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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a hepatic condition with multiple
pathological features and it currently has no specific treatment or approved drug.
Wonderful kolanut widely consumed fresh or cooked has been applied in the treat-
ment of numerous diseases in folk medicine. In this study, we evaluate the thera-
peutic potentials of hydroethanolic extract of defatted Buccholzia coriacea seeds
(HEBCS) in NAFLD model. HEBCS was subjected to liquid chromatography - mass
spectrometry, and 30 male BALB/c mice (28 + 2 g) were allocated to three (3) experi-
mental groups (n = 10/group). Mice in group | were fed chow diet (CD); those in group
II, high fat diet (HFD) and group lll, HFD and 250 mg/kg HEBCS p.o. daily for six
weeks. HEBCS alleviates HFD-induced insulin resistance and high plasma insulin and
glucose levels. It further alleviates hepatic steatosis, and alters plasma lipid profile.
HEBCS also protected against HFD-induced inflammation, oxidative stress and hepa-
tocellular damage. In conclusion, HEBCS alleviated NAFLD in mice via suppression of

insulin resistance, hyperlipidemia, inflammation and oxidative stress.

Practical applications

Bioactive polyphenols and alkaloids were identified in hydroethanolic extract of de-
fatted Buccholzia coriacea seeds (HEBCS). This study projects HEBCS as a potential
therapeutic agent in the treatment of NAFLD. NAFLD is a multi-factorial condition
and therefore, HEBCS is promising considering its multiple-target actions in the
current model of NAFLD. HEBCS alleviates insulin resistance, metabolic dysfunc-
tion, steatosis, and inflammation in this model. There is a need to further investigate

HEBCS in other models of NAFLD as a lead to future use in clinical studies.
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1 | INTRODUCTION

Non-Alcoholic Fatty Liver Disease (NAFLD) is a condition generally
associated with fat deposits in hepatocytes, and which occurs in-
dependent of alcohol consumption (Puri & Sanyal, 2012). NAFLD
now known as metabolic-dysfunction associated fatty liver disease
(MAFLD), is currently regarded as a major hepatic disease worldwide
(Eslam et al., 2020; Younossi, 2019). Moreover, a recent epidemio-
logical assessment placed the average world-wide prevalence of
NAFLD at 25% (Mitra et al., 2020).

The pathogenesis of NAFLD involves multiple factors as ex-
plained by the multiple hit hypothesis (Buzzetti et al., 2016). It begins
with initial fat deposits in the hepatocytes - a condition referred
to as steatosis or non-alcoholic fatty liver (NAFL) (Liu et al., 2016).
Steatosis in NAFLD is due mainly to insulin resistance, excessive in-
flux of free fatty acids (FFAs) influx to the liver, lipotoxicity as well
as oxidative distress and endoplasmic reticulum (ER) stress (Liu
et al., 2016). NAFL progresses into steatohepatitis distinguished
by inflammation, hepatic injury, hepatocellular apoptosis, and var-
ious degrees of fibrosis in addition to the features associated with
NAFL (Liu et al., 2016; Ore & Akinloye, 2019). If left unchecked, non-
alcoholic steatohepatitis (NASH) may progress to cirrhosis of the
liver and hepatocellular carcinoma (Liu et al., 2016; Ore et al., 2020).

Inflammation plays a major role in the progression of NAFL to
NASH. Several factors are known to contribute to inflammation seen
in NASH; these include high influx of FFAs, their lipotoxic metab-
olites and damage associated molecular patterns (DAMPs) due to
hepatocyte injury and apoptosis (Liu et al., 2016). These in addition
to gut-derived pathogen associated molecular patterns (PAMPs),
especially lipopolysaccharide (LPS) (elevated due to increased gut
permeability) contribute to activation of kupffer cell which plays a
central role in liver inflammation. Activation of Kupffer cells results
in activation of inflamsome, secretion of proinflammatory cyto-
kines (TNF-a, IL-1p, and IL6), chemokines, as well as other factors
(like transforming growth factor beta, TGFB) which contribute to
the development of fibrosis observed in most NASH patients (Liu
etal., 2016).

There is currently no specific treatment or approved drug
for NAFLD; however, diet and lifestyle modification remains the
major treatment or preventive measures (Tolman & Dalpiaz, 2007).
Lifestyle modification and increase in physical activity is aimed
at weight loss, while other measures are directed at management
of the features of metabolic syndrome, oxidative stress and in-
flammation depending on the stage of the disease (Dyson &
Day, 2014; Hardy et al., 2015). While NAFLD may be prevented
by reasonable dietary modifications, regular exercise, reduction
of alcohol intake, these measures may not be completely effective
for total recovery.

However, efforts are in place to explore the potentials of
phytomedicine in the treatment and management of NAFLD
(Shi et al., 2020). Considering the multiple-hit pathophysiologi-
cal mechanism of NAFLD, plant-derived extracts are particularly

promising because of the multiple pharmacological actions they

exert on various diseases. Buccholzia coriacea seed (BCS) has been
extensively used in African herbal medicine in the treatment of
numerous diseases, hence the name “wonderful kolanut” (Ore
et al., 2020). BCS is consumed either fresh or in cooked form
(Oghenesuvwe et al., 2015). Nutritional studies show that it is rich
in carbohydrate, protein, and minerals, and has good nutritional
index (ljarotimi et al., 2015). Earlier studies show that, hydroeth-
anolic extract of defatted BCS hydroethanolic extract of defat-
ted Buccholzia coriacea seeds (HEBCS) is safe and it prevented
oxidative stress, inflammation, and hepatocellular damage in LPS
model of acute inflammatory liver injury (Ore et al., 2019; 2020).
Therefore, the present study explores the pharmacological po-
tentials of HEBCS in the prevention/ treatment of high fat diet-
induced NAFLD.

