cold-pressed oil of red raspberry seed (RO, Rubus idaeus) was
purchased from Makers Ingredients (York, North Yorkshire, UK).
All fatty acids (FA) standards, tocopherol standards, Folin-
Ciocalteau reagent, gallic acid, quercetin were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Acetonitrile, hexane, 2-propanol
and dimethyl propane of HPLC grade were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Water purification was carried
out via the Milli-Q system (Millipore, Bedford, MA, USA). N,N-
dimethylformamide (DMF) was purchased from Loba Chemie
(Colaba, Mumbai, India). Potassium carbonate (K,CO3) and pyri-
dine were obtained from Sigma Chemical Co. (St. Louis, MO, USA)
while chloroform was obtained from Andheri West, Mumbai,
Maharashtra, India. The 2-(5-benzoacridine)ethyl-p-toluene sul-
fonate (BAETS) labeling reagent was synthesized in the laboratory.
Unless mentioned, all reagents used were of analytical grade.

2.2. Fatty acid profile

2.2.1. Instrumentation

Free fatty acids analysis was carried out with an Agilent Tech-
nologies 1100 series HPLC (Germany) fluorescence detector (FLD)
system. Separation of fatty acid derivatives was carried out via a
reversed-phase ODS C18 column (250 x 4.6 mm, 5 pm,
Netherlands).

2.2.2. Standard and sample solutions preparation

Individual standard fatty acid stock solution (1 x 1072 mol L)
was prepared in acetonitrile and diluted to a concentration of
(1 x 1074 mol L~!) with acetonitrile. The dissolution of 12.8 mg
of BAETS into 10 mL of acetonitrile resulted in obtaining the
derivatization solution. The cold-pressed RO was dissolved in ace-
tonitrile for derivatization. All solutions were kept at 4 °C in the
refrigerator when not in use.
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2.2.3. Derivatization procedure

A 20 mg K,COs, 200 pL DMF, 200 pL BAETS solution was applied
to a vial containing standard fatty acid or a sample and sealed.
Then, the reaction was conducted at 90 °C for 0.5 h in a water bath.
Diluting the solution was performed via acetonitrile after cooling
to room temperature and filtered via a 0.45 pm membrane filter
for HPLC analysis.

2.2.4. HPLC conditions

HPLC analysis was carried out using solvent system: water (A)
and acetonitrile (B). The elution was like the following: acetonitrile
(45-83%) from 0 to 30 min; acetonitrile (83-92%) from 30 to
50 min and acetonitrile (92-100%) from 50 to 60 min. The injection
volume was 10 pL at a flow rate 1 mL/min, and the column was
maintained at 30 °C. Fluorescence excitation and emission wave-
lengths were set at 280 nm and 360 nm. Compared to standard
peaks retention time, the peaks of fatty acids (FA) derivatives in
a sample were determined. Results were expressed as FA group
(gm) in 100 gm of total FA (% w/w).

2.3. Tocopherols analysis

Tocopherol content of RO was determined according to (Oomah
et al., 2000) using normal phase HPLC. RO was diluted with hexane
and filtered through 0.45 pm filter before HPLC analysis. Toco-
pherols were analyzed by HPLC system (Agilent technologies
1100 series, Germany) with a fluorescence detector. A Hypersil
APS-2 normal phase column (250 x 4.6 mm, 5 pm, Chrompack,
Netherlands) was used in combination with guard column (Hyper-
sil APS, 10 x 4 mm, 5 um, Chrompack, Netherlands). Operation of
the system was performed isocratically using hexane/2-propanol/
dimethyl propane (1000/5/1, v/v/v) as the mobile phase at a flow
rate of 1 mL/min. Separations were carried out at 25 °C with the
fluorescence detector set at excitation Aex = 297 nm and emission
Aem = 325 nm. Quantitation of o-, -, v -, and §-tocopherols was
established by external standard method. The results are presented
in the form of mg of tocopherols per 100 gm oil (mg/100 gm).

