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The protective efficacy of soursop fruit extract against hepatic injury
associated with acetaminophen exposure is mediated
through antioxidant, anti-inflammatory, and anti-apoptotic activities
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Abstract
In the current report, we examined the potential beneficial role of soursop fruit extract (SSFE) on liver injury induced by a single
paracetamol (APAP) overdose (2000mg/kg). Thirty-fiveWistar albino rats were randomly divided into five groups as follows: control,
SSFE, APAP, SSFE+APAP, and silymarin (SIL)+APAP. APAP intoxication was found to elevate alanine aminotransferase, aspartate
aminotransferase, alkaline phosphatase, and total bilirubin levels. Moreover, it increased the levels of malondialdehyde, nitrites, and
nitrates and depleted glutathione, superoxide dismutase, catalase, glutathione reductase, and glutathione peroxidase. APAP intoxication
inactivated the nuclear factor erythroid 2-related factor 2 (Nrf2) defense pathway and upregulated the expression of heme oxygenase-1
(HO-1). APAP administration enhanced the activation of nuclear factor-kappa B (NF-κB), the elevation of tumor necrosis factor-alpha
and interleukin 1-beta levels, and the upregulation of inducible nitric oxide synthase mRNA expression. In addition, APAP activated
the overexpression of Bax protein, increased release of cytochrome c, and the downregulation of Bcl-2 protein. Finally, APAP-induced
overexpression of transforming growth factor-beta (TGF-β) further suggested enhanced liver damage. On the other hand, SSFE
pretreatment attenuated these biochemical, molecular, and histopathological alterations in the liver, which might be partially due to
the regulation of hepatic Nrf2/HO-1 and downregulation of NF-κB and TGF-β.
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Abbreviations
ALP Alkaline phosphatase
ALT Alanine aminotransferase
APAP Paracetamol
AST Aspartate aminotransferase
CAT Catalase
GSH Glutathione
GSH-Px Glutathione peroxidase

GSH-R Glutathione reductase
HO-1 Heme oxygenase-1
IL-1β Interleukin-1 beta
iNOS Inducible nitric oxide synthase
MDA Malondialdehyde
NAPQI N-acetyl-P-benzoquinone imine
NO Nitric oxide
Nrf2 Nuclear factor erythroid 2–related factor 2

Responsible editor: Philippe Garrigues

* Ehab Kotb Elmahallawy
ekelmahallawy@tdtu.edu.vn

1 Department of Human Anatomy, College of Medicine, Taif
University, Taif, Saudi Arabia

2 Chemistry Department, Faculty of Science, Helwan University,
Cairo 11795, Egypt

3 Obestetrics and Gynecology Department, Faculty of Medicine,
Menoufia University, Shebin El-Kom, Egypt

4 Department for Management of Science and Technology
Development, Ton Duc Thang University, Ho Chi Minh
City, Vietnam

5 Faculty of Pharmacy, Ton Duc Thang University, Ho Chi Minh
City, Vietnam

6 Zoology and Entomology Department, Faculty of Science, Helwan
University, Cairo 11795, Egypt

Environmental Science and Pollution Research (2019) 26:13539–13550
https://doi.org/10.1007/s11356-019-04935-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-04935-3&domain=pdf
mailto:ekelmahallawy@tdtu.edu.vn


SIL Silymarin
SOD Superoxide dismutase
SSFE Soursop fruit extract
TGF-β tumor growth factor-beta
TNF-α tumor necrosis factor-alpha

Introduction

The liver is the largest internal organ, regulating different
physiological functions, such as metabolic processes, clotting
factor production, bile secretion, protein synthesis, glycogen,
and vitamin A storage, as well as detoxification and excretion
of endogenous and exogenous substances, including chemo-
therapeutic agents. Drug-induced hepatotoxicity is a serious
health concern, as it is the main cause of death among patients
with acute liver failure worldwide (Chen et al. 2015).
Acetaminophen (APAP), or paracetamol, is a frequently pre-
scribed antipyretic and analgesic over-the-counter drug and
has been categorized as the most commonly used drug that
may cause acute and chronic liver injury when the recom-
mended doses are exceeded (Yoon et al. 2016). However,
therapeutic doses may also cause hepatotoxicity in individuals
with malnutrition or in association with alcohol ingestion
(Dokumacioglu et al. 2017). Excessive exposure to xenobi-
otics, toxins, and drugs may lead to liver damage as a result of
reactive oxygen species (ROS) and reactive nitrogen species
(RNS) generation, resulting in perturbation of the hepatocyte
membrane (Guan and He 2015).

It has been reported that 90% of the administered APAP is
metabolized through glucuronidation or sulfation in the liver
and then excreted in the urine; therefore, less than 10% is
converted into N-acetyl-P-benzoquinone imine (NAPQI) by
cytochrome p450 2E1 (CYP2E1). In normal physiological
conditions, NAPQI is metabolized into a non-reactive metab-
olite via the glutathione (GSH) pool. When GSH is depleted,
NAPQI attacks the intracellular organelles, resulting in oxida-
tive stress, altered mitochondrial permeability, perturbed cal-
cium homeostasis, and ATP depletion, leading to necrosis and,
ultimately, to cell death (Chung et al. 2012; Hinson et al. 2010;
Yoon et al. 2016).