2 | METHODOLOGY

2.1 | Materials
2.1.1 | Chemicals

Guanidine hydrochloride was procured from AK Scientific®, Union
City, CA. 3,3"-Diaminobenzidine (DAB), p-nitrophenyl phosphate
(p-NPP), n-hexane, glutathione, ethanol, sodium acetate, sodium
carbonate, (Merck®, Darmstadt, Germany). All other reagents and

chemicals used were of high quality.

2.1.2 | Assay kits

ELISA Kit for mouse Interleukin 6 (IL6), Insulin, and Tumor
Necrosis Factor Alpha (TNF-a) were procured from Elabscience®
Biotechnology Co. Ltd, Houston, USA. Assay kits for triglycerides
(TG), total cholesterol (TC), HDL/LDL-cholesterol, aspartate ami-
notransferase (AST), and alanine aminotransferase (ALT), were
procured from Fortress® diagnostics Ltd., Antrim, UK. Assay kit for

glucose was procured from Randox Ltd., Antrim, UK.

2.1.3 | Antibodies

Antibodies used in immunohistochemistry: cytochrome P450 2E1
(CYP 2E1) and DNA damage inducible transcript 3 protein (DDIT3)
were procured from Elabscience® Biotechnology Co. Ltd., Houston,
Texas, USA.

2.1.4 | B. coriacea seeds

Samples of B. coriacea fruits and leaves were obtained from a farm
in Osi, Kwara State, Nigeria. Samples were authenticated at the her-

barium unit of the Department of Biology, University of llorin, Kwara
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State (voucher number: UIH 1,067). The name of the plant was con-
firmed using the plant list database (at http://www.theplantlist.org).

2.1.5 | Animals

BALB/c mice used in this research were procured from the animal
breeding unit, College of Basic Medical Sciences, University of
Ibadan, Oyo State, Nigeria. Mice were handled humanely and were
acclimatized to laboratory conditions one week prior to the com-

mencement of the study.

2.1.6 | Diets

Chow diet (CD) used in this study was procured from Ladokun
Feeds, Ibadan, Nigeria. High fat diet (HFD), a Lieber-DeCarli 71%
Fat Derived Calories Liquid Rodent Diet (Table 1) was procured from
DYETS® Inc. Bethlehem Pa 18,017, USA.

2.2 | Preparation of hydroethanolic extract of
(defatted) B. coriacea seeds

Seeds were washed, sliced, air-dried, and ground to powder. Powder
was defatted in n-hexane and filtered. The residue was air-dried and
re-extracted in 80% ethanol. The 80% ethanol extract was filtered

and concentrated under reduced pressure (Figure 1).

2.3 | Liquid chromatography-mass spectrometry
(LC-MS)

HEBCS was separated on a Dionex Ultimate 3,000 UHPLC system
(Thermo Scientific, USA) equipped with a Raptor™ ARC-18 2.7 um

TABLE 1 Lieber-DeCarli diet

Ingredient g/L
Casein (100 Mesh) 41.4
L-cystine 0.5
DL-methionine 0.3
Corn oil 48.5
Olive oil 28.4
Safflower oil 2.7
Maltose dextrin 25.6
Cellulose 10
Mineral mix #210011 8.75
Vitamin mix # 310,011 2.5
Choline bitartrate 0.53
Xanthan gum 3
Total 172.18
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100 x 2.1 mm column. Injection volume was 50 pl, held at a tem-
perature of 25°C, and using a gradient system composed of A: 0.1%
formic acid in water, and B: 0.1% formic acid in methanol. The flow
was maintained at 0.3 ml/min. The developed gradient program was
70% to 50% A in 3 min - hold 2 min, 50% to 20% A in 2 min - hold
for 2 min, 20% to 95% A in 2 min- hold for 3 min.

Time of flight detection was carried out on compact quadrupole-
time-of-flight (QTOF)

Daltonics, Bremen, Germany) at a resolving power of ~23,000 full

orthogonal mass spectrometer (Bruker
widths at half-maximum (FWHM). The instrument was equipped
with an orthogonal electrospray ionization (ESI) source, operated at
positive mode, and autoMS/MS spectra were recorded in the range
m/z 50-3000 with the collision energy of 20-50 eV, and five scans
per second. For calibration, 1 pl of 10 mmol/L sodium formate was
injected at the commencement of the chromatographic run, using
the divert valve (0.3-0.4 min). ESl+capillary voltage was maintained
at 5,000 V, while the gas flow to the nebulizer was set to 1.8 bar.
The drying temperature was maintained at 220°C, and the drying
gas flow was 9.0 L/min. Compounds HEBCS were identified by com-
paring the observed MS spectra with those found in mass databases
and literatures.