2.4. Total phenolic contents

The total phenolic contents in RO were determined via Folin-
Ciocalteu method as described by and gallic acid as standard. The
solution of RO was prepared by dissolving 1 mg of oil in 1 mL ace-
tonitrile. An aliquot (0.5 mL) of the solution was mixed with 2.5 mL
of 10% Folin-Ciocalteu reagent as well as 2.5 mL 7.5% sodium car-
bonate solution and was left at room temperature for 45 min.
The absorbance was estimated at A;;,.x760 nm. Total phenolic con-
tents were calculated and expressed as mg gallic acid equivalents
(GAE) for each 100 gm of oil.

2.5. Total flavonoid contents

Total flavonoid contents of RO were estimated via aluminum
chloride colorimetric assay and quercetin as standard. RO
(50 mg) was diluted with 10 mL acetonitrile. (50 pL) of the diluted
solution was blended with 0.1 mL AICI; (0.1 mol/L), 0.1 mL potas-
sium acetate (1 mol/L), 2.8 mL distilled water, and 2.15 mL ethanol,
and then left for 30 min. The absorbance (A) was measured at
415 nm. The total flavonoids contents were presented as mg quer-
cetin (QU) equivalents for each gm of oil.

2.6. Animals and experimental design
Forty male Wistar rats (150-180 gm) were obtained from

Veterinary Unit for Laboratory Animals (Cairo, Egypt). Animals
were kept in a 12:12-h artificial dark lightening cycle. The rats
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were housed in stainless steel cages with 10 animals each, with
an excess of water and standard diet. All animal experiments were
conducted in accordance with the Guide for the U.S. Public Health
Service Policy on Humane Care and Use of Laboratory Animals (PHS
Policy) and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Guide). The experiment was
approved by the Institutional Research Ethics Committee at the
Faculty of Pharmacy, Cairo University, Cairo, Egypt (Approval no.
PT-1621).

After one-week the conditioned rats were divided into four
study groups, each group included 10 rats. Group 1: control group
fed a normal chow diet. Group 2: rats fed HFD (58% rat show diet,
5% sucrose, 18% butter, 1% cholesterol, 10% corn oil, 0.2% methion-
ine, 5% casein, 2% minerals mixture and 0.8% vitamins mixture).
Group 3: rats fed HFD + RO (0.4 mL). Group 4: rats fed HFD + RO
(0.8 mL). RO was administered orally 3 times weekly for 8 weeks
(Pieszka et al., 2013). After 8 weeks, all rats were fasted for 12 h
and euthanized under anesthesia by using ethyl ether. Blood sam-
ples were collected in heparinized tubes through the orbital sinus
and liver tissue was excised and processed for other analyses.

2.6.1. Serum biochemical analysis

Fasting blood glucose level, total cholesterol (TC), triglycerides
(TG), high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) were determined using
Bio-diagnostic colorimetric kits (Cairo, Egypt) according to the
manufacturer’s protocol.

Nuclear factor-kappa B (NF-kB), levels of insulin, peroxisome
proliferator activated receptor gamma (PPARY), leptin and adipo-
nectin were assessed using ELISA kits (abcam1 Kendall Square,
Cambridge, MA 02139-1517, USA) according to manufactures’
instructions. Insulin resistance was evaluated using the homeosta-
sis model assessment index for insulin resistance (HOMA-IR) as
follows (Matthews et al., 1985):

[Fasting plasma glucose (mmol/L)
x fasting serum insulin (mIU/L)]/22.5

2.6.2. Estimation of biochemical parameters of liver tissue

Fresh liver tissue was rinsed with isotonic saline, weighed, and
then homogenized in (10 % W/V) ice-cold 0.1 M phosphate buffer
(pH 7.4) to determine the hepatic content of malondialdehyde
(MDA) (Erdingler et al., 1997), superoxide dismutase (SOD) (Kar
et al., 2002) and nitric oxide (NO) (Ruiz-Larrea et al., 1994).

2.6.3. Histopathological assessment

Liver tissues were quickly dissected, sectioned, fixed in a solu-
tion of 10% formaldehyde saline and embedded in paraffin. After
fixing the tissue sections, they were cut into 4 pm sections and
stained with Hematoxylin-eosin (HE). The sections were imaged
with light microscope using a digital camera (Bernard et al., 2020).