For thousands of years, medicinal plants have been utilized
to treat or prevent diseases by different human communities.
About 80% of people in developing countries still use plants
as a primary source of therapeutics because of their efficacy
and low cost. Moreover, several effective medicinal plants or
their active compounds have been widely used in the devel-
opment of new therapeutic agents (Guan and He 2015).
Soursop, or Graviola (Annona muricata), belongs to the
Annonaceae family and is mainly distributed in the tropical
regions. Phytochemical analysis showed that acetogenins, al-
kaloids, phenolic compounds, carotenoids, vitamins,
cyclopeptides, and amides represent the major active

constituents of the plant. All parts of the plant including seeds,
fruits, leaves, barks, and roots showed several pharmacologi-
cal and biological capacities (Moghadamtousi et al. 2015a).
Florence et al. (2014) demonstrated the antidiabetic activity of
Annona muricata aqueous extract in streptozotocin-treated
rats. The authors attributed this effect to the antioxidant, its
ability to lower the lipid profile and protecting pancreatic β-
cells, which further modulate glucose metabolism. Moreover,
Annona muricata leaf aqueous extract was found to provide
protection against streptozotocin-induced hepatic injury
through suppressing the lipid peroxidation, hypolipidemic ef-
fect, and enhancing the antioxidant defense molecules
(Adewole and Ojewole 2008). This extract protected also the
hepatocytes against jaundice in rats (Arthur et al. 2012). In
addition, leaves of Annona muricata exhibited promising an-
tioxidant, anti-inflammatory, and wound healing properties in
a murine excisional wound model (Moghadamtousi et al.
2015b). Furthermore, Annona muricata leaf extract showed
anti-ulcer effect in ethanol-treated rats through its rich antiox-
idant ingredients which could increase the mucosal nonprotein
sulfhydryl group content (Hamid et al. 2012). It has been
reported that Annona muricata leaf extract enhanced the im-
mune response in RAW 264.7 macrophage cells through the
activation of mitogen-activated protein kinase signaling path-
way (Kim et al. 2016).

Hence, the aim of the current study was to evaluate the
possible beneficial effect of the soursop fruit extract against
paracetamol-induced hepatic intoxication in rats.

Materials and methods

Chemicals

Paracetamol was obtained from the Nile Pharmaceuticals
Chemical Company. Tris–HCl and silymarin were procured
from Sigma-Aldrich. Tumor necrosis factor-α, interleukin 1,
and cytochrome c ELISA kits were obtained from R&D
System. ALT, AST, ALP, and total bilirubin were provided
by Biodiagnostic Co. The chemicals and reagents used were
all of analytical grade.

Plant materials and extraction procedure

The plant was purchased from a local area in South-Cairo,
Egypt, in the month of November 2017. The plant was iden-
tified and authenticated by a taxonomy specialist (Botany
Department, Faculty of Science, Helwan University, Egypt).
The pulps of soursop fruit (Annona muricata) were powdered
using an electrical blinder. The powder crude was macerated
three times for 24 h with methanol (70%) and the ratio be-
tween the plant powder and methanol was 1:10 (w/v). The
solvent was concentrated under a vacuum evaporator and
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further lyophilized. The soursop fruit methanolic extract was
stored at − 80 °C until the beginning of the current study.

HPLC analyses of soursop fruit extract (Annona
muricata)

The fingerprint analysis of polyphenols and flavonoids con-
stitutes of Annona muricata fruit pulp extract was performed
using a Perkin Elmer Series 200 liquid chromatography
(PerkinElmer, USA). The HPLC column was an AQUA col-
umn 150 mm 5 μ C18 (Phenomenex) and a detection wave-
length of 280 nm. Elution was carried out using acetic acid
(2%; A) and acetonitrile (B). The flow rate was set at 1 ml/min
throughout the elution.

Experimental grouping

Thirty-five healthy male 8-week-old Wistar albino rats
weighing 140–170 g were employed. Rats were supplied by
the animal facility of the Holding Company for Biological
Products and Vaccines (VACSERA). Animals were kept in
plastic cages under continuous 12-h light/12-h dark cycles.
Temperature ranged between 20 and 22 °C with 65% humid-
ity. Rats were fed with standard rat pellet chow and had ad
libitum access to water for 10 days before the experiment.

After acclimation, rats were randomly allocated into four
groups of seven animals each as follows:

1. Control group (CNT) was administered with distilled wa-
ter for 7 days.

2. APAP-intoxicated group was treated orally with a single
APAP overdose (2000 mg/kg) and the animals were
sacrificed after 24 h according to Rajasekaran and
Periyasamy (2012).

3. SSFE was orally administered at the dose of 300 mg/kg
for 7 days.

An acute toxicity study performed using a maximum dose
of 2000 mg/kg SSFE administered orally, which showed no
signs of toxicity in rats and the oral dose of SSFE was selected
based on a preliminary study