2.4 | Experimental design

Thirty (30) male BALB/c mice (28 + 2 g) were assigned into three
(3) groups (I, II, and 1ll; n = 10 mice per group). Mice in group | were
fed chow diet (CD) and administered 0.2 ml of distilled water orally
(p.0.). Mice in group Il were fed HFD ad libitum and administered
0.2 ml of distilled water p.o. Mice in group Ill (HFD + HEBCS) were
fed HFD ad libitum and received 250 mg/kg bw HEBCS p.o. daily.
Body weight was monitored weekly and the entire study lasted for a
period of six (6) weeks. The duration of this study was chosen based
on earlier study by Ore et al. (2020). The chosen dose of HEBCS
(250 mg/kg bw) was based on significant antioxidant and anti-
inflammatory effects displayed in earlier study (Ore et al., 2019).
The study was approved by the Faculty of Natural Sciences, Ethical
Review Committee (FNS/ERC/2018005), Ajayi Crowther University,
Oyo, Oyo State, Nigeria.

2.5 | Sample collection

After six weeks of treatments, mice were weighed and blood sam-
ples were collected for preparation of plasma, and mice were sacri-
ficed, 12 hr after withdrawal of food. Liver was cut out, and residual
blood was removed by rinsing in ice-cold phosphate buffered saline
(PBS; pH 7.4), and then weighed. Liver sections for histopathology
were fixed in neutral buffered formalin (NBF). Blood samples were
centrifuged at 894xg for 5 min to get plasma. For biochemical analy-
sis, 0.5 g of liver was used to prepare liver homogenate in PBS (10%
w/v). The homogenate obtained was subjected to centrifugation for
10 min. at 10,000xg.
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FIGURE 1 Stepsinthe preparation and characterization of hydroethanolic extract of Buchholzia coriacea seeds

2.6 | Biochemical analysis
2.6.1 | Plasma insulin and glucose levels

Insulin levels were measured using ELISA kits according to the
manufacturer’s procedure. Glucose levels were measured using a

Randox assay kit, following the manufacturer’s instruction.

2.6.2 | Insulin resistance index

The index of insulin resistance was estimated by the homeostasis
model assessment (HOMA) according to Matthews et al. (1985)
using the following formula:

Homeostasis Model Assessment — Insulin Resistance (HOMA - IR) =
Insulin (mlU/L) x Glucose (mmol/L)
224

2.6.3 | Liver function biomarkers

Relative liver weight was calculated and activity of alkaline phos-
phatase (ALP) in plasma was determined by the method of Wright
et al. (1972). Plasma alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities were determined by means of assay

kits (Fortress®, Antrim, UK), following the manufacturer’s procedure.

2.6.4 | Serum and hepatic lipid profile

Concentrations of triglycerides, total cholesterol, HDL-,

and LDL- cholesterol were determined using assay Kkits

(Fortress Diagnostics Ltd., Atrim, UK) following the specified
procedure.

2.6.5 | Biomarkers of inflammation

Concentrations of IL-6 and TNF-a were determined in the plasma
using sandwich ELISA principle following the recommended proce-
dure (Elabscience Biotechnology).

2.6.6 | Oxidative stress biomarkers

The procedure of Green et al. (1982) was followed to determine
the nitric oxide (NO) level in liver samples. The concentration of
malondialdehyde (MDA) in liver homogenate was measured ac-
cording to Varshney and Kale (1990). Hepatic level of protein
carbonyls was determined by the method of Reznick and Packer
(1994).

2.6.7 | Antioxidant biomarkers

Hepatic glutathione concentration was measured following the
procedure described by Jollow et al. (1974). Activity of super-
oxide dismutase (SOD) in the liver was determined according
to Sun and Zigman (1978). The activity of catalase in serum was
determined according to the procedure described by Hadwan
and Abed (2016). Activity of glutathione peroxidase (GSH-Px)
was measured according to Rotruck et al. (1973) with some

modifications.
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2.7 | Histopathology

Liver sections fixed in NBF were prepared for hematoxylin and
Eosin (H & E) staining according to Fischer et al. (2008). Thin sec-
tion (5-10 micron) of paraffin embedded liver sample was cut on
a microscope. Slide was immersed in distilled water for 30 s with
agitation by hand. Slides bearing the liver sections were immersed
in a Coplin jar containing hematoxylin and were mixed for 30 s.
and then rinsed using distilled water for 1 min. Slides were then
stained with eosin. Liver section was dehydrated in 95% alcohol
followed by 100% alcohol for 30 s each. Alcohol was extracted
with xylene followed by addition of two drops of the mounting
medium (glycerol) and covered with a coverslip and observed on
the microscope.

2.8 | Immunohistochemistry

Sections on slides were immersed successively in Xylene | and
Xylene Il for 10 min each. Slides were then immersed in anhy-
drous ethanol I, anhydrous ethanol Il, 95% ethanol, 80% ethanol,
and 70% ethanol in succession for 5 min each, and washed in
deionized H,O for 2 min. These processes were repeated two
times. For antigen retrieval, slides were treated with 0.01 M cit-
rate buffer (pH 6.0). Antigen was retrieved with medium power
microwave for 10 min and was allowed to cool to room tempera-
ture. The slides were removed and washed with PBS (pH 7.4) for
3 min and these steps were repeated three times. Drops of H,0,
(3%) were added to the sections to block endogenous peroxi-
dase. Slides were thereafter incubated at room temperature for
15 min. PBS was used to wash the slides for 3 min and repeated
three times.