2.6.4. Statistical analysis

Data obtained from the study presented as mean = SEM. Statis-
tical analysis was carried out using SPSS statistical package, (re-
lease 16) for windows. Differences among groups were analyzed
by student’s t-test. Multiple comparisons were performed by
one-way ANOVA tests. P < 0.05 was considered significant.

2.7. Molecular docking
The crystal structure of PPARy was obtained from protein data

bank (PDB ID: 2XKW) to make molecular docking analysis. Docking
analysis was done using Molecular Operating Environment (MOE)
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software. Site finder tool of MOE was used to search for the active
binding pocket of PPARy. All identified compounds were docked
into the binding pocket of PPARY.

3. Results
3.1. Fatty acid profile

Palmitic, stearic, oleic, linoleic (®w6), o-linolenic (®3), and ara-
chidic acids were detected in RO (Table 1). Linoleic acid was found
to be the most abundant fatty acid, contributing 49.9% of the total
fatty acids. RO contained a high amount of polyunsaturated fatty
acids (PUFA, 75.88%) compared with saturated fatty acids (SFA,
6.52%) and monounsaturated fatty acids (MUFA, 17.62%). Further-
more, RO contained significant amounts of o-linolenic acid
(25.98%) resulting in a favorable ratio of w6:®3, 1.92. These find-
ings are similar to the findings of other authors who described
the RO fatty acid profile before (Oomah et al., 2000, Pieszka
et al, 2013, Teng et al., 2016).

3.2. Tocopherols analysis

Tocopherols concentrations in cold-pressed RO are shown in
Table 1. In this analysis, RO was particularly rich in y-tocopherol
and o~ tocopherol (134.62 and 42.73 mg/100 gm oil, respectively).
RO exhibited a high concentration of total tocopherols
(185.1 mg/100 gm oil).

3.3. Total phenolic and flavonoid contents

Total phenolic and flavonoid contents in RO were estimated to
be 22.40 + 0.25 mg GAE/100 mg oil and 1.34 + 0.15 mg QU/100 m-
g, respectively.

3.4. Effect on serum lipid parameters

As outlined in Table 2, all parameters of the lipid profile chan-
ged due to the HFD; the serum TC, TG and LDL-C levels were
increased, while HDL-C levels were significantly decreased when
compared to the control group (P < 0.05). Treatment with RO sig-
nificantly modulated these alterations, and thus improved lipid
profile. RO oral administration significantly reduced TC, TG, and
LDL-C levels with increased HDL-C as compared to the HFD group.

Table 1
Free fatty acid profile and tocopherols contents of cold-pressed raspberry seed oil.

Free fatty acids Mean + SD Tocopherols Mean % SD (mg/
(%) 100 g)
Palmitic acid (C16:0) 5.06 +0.69 o- 42.73 +0.33
Stearic acid (C18:0) 0.78 + 0.85 tocopherol 0.35+0.18
Oleic acid (C18:1 ®9) 17.62 £ 0.51 B- 134.62 + 7.89
Linoleic acid (C18:2 49.90 + 4.65 tocopherol 7.40 + 0.52
®6) 2598 +4.39 - 185.1 £ 8.92
o-Linolenic acid 0.68 + 0.65 tocopherol
(C18:3 m3) 6.52 5
Arachidic acid (C20:0) 17.62 tocopherol
X SFA 75.88 TTC
> MUFA 1.92
3> PUFA
®6:m3 ratio

Values were presented as mean + SD, n = 3. SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; and TTC, total
tocopherol content.
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3.5. Effect on liver enzyme activity

Serum liver enzymes in group 2 were approximately two times
higher than in group 1 (Table 2). RO treated groups showed a sig-
nificant decrease in ALT and AST activities (P < 0.05) compared to
the HFD group. RO (0.8 mL) per OS showed the most significant
reduction in ALT and AST compared to the HFD group (43.5 + 2.0
U/L and 57.5 + 3.2 U/L vs. 80.5 = 2.1 U/L and 108.7 = 4.0 U/L,
respectively).