Absorbent paper was blotted with PBS, and 5% normal serum
and added drop by drop on the sections, and blocked at 37°C for
30 min. The liquid around the section was wiped dry with absor-
bent paper, and a circle was drawn around the section with oil pen,
followed by addition of diluted primary antibodies (against CYP
2E1 and DDIT3) drop by drop. The slides were incubated at 4°C
overnight. Slides were washed with PBS three times, for 2 min
each. HRP-conjugated secondary antibodies were added, and incu-
bated for 30 min at 37°C.

Sections were washed with PBS for 3 min and were repeated
four times, and wiped dry with absorbent paper, then freshly
prepared Diaminobenzidine (DAB) substrate reagent was added
to each section, and observed under a microscope. The slides
were immersed in H,0, and then in 70%, 80%, 90%, 95%, anhy-
drous ethanol |, anhydrous ethanol, and then in Xylene | and Il
for 2 min each and the sections were finally air-dried. Resinene
was dropped beside the section, and covered with cover glass.
Slides were observed and images were acquired with a micro-
scope. The intensity of chromogen in the images was quanti-
fied according to Nguyen et al. (2013) using Image J software
(Rueden et al., 2017).
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2.9 | Statistical analysis

Data are presented as the mean + SD of 10 replicates. Analysis
of variance (ANOVA) and Tukey’s test were performed using
Graphpad® Prism 6.0.1 (Graphpad Software, La Jolla, CA). Statistical

significance was based on p values less than .05.

3 | RESULTS
3.1 | Constituents of HEBCS

LC-MS evaluation shows that HEBCS contains important bioactive
compounds like coumarins, polyphenols, and alkaloids. Details of the

phytocompounds identified are contained in Figure 2 and Table 2.

3.2 | HEBCS alleviate insulin resistance

Figure 3 shows the variations in weight of mice over a period of
6 weeks. Weight of mice in the control and HFD groups increased
at a steady rate over the period. However, a slight decrease in
weight gain was observed in mice administered HFD along with
HEBCS.

Table 3 shows the variations in weights and indices of insulin
resistance in mice in the CD, HFD, and HFD plus HEBCS groups.
Body weight gain was higher in the CD group than in the HFD fed
mice, while the lowest gain in weight was observed in the HFD plus
HEBCS group. There was a significant decrease in relative liver
weight of HFD fed mice when compared with the CD group, how-
ever, the value obtained in the group HEBCS compared well with
those in CD group.

The concentration of plasma insulin increased significantly
in the HFD group when compared with the control. Plasma glu-
cose levels also increased in a similar manner. The calculated
HOMA-IR index shows significantly higher insulin resistance in
the HFD fed mice when compared with the control. However,
mice in the HFD plus HEBCS group show a significantly lower
plasma insulin level, glucose level, and IR index compared with
mice in the CD group.

3.3 | HEBCS alleviate dyslipidemia in HFD fed mice

Administration of HFD for 6 weeks caused significant alterations
in plasma and hepatic lipid profile in mice as shown in Figure 4. A
significant increase in plasma levels of total cholesterol, triglycer-
ides, and LDL-cholesterol levels in mice administered HFD when
compared with the control (which received chow diet). In addi-
tion, a significantly lower level of plasma HDL-cholesterol was
observed in the HFD treated mice when compared with control.
However, administration of 250 mg/kg HEBCS alongside HFD sig-

nificantly restored the altered plasma concentrations of plasma
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FIGURE 2 Chromatogram and mass spectra for hydroethanolic extract of Buchholzia coriacea seeds

total cholesterol, triglycerides, and LDL-cholesterol in mice. HFD However, administration of HEBCS alongside HFD significantly
also caused a significant increase in hepatic levels of total choles- ameliorated the observed elevation in hepatic total cholesterol and
terol and triglycerides in mice as shown in Figure 4e,f respectively. triglycerides level in mice.
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TABLE 2 Bioactive compounds identified in HEBCS

Peak no. ?:‘//Iz+ Hl+ Compound identified Mass
Amino acid derivative(s)
27 144.1013 Stachydrine 143.0946
Coumarins
48 161.1002 6-Methylcoumarin 160.0524
49 163.0603 Umbelliferone 162.0317
92 399.2489 Galbanic acid 398.5037
Flavonoids
71 273.1798 Naringenin 272.0685
78 285.1812 Acacetin 284.0685
80 287.2130 Kaempferol 286.0477
82 301.1750 Kaempferide 300.0634
83 303.1916 Quercetin 302.0427
87 319.1830 Myricetin 318.0376
Curcuminoid
86 309.2027 Bisdemethoxycurcumin 308.1049
Phenols
41 149.0230 Cinnamic acid 148.0524
43 153.0739 Vanillin 152.1500
44 155.1059 Protocatehuic acid 154.1200
60 199.1683 Syringic acid 198.1700
72 279.1578 Galloylpyrogallol 278.2100
(Exifone)
91 391.2828 Resveratrol 390.3880
3-p-mono-D-glucoside
94 459.3403 Epigallocatechin gallate 458.0849
Alkaloids
24 128.0702 Guvacine 127.0637
25 130.0861 Pipecolic acid 129.1570
61 200.1712 Isotussilagine 199.1215
77 283.1657 Artemisinin 282.1467
79 286.0698 Piperine 285.1365
89 338.1290 Lobeline 337.4660
93 429.0294 Majdine 428.4894
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3.4 | HEBCS alleviate hepatic injury in HFD fed mice

There was a significant increase in activities of AST, ALT, and ALP in
the plasma of mice fed HFD compared with mice fed CD as shown
in Figure 5. However, HEBCS administered alongside HFD alleviated
these alterations.

Elemental

composition References

C,H;3NO, PubChem; Yang et al. (2019)
€050, MassBank; Tine et al. (2017)
C,H, O, Abu-Reidah et al. (2015), Wan
et al. (2019); Tine et al. (2017)
C,4H5005 MassBank; PubChem
C,5H;,05 MassBank
Cy4H1,05 MassBank; Xu et al. (2017a)
CsH00, MassBank; March and Miao (2004)
CsH1,04 MassBank; PubChem
CsH.00; Ma et al. (2019); Olate-Gallegos
et al. (2019); Termentzi et al. (2008)
Cy5H100g MassBank; Tang et al. (2020)
CyoH1O, MassBank; Verma et al. (2013)
C,H.O, Peng et al. (2019)
CgHg O, MassBank; Islam et al. (2019)
C,H,O, Termentzi et al. (2008)
CoH,005 Termentzi et al. (2008)
Cy5H00; Abu-Reidah et al. (2015)
CyoH,,04 MassBank; Lambert et al. (2015);
Arraki et al. (2017)
Cy,H5044 MassBank; Zeeb et al. (2000)
C,H,NO, MassBank; Alara et al. (2018)
C,H,NO, MassBank; PubChem
C,oH7NO, PubChem; Alara et al. (2018)
CsH,,0¢ Van Nieuwerburgh et al. (2006);
C,;HxNO, Rao Vadaparthi et al. (2018); St-Pierre
et al. (2017)
C,,H,,NO, Wang et al. (2018); St-Pierre
et al. (2017)
Cy5H6N,O MassBank

3.5 | HEBCS alleviate oxidative stress in HFD
fed mice

Biomarkers of oxidative stress: nitric oxide (NO), protein car-
bonyls, cytochrome P450 2E1 (CYP 2E1), and malondialdehyde

(MDA) were measured in the liver of mice. There was a significant
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.- CD
-= HFD
-+ HFD + HEBCS

Weight (g)

Weeks

FIGURE 3 Changesin body weight of mice fed chow diet, high
fat diet only, and high fat diet plus HEBCS. Each point represents
the mean + SD of 10 mice. CD, chow diet; HFD, high fat diet;
HEBCS, hydroethanolic extract of Buchholzia coriacea seeds,

250 mg/kg body weight

TABLE 3 Food intake, weight variations, and indices of insulin
resistance

HFD +

Parameter CD HFD HEBCS

Food intake 4.61 +0.20 4.50+0.22 4.74 +0.24
(g/day)

Initial body 2211 + 1.62 2769 +1.57  33.51+1.61
wt (g)

Final body 36.07+1.60  35.85+1.68 37.03 + 2.45
wt (g)

ABody wt (g) 14.8 +0.90 8.9 +0.86 3.8+0.73"

Mean liver 1.9 +0.20 1.5+0.13 1.7+0.14
wt (g)

Relative liver 0.05+0.004 0.04+0.004  0.05+0.002°
wit

Insulin (mUI/L) 895+126  1441+236  10.65+1.17"

Glucose 6.82 +0.80 9.08 + 1.02" 7.02 + 1.02*
(mmol/L)

HOMA-IR 2.76 + 0.65 5.52 + 1.46 3.36 +0.77*
index

Note: *Significant difference compared with HFD groups.

Data are expressed as Mean + SD of 10 mice in each group. Relative
liver wt = Absolute liver wt/Final body wt.

Abbreviations: CD, chow diet; HFD, high fat diet; HEBCS,
hydroethanolic extract of B. coriacea seeds (250 mg/kg bw).

*Significant difference compared with control.

increase in hepatic NO level, CYP 2E1 expression, MDA level,
and protein carbonyls content of mice fed HFD for 6 weeks when
compared with the control as shown in Figure 6. However, co-

administration of HFD with HEBCS significantly ameliorated

the observed increase in hepatic oxidative stress biomarkers.
There was a significant increase in DDIT-3 expression in the liver
of mice in the HFD group when compared with the control as
shown in Figure 6f,g. However, co-administration of HFD and
HEBCS significantly ameliorate the HFD induced increase in he-
patic expression of DDIT-3 in mice.

3.6 | HEBCS alleviate HFD-induced decrease in
hepatic antioxidants in mice

Figure 7 shows hepatic reduced glutathione (GSH) level, and
activities of superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GSH-Px), respectively, following admin-
istration of CD, HFD, and HFD plus HEBCS to mice for 6 weeks.
Hepatic GSH level decreased significantly in the HFD group when
compared with the control. Hepatic activities of SOD, CAT, and
GSH-Px also decreased in the mice fed HFD when compared with
the CD fed mice. However, administration of HEBCS alongside
HFD, however, alleviated the HFD-induced alteration in hepatic

antioxidant system in mice.

3.7 | HEBCS alleviate inflammation in HFD fed mice

Plasma concentrations of tumor necrosis factor alpha (TNF-«)
and interleukin 6 (IL-6) were determined following administration
of CD, HFD, and HFD plus HEBCS to mice for 6 weeks. There
was a significant increase in plasma TNF-a and IL-6 concentration
in mice fed HFD when compared with the control as shown in
Figure 8. However, 250 mg/kg HEBCS significantly ameliorated
the HFD induced increase in plasma TNF-a and IL-6 concentra-
tions in mice.