3.6. Effect on fasting blood glucose, insulin and insulin resistance

With regard to group 2, the fasting blood glucose levels, as well
as HOMA-IR (Table 3), were markedly elevated as compared to
those of group 1. The RO per OS treatment led to an almost com-
plete correction of the disturbed glucose homeostasis (P < 0.05).
The blood glucose level of group 3 was 33.7% lower (p < 0.05) than
that of group 2, which was remarkably reduced in group 4 by
44.6%. For the insulin resistance (HOMA-IR), it was significantly
reduced in RO-treated groups compared to HFD fed rats. RO
(0.8 mL) per OS showed the most significant reduction in HOMA-
IR compared to the HFD group (2.7 £ 1.0 vs. 5.2 + 0.02, respec-
tively). There were no significant differences among the studied
groups with respect to insulin level.

3.7. Effects on SOD, MDA and NO in liver homogenate

The 8-week HFD triggered oxidative stress (Table 4) manifested
by increased MDA and NO levels and lower SOD activity compared
to control animals (P < 0.05). RO per OS treatment abated lipid per-
oxidation to reach its normal level. RO (0.4 mL) and (0.8 mL) signif-
icantly decreased hepatic MDA and NO levels and increased SOD
activity compared with HFD group (2.7 £ 0.15 nmol/mg, 1.9 + 0.0
9 wmol/mg and 30.0 + 1.0 U/gm; 1.8 £ 0.14 nmol/mg, 1.3 £ 0.06 p
mol/mg and 39.2 + 1.7 U/gm vs. 3.5 £ 0.21 nmol/mg, 2.8 + 0.1 um
ol/mg and 21.2 + 1.4 U/gm, respectively).

3.8. Effects on serum leptin, adiponectin, PPARy and NF-xB

RO (0.4 and 0.8 mL) oral administration showed a significant
reduction in leptin as well as NF-kB levels, along with a significant
rise in adiponectin and PPARY levels compared with the HFD fed
group (Fig. 1).

3.9. Effects on histopathology of liver

No histological problems in the liver have been detected in the
control group where the hepatic parenchyma seemed normal and
the hepatocytes around the central vein were organized. In con-
trast, the inflammation and rounded fat droplets within the cyto-
plasm and the nuclei were clearly observed in rats fed with HFD.
Raspberry seed oil administration significantly improved these
HFD induced alterations, especially in the animal group which
received 0.8 mL of RO (Fig. 2).

3.10. Molecular docking

Molecular docking was conducted to predict the possible inter-
action between ligand and the target protein. All compounds iden-
tified as listed in Table 5 represent a significant interaction with
PPARY in comparable manner as represented by the PPARY agonist
Pioglitazone. However, some compounds especially oleic acid, o-
linoleic acid and y-tocopherol displayed better interaction with
the PPARy than with pioglitazone. Binding pocket of PPARy with
labeled amino acid residues present in the active site are shown
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Table 2

The effect of cold-pressed raspberry seed oil on lipid parameters and liver enzymes activity in rats fed with HFD.
Groups TG (mg/dl) TC (mg/dl) HDL-c (mg/dl) LDL-c (mg/dl) ALT (U/L) AST (U/L)
Control 825+3.2 60.5 + 2.1 35.0+1.8 405 £ 4.0 33.7+1.7 450 2.0
HFD control 1812 £4.2° 140.0 + 5.4 17.7+15° 82.5 +3.0° 80.5 +2.1° 108.7+4.02
HFD + RO (0.4 mL) 116.0 + 6.2%° 98.7 + 4.2%° 25.0 + 0.8%° 65.0 + 2.2%° 52.5 + 1.4%° 704 + 2.8%°
HFD + RO (0.8 mL) 101.0 + 4.3%¢ 78.5 + 3.6%>¢ 31.0 + 1.0%> 49.7 + 1.6%"¢ 435 + 2.0%¢ 57.5 + 3.23%¢

Data are reported as means = SEM, n = 10.

Differences among groups were analyzed via student’s t-test. One-way ANOVA tests were carried out for multiple comparisons (p < 0.05).

Values with different superscripts are considered significantly different.

TG, triglycerides; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol.

Table 3
The impact of cold-pressed raspberry seed oil on fasting blood glucose, insulin, and
insulin resistance index in rats fed with HFD.

Groups Glucose (mmol/L) Insulin (mIU/L) HOMA-IR index
Control 39+02 113034 1.9 £ 0.01

HFD 10.1 £ 0.9° 11.8 £ 0.47 52 +0.02°?
HFD +RO (04 mL) 6.7 + 0.23% 115 + 0.37 3.4 +08%

HFD + RO (0.8 mL) 5.6 + 0.17% 11.1 £0.31 2.7 £ 1.0%¢

Data are reported as means + SEM, n = 10.

Differences among groups were analyzed via student’s t-test. One-way ANOVA tests
were carried out for multiple comparisons (p < 0.05).

Values with different superscripts are considered significantly different.

Table 4
The effect of cold-pressed raspberry seed oil on levels of hepatic MDA, NO, and SOD in
rats fed with HFD.

Groups MDA (nmol/mg) NO (pumol/mg) SOD (U/gm)
Control 1.3 +0.09 0.85 +0.12 462 1.7

HFD 3.5+0.21° 28+01° 212+14°
HFD + RO (0.4 mL) 2.7 +0.15%° 1.9 + 0.09%° 30.0 + 1.0*°
HFD + RO (0.8 mL) 1.8 £ 0.14%> 1.3 £ 0.06%>¢ 39.2 +1.7%¢

Data are reported as means + SEM, n = 10.

Differences among groups were analyzed via student’s t-test. One-way ANOVA tests
were carried out for multiple comparisons (p < 0.05).

Values with different superscripts are considered significantly different.

in Fig. 3A. In addition, the interaction of pioglitazone (Fig. 3B) and
all identified compounds (Fig. 4) are also displayed in Table 5.

4. Discussion

NAFLD has become a noticeable global health issue, affecting
large number of people in many countries. NAFLD causes continu-
ous liver tissue damage that ranging from simple steatosis to non-
alcoholic steatohepatitis (NASH), which involves many inflamma-
tory processes and may rapidly progress to liver fibrosis, cirrhosis,
and subsequently liver cancer (Uribe and Barbero-Becerra, 2015).
Therefore, discovery of a new therapeutic agent for the manage-
ment of NAFLD is a challenging goal. Raspberry is special oil that
is used in the food, nutritional supplement, and cosmetic indus-
tries for various products. The reported beneficial features of rasp-
berry seed oil contribute to its potential protective intervention for
diet-induced NAFLD (Pieszka et al., 2013; Zou et al., 2019; Attia
et al., 2019; Fotschki et al., 2015a). Nonetheless, the potential of
RO to protect against NAFLD resulted from high-fat diet as well
as its related complications need further investigation.
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Nutrition is a vital contributing agent in the pathogenesis of
NAFLD. High-fat foods have been proven to promote the intrahep-
atic deposition of triacylglycerols and the development of NAFLD
(Nakamuta et al., 2008). However, nutritional components rich in
essential fatty acids, vitamins, and flavonoids have a preventive
role in the progression of NAFLD (Barrea et al., 2018). In the current
study, HPLC analysis of raspberry seed oil revealed that it is a rich
source of polyunsaturated fatty acids (PUFA) and tocopherols.
These results are consistent with advanced researches, that
reported high levels of unsaturated fatty acid and tocopherol con-
tents from the RO (Oomah et al., 2000; Fotschki et al., 2015b). Fur-
thermore, RO contains an adequate amount of phenolic
compounds. Therefore, cold-pressed raspberry seed oil may be a
useful strategy for preventing HFD induced NAFLD. High-fat diet
triggered NAFLD is considered a useful animal model for evaluating
the anti-NAFLD activity of a new test agent. In the current study,
HFD-fed animals displayed marked hyperlipidemia, steatosis along
with elevated HOMA-IR values, presenting almost all clinical man-
ifestations of NAFLD observed in humans (Chang et al., 2014).
However, HFD-fed animals provided with raspberry seed oil dis-
played a significant decline in the level of TG, TC, and LDL while
suppressed plasma HDL levels were significantly elevated. The
level of ALT and AST enzymes which are indicative of early liver
damage was also elevated in HFD-provided group; however, their
level was significantly suppressed in HFD-fed animals provided
with RO.