3.8 | HEBCS alleviate hepatocellular degeneration
in HFD fed mice

Figure 9 shows the representative Hematoxylin and eiosin (H & E)
stained liver sections (x100 and x400) following the administra-
tion of chow diet, HFD, and its combination with HEBCS to mice
for 6 weeks. CD show mild congestion (blue arrow), mild steatosis
(green arrows), very mild focal periportal infiltration by inflamma-
tory cells (as indicated by the black arrow), and very mild infiltra-
tion of zone 2 by inflammatory cells (as shown by the black slender
arrow). Images from the HFD group show distributed congestion
of veins and sinusoid (blue arrows). The plates also show mild dis-
seminated microvesicular steatosis (green arrows), mild focal peri-
portal infiltration by inflammatory cells (black arrow) and moderate
to marked infiltration of zone 2 by inflammatory cells (black slender
arrow). Images in the HFD + HEBCS show mild disseminated con-
gestion (blue arrow) and mild focal periportal infiltration by inflam-

matory cells (black arrow).



OREET AL. Journal of 90of17
Food Biochemistry -Wl LEY#
200+ . " 100+ 250- * #

6 1T B * # B [ 1
8 150 T g 801 L | S — 200 T
SL - n o = 60 | O .2 150
o E —— 777, = O |
£ 100+ %7 25 T o
S E % 0 E 40 o \g 100-
] | _—
= 50+ / RS -
2 / 2 20 S~ 50

0 - Z 0 . 2 0 . Z

(a) (c) )50 (e)
250- . 4 _ 100- . 4 : = # oo
8 200 T 5 804 T @ e 200 T B HFD
g | iR kel EZA HFD + HEBCS
%’1—,' 150+ - %5‘ 60 = 3 1501
ke 7 B O o

= £ 100{ rif7 ] S E aof 23 100
= / a = E

50+ / = 204 % 50-

0 % 0 [ % 0 =l Y

(b) ()

()
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FIGURE 5 HEBCS alleviated increase in plasma activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and
alkaline phosphatase (ALP) in mice fed HFD. Each bar represents the mean + SD of 10 mice. *Significantly different compared with control;
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4 | DISCUSSION

NAFLD is a liver disease that span a number of conditions involving
steatosis to NASH (Machado & Diehl, 2016). NAFLD begins with ste-
atosis (due to insulin resistance, excessive influx to the liver, lipotoxic-
ity, oxidative stress, and endoplasmic reticulum stress); these lead to
hepatocellular injury, inflammation, and various degrees of fibrosis (Li
et al., 2016; Ore & Akinloye, 2019). The pathophysiology of NAFLD
is complex and there are currently no approved medications for this

condition (Konerman et al., 2018). The major forms of therapy are

lifestyle and diet/nutritional modifications, increase in physical activ-
ity targeted toward weight loss (Vilar-Gomez et al., 2015), and use
of drugs required to treat diabetes or insulin resistance and obesity.
Therefore, several approaches are being considered in the treatment
and management of NAFLD; prominent among these are nutritional
and phytotherapeutic approaches (Liu et al., 2017; Saeed et al., 2019).
Considering the multifactorial nature of the pathogenesis of the dis-
ease, phytotherapeutic approach to the treatment and management
of NAFLD are promising, due the multipronged or multitargeting

mechanism of action of herbal extracts (Feng et al., 2017). In this
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FIGURE 6 HEBCS alleviates HFD - induced increase in hepatic oxidative and endoplasmic reticulum stress in mice (a) cytochrome P450
2E1 (CYP 2E1) expression, (b) staining intensity for CYP 2E1, (c) protein carbonyls, (d) malondialdehyde concentration, (e) nitric oxide level, (f)
hepatic expression of DNA damage inducible transcript 3 protein (DDIT3), (g) staining intensity for DDIT3 CD, chow diet; HFD, high fat diet;
HEBCS, hydroethanolic extract of Buchholzia coriacea seeds, 250 mg/kg body weight

study, 250 mg/kg HEBCS was explored in the treatment of HFD in-
duced NAFLD in mice. This particular dose showed a very good anti-
inflammatory, antioxidant, anti-dyslipidemic, and hepatoprotective
effects both in earlier experiments and in the present study as sum-
marized in Figure 10. HFD model was used in this study, due to its
ability to produce most of the human symptoms of NAFLD. Leiber de
Carli high fat liquid have been successfully used to produce various
degrees of NAFLD in rats and mice as reported by Lieber et al. (2004),
Nazmy and Abdel-Ghany (2015) including an earlier report by Ore
et al. (2020).

Data obtained from this study show moderate gain in weight in
mice fed HFD; although the highest gain in weight was observed in
mice fed chow diet. A significant decrease in relative liver weight
was also observed in the HFD compared with the control. This
may be attributed to replacement of hepatocellular materials with
less dense fat materials. This decrease in relative liver weight was
observed previously (Ore et al., 2020). Mice administered HEBCS
250, however, have relative liver weight comparable to those in the
control. It is known that IR is one of the important contributing fac-
tors to hepatic steatosis in NAFLD (Bugianesi et al., 2005; Kitade
et al., 2017; Liu et al., 2016). However, while IR can lead to steatosis;
steatosis can also lead to IR (Perry et al., 2014; Takamura et al., 2012).
In this study, plasma glucose and insulin levels increased significantly
in mice fed HFD for 6 weeks. Insulin resistance (IR) index was also
significantly higher in the HFD fed mice when compared with the
control mice. Insulin signaling is initiated by the binding of insulin to
its receptor. Under normal physiological conditions, insulin inhibits
hepatic gluconeogenesis, stimulates glycogenesis, and stimulates de
novo lipogenesis (Liu et al., 2016). Under IR condition, the inhibitory

effect on gluconeogenesis is decreased, thus gluconeogenesis con-
tinues, while the stimulatory effect on lipogenesis is retained in the
liver (Petersen & Shulman, 2018).