HOMA-IR is considered an important predictor of NAFLD associ-
ated with liver fibrosis. Insulin resistance (IR) has been observed in
nearly all NAFLD patients leading to obesity, diabetes mellitus,
impaired glucose tolerance, dyslipidemia, and hypertension (Fujii
et al., 2019). According to the results of the current study, group
2 provided with a high-fat diet exhibited a marked increase in
HOMA-IR values, along with elevated glucose levels which can be
considered as a contributing factor to the development of steatosis.
Insulin has a marked inhibitory effect on lipolysis in adipose tis-
sues. However, in the case of insulin resistance, the suppression
of lipolysis is inhibited leading to efflux of fatty acids from adipose
tissue and thus contributing to steatosis. Treatment of animals
with RO significantly suppressed this HFD-induced increase in
HOMA-IR, and thus contributing to prevent IR-induced steatosis.
Hepatic steatosis is considered the first hit in the pathogenesis of
NAFLD which sensitizes the liver to progress towards a second
phase characterized by increased oxidative stress and pro-
inflammatory cytokines formation which further exacerbating
the condition (Li and Lu, 2018). Oxidative stress is an indicator of
the imbalance which occurs between the production of reactive
oxygen species (ROS) as well as the scavenging capacity of the
antioxidant system (Takaki et al., 2013). MDA and NO, which are
markers of ROS generation, are excessively produced in the liver
of HFD provided group while this elevated level was significantly
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Fig. 1. The effect of cold-pressed raspberry seed oil on NF-«B (A), leptin (B), adiponectin (C) and PPARY (D) levels. Values are reported as mean + SEM, n = 10. Bars with the
different superscript letters are significantly different from each other, P < 0.05.
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Fig. 2. Micrographs of liver sections. (A) Control group revealing normal
parenchyma (B) HFD-provided control group revealing marked steatosis (C) RO
(0.4 mL) provided HFD group revealing mild steatosis (D) RO (0.8 mL) provided HFD
group revealing almost normal parenchyma.

Table 5
Binding interactions between PPARY and identified fatty acids and tocopherols.
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suppressed by the treatment of animals with raspberry seed oil.
Interestingly, RO oral administration to group 3 and 4 revealed a
significantly elevated level of SOD, which indicates the antioxidant
potential of raspberry seed oil. The plant contains an abundance of
tocopherols which may contribute to the antioxidant potential of
raspberry seed oil as it has been documented previously that vita-
min E possesses strong antioxidant potential (Podszun et al., 2020).

Histopathological examination revealed the presence of inflam-
mation and rounded fat droplets within the cytoplasm and the
nuclei in HFD-provided group. Raspberry seed oil administration
significantly improved these HFD induced alterations, especially
in the animal group which received 0.8 mL of RO.

Prolonged oxidative stress can lead to activation of redox-
sensitive transcription factor like NF-kB, which is one of the main
regulators of inflammation. Consequently, activation of NF-kB can
activate pro-inflammatory mediators release especially TNF-or and
IL-6. The increased level of these inflammatory cytokines dimin-
ishes the action of insulin via activation of serine-threonine kinase
pathway, and thus contributing to insulin resistance (Evans et al.,
2005). The results of the current study indicate that treatment with
raspberry seed oil significantly decreased the level of NF-kB which
was elevated by HFD treatment. Hence, the oil may exert its bene-
ficial effect by modulating the level of NF-kB.

Leptin, a peptide hormone, released by adipocytes, plays a
prominent role in developing insulin resistance, thus altering insu-
lin signaling with resultant more production of fatty acids from
hepatocytes. Leptin also has a role in regulating fat deposition,
inflammation, and fibrogenesis in NAFLD patients (Elbadawy
et al., 2006). Consequently, this hormone has been considered an
important regulator of NAFLD development. Regarding the results
of the present work, there was a significant elevation of leptin level
in the HFD-provided group while this elevated level was signifi-
cantly suppressed by RO treatment. Therefore, it might indicate
that the oil might exert its anti-NAFLD attribute by modulating
the level of leptin.

Adiponectin, an important adipokine secreted by adipocytes,
has demonstrated protective implications in NAFLD. Adiponectin
prevents the development of hepatic steatosis via attenuation of
serum lipids as well as glucose production. Adiponectin also regu-
lates HFD-induced insulin resistance by acting as an insulin sensi-
tizer and also by inhibiting the inflammatory mediator TNF-o
(Shabalala et al., 2020). The results of the study point out that

Compound H-Bonding Arene-7 interaction
Distance(°A) Score (%) Amino acid
a-linolenic acid 2.72 38 Tyr 473
2.58 31 His 323
233 33 Tyr 327
Linoleic acid 2.63 13 Ser 289
Oleic acid 3 11 Tyr 327
2.68 13 Tyr 473
2.63 14 His 323
2.69 76 Ser 289
Palmitic acid 2.45 11 Tyr 327
1.85 35 His 323
Stearic acid 2.37 14 Arg 288
Arachidic acid 235 19 Arg 288 Arg 288
Tocopherols Arg 288
Pioglitazone 2.71 73 Arg 288
1.7 46 His 323
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treatment of RO significantly elevated the HFD-induced suppres-
sion of adiponectin level which also confirms the anti-NAFLD
potential of raspberry seed oil.

PPARY is a transcription factor, which is expressed in adipose
tissues and the liver (Inoue et al., 2005). It contributes to regulating
cholesterol homeostasis, and acts as an insulin sensitizer as well as
a reservoir for excess FFAs, increases energy expenditure by induc-
tion of UCP-2 thereby potentially preventing lipotoxicity in liver
and other tissues (Kahn et al., 2006; Kallwitz et al., 2008). In the
current study, the level of PPARy was significantly decreased in
the HFD group compared with control group. The expression levels
of PPARY mRNA, as well as protein, were significantly decreased in
the HFD fed group, which is compatible with the findings of the
study (Zhu et al., 2020). RO treatment significantly elevates PPARY
levels.

B)

Fig. 3. (A) Binding pocket of PPARY, (B) Binding interaction of Pioglitazone in the active pocket of PPARY.
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Molecular docking has been used as a useful tool for predicting
the possible interaction of new pharmacological agents with target
protein thus, contributing to predicting possible mechanism of
action. In this study, we attempted to investigate the possible
interaction of the identified compounds with PPARY. Several stud-
ies have confirmed that the activation of PPARY served as a useful
strategy to prevent NAFLD (Shabalala et al., 2020; Zhong and Liu,
2018). The binding pocket of PPARy contains residues Gly 284,
Arg 288, Ser 289, Ala 292, Leu 330, Phe 264, Leu 265, His 266, Ile
281, Met 329, and Ile 341 (Megantara et al., 2017). All identified
compounds especially oleic acid, o-linolenic acid and Y-
tocopherol showed an interaction with PPARY in a manner similar
to that of the agonist pioglitazone. Therefore, it might be possible
that cold-pressed raspberry oil proved beneficial as anti-NAFLD
due to its agonistic effect on PPARY.
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o-tocopherol

Fig. 4. The putative binding mode analysis of all identified compounds in the binding pocket of PPARY. Ligands are represented in green.

Concerning the results obtained, it is suggestive that raspberry
seed oil possesses multimodal anti-NAFLD attributes. The plant
exerts its beneficial effect possibly through amelioration of insulin
resistance, oxidative stress, NF- kB, and leptin along with elevation
of adiponectin and PPARY levels.

5. Conclusion

Currently, NAFLD is regarded as the most common chronic liver
disease in many parts of the world. This research revealed the pro-
tective and preventive implication of raspberry seed oil against
HFD-induced NAFLD. RO treatment remarkably improved lipid
parameters, reduced insulin resistance, and glucose levels, sup-
pressed inflammation via inhibition of NF-xB concurrent with
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modulation of leptin, PPARY and adiponectin levels. These effects
might be attributed to the high content of polyunsaturated fatty
acids, tocopherols in addition to an adequate amount of phenolic
compounds. In conclusion, our findings suggest the potential
anti-NAFLD of raspberry seed oil to be further tested clinically as
a dietary supplement for NAFLD.
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