In insulin resistant liver, insulin is incapable of inhibiting the pro-
duction of glucose, and this leads to increase in blood glucose con-
centration which stimulates de novo lipogenesis (Liu et al., 2016).
Since IR also occur in the adipose tissue and skeletal muscle of
NAFLD patients, the tissues become resistant to the anti-lipolytic
effect of the insulin leading to increased delivery of FFAs to the liver
(Sears & Perry, 2015). These fatty acids are esterified to glycerol and
stored as triglycerides. In this study, administration of HEBCS 250
in mice fed HFD caused a significant decrease in blood glucose and
insulin levels as well as in IR index. The anti-hyperglycemic effect
of HEBCS may be attributed to some of the identified constituents
with anti-hyperglycemic or antidiabetics actions such as acacetin,
myricetin, quercetin, epigallocatechin gallate, umbeliferone.

Data from this study show disordered lipid profile and hepatic
steatosis in mice following administration of HFD for 6 weeks. There
was a significant increase in plasma and hepatic total cholesterol,
plasma and hepatic triglycerides and plasma LDL-cholesterol. These
data agree with previous reports on HFD induced increase in plasma
total cholesterol, triglycerides and LDL-cholesterol in mice and rats (Ji
etal.,2019; Zhangetal.,2016). A decrease in plasma HDL-cholesterol
was also observed in the HFD treated mice. Hepatic steatosis is nor-
mally caused by accumulation of lipids mainly triglycerides within
hepatocytes (Kawano & Cohen, 2013; Liu et al., 2016). Lipid accumu-
lation results from the increased de novo synthesis of FFAs and the
decreased oxidation of FFAs due to impaired -oxidation. Therefore,

hepatocytes steatosis reflects a disordered lipid metabolism. The
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FIGURE 7 HEBCS alleviates HFD induced depletion of hepatic antioxidants in mice. (a) Glutathione concentration, (b) superoxide
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respectively. *Significantly different compared with control; #Significantly different compared with HFD (p < .05). CD, chow diet; HFD, high
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disruption of normal insulin signaling in hepatocytes and high level of
fatty acids can also lead to disordered lipid homeostasis. However,
250 mg/kg b.w. HEBCS was able to alleviate the disordered lipid
profiles in mice. This anti-dyslipidemic effects may be attributed to
several bioactive constituents identified in HEBCS that possess anti-
dyslipidemic effects. Such constituents include naringenin, querce-

tin, and epigallocatechin gallate.

Oxidative stress was observed in the HFD treated mice as indi-
cated by various oxidative stress biomarkers: NO, CYP 2E1, MDA,
and protein carbonyls. Several studies have identified oxidative stress
in NAFLD patients (Masarone et al., 2018; Ucar et al., 2013) and it
is a vital component of the pathophysiology of the disease (Ore &
Akinloye, 2019). ROSs are important mediators of lipotoxicity in
NAFLD. ROSs are produced in the hepatocytes as a result of free
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fatty acid oxidation. Mitochondrial p-oxidation constitutes a major
source of ROS in NAFLD (Satapati et al., 2015). It has been estimated
that 0.2%-2% of the oxygen utilized in mitochondria generates ROS
(Paradies et al., 2014). FFAs can also be oxidized in peroxisomes, and
microsomes also contributing a significant amount of ROS to oxida-
tive stress seen in NAFLD (Gonzalez et al., 1998). ROS is produced
in microsomes due to increase in activity of CYP2E1 responsible for
lipooxygenation of long chain fatty acids (Chalasani et al., 2003).
Oxidative stress occurs when the rate of production of reactive spe-
cies exceeds the capacity of the physiological antioxidant defense
system (Sies et al., 2017). Numerous studies have shown increased
hepatic levels of NO, CYP 2E1, MDA, and protein carbonyls in NAFLD
as reviewed by Ore and Akinloye (2019).

In addition to oxidative stress, endoplasmic reticulum (ER) stress
is also present in NAFLD (Ashraf & Sheikh, 2015). ER is important in
the synthesis, folding, and transport of proteins. ER stress is a con-
sequence of lipotoxicity in steatosis. Saturated FFAs has been shown
to directly induce ER stress in hepatocytes (Ashraf & Sheikh, 2015).
Prolonged condition of ER stress can lead to increase in calcium re-
lease from ER which may contributes to apoptosis (Liu et al., 2016).
Data from this study also show a significant increase in hepatic
expression of DDIT3 (a pro-apoptotic transcription factor and ER
stress related marker) in mice fed HFD for 6 weeks. During endo-
plasmic reticulum stress, DDIT3 is capable of activating Erol, result-
ing in apoptosis (Li et al., 2009). Activation of CASP3 and hepatocyte
apoptosis have been reported in both experimental and human mod-
els of NAFLD and it represents a vital indicator of the disease stage
(Kanda et al., 2018).

Our data also show significant depletion of hepatic antioxidants:
GSH, CAT, SOD, and GSH in HFD fed mice. A significant decrease
in hepatic levels/ activities of antioxidants, such as GSH, CAT, SOD,
and GSH-Px, have been observed in both clinical and experimental
NAFLD (Ore & Akinloye, 2019) where they constitute reliable antioxi-
dant markers in NAFLD. Depletion of hepatic antioxidant system in the
HFD group may be related to the observed increase in hepatic oxida-
tive stress. In this study, administration of 250 mg/kg HEBCS alongside
HFD significantly alleviated the observed high levels of these oxidative
stress biomarkers as well as ameliorate the depleted hepatic antioxi-
dant system in mice. The antioxidant properties displayed by HEBCS in
this study can be attributed to numerous antioxidant compounds pres-
ent in it. These include piperine, kaempferol, kaempferide, myricetin,
naringenin, quercetin, umbeliferone, epigallocatechingallate etc.

Hepatocyte injury is a vital defining lesion for NAFLD. In this study,
there was significant increase in plasma activities of ALT, AST, and ALP
in HFD fed mice compared with control. These enzyme are estab-
lished biomarkers of hepatocellular damage, and their plasma activities
have been widely used in assessing the progression of NAFLD (Chang
et al., 2007; Khosravi et al., 2018; Kwon et al., 2016). Hepatocellular
damage observed in the HFD fed mice may be related to oxidative
stress and other related hepatotoxic events. Prolonged cellular oxi-
dative stresses can cause membrane lipid peroxidation and cellular
damage, leading to cell death by necrosis and apoptosis (de Freitas
Carvalho et al., 2019; Masarone et al., 2018). Several studies have
reported increase in plasma activities of ALT, AST, and ALP in clinical
NAFLD and animal models (Chang et al., 2007; Khosravi et al., 2018;
Kwon et al., 2016). HEBCS administration alongside HFD significantly
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alleviates the elevated plasma activities of ALT, AST, and ALP in mice.
These hepatoprotective effects may be attributed to a number of
hepatoprotective compounds found in HEBCS such as vanillin, kaemp-
ferol, quercetin, naringenin, paeonol, betaine, hypotaurine etc.

Mice fed HFD alone also show a significantly higher level of in-
flammation as indicated by plasma concentrations of TNF-« and IL-6.
High plasma levels of these inflammatory cytokines have been re-
ported in several studies involving NAFLD patients and animal mod-
els (Braunersreuther et al., 2012; Kobyliak et al., 2018; Niederreiter
& Tilg, 2018). Inflammation is an important pathological feature for
defining the severity of NAFLD (Copaci et al., 2006). Inflammatory
events in NAFLD may be linked to a number of factors including high
level of FFAs and lipotoxicity, hepatocellular injury, and apoptosis, as
well as gut derived PAMPs. Mediators of inflammation such as TNF-«
and IL-6 can be secreted by injured hepatocytes and adipocytes,
which stimulates hepatic inflammation in NAFLD. TNF-a activates
the JNK and NF-kB pathways (proinflammatory pathways), increasing
further worsening the inflammatory process (Liu et al., 2016). The se-
cretion of proinflammatory cytokines such as TNF-a and IL-6 also in-
crease macrophage infiltration (Liu et al., 2016). In this study, 250 mg/
kg HEBCS significantly alleviated inflammation in HFD fed mice and
is indicated by the significantly lower plasma levels of TNF-a and IL-
6. These anti-inflammatory activity of HEBCS may be attributed to
numerous anti-inflammatory phytocompounds identified in HEBCS.
These compounds include piperine, artemisinin, acacetin, kaempferol,
kaempferide, myricetin, quercetin, bisdemethoxycurcumin, paeonol,
trans-cinnamic acid, epigallocatechingallate umbelliferone etc.

Histopathological studies represent a vital method of grading the
severity of NAFLD in animal models. Representative image of H&E
stained sections from the HFD fed mice showed significantly higher
steatosis, inflammatory cells (Kupffer cells), and hepatocellular bal-
looning when compared with control. Kupffer cells have been shown
to play a major role in NAFLD related inflammation (Liu et al., 2016).
Kupffer cells are macrophages that are resident in the liver, and
account for about 10% of total hepatic cells. When the number of
Kupffer cells are decreased in mice as in the case of mice fed HFD
and HEBCS, liver inflammation is decreased, also highlighting the role
of Kupffer cells in liver inflammation. In NAFLD histopathological
plates, hepatocyte injury was indicated by ballooning characterized
by an enlarged hyperchromatic nucleus and a foamy cytoplasm (Yeh
& Brunt, 2014). Hepatocyte ballooning is caused by irregular distri-
bution of intermediate filaments which is linked to oxidative stress
(Lackner et al., 2008). HEBCS administration to mice fed HFD sig-
nificantly alleviated the histopathological degenerations observed in
the HFD only mice. These effects may be attributed to the multifunc-
tional hepatoprotective compounds in HEBCS with bioactivities like

antihyperlipidemic, antioxidant, anti-inflammatory etc.

5 | CONCLUSION

In this study, hydroethanolic extract of B coriacea seeds demon-
strated hepatoprotective effects against NAFLD. These effects were

achieved via its multiple mechanism including anti-hyperlipidemic,

ORE ET AL.

anti-inflammatory, antioxidant, and anti-apoptotic actions. The ex-
tract also protected against insulin resistance and hyperglycemia as-
sociated with NAFLD in this model.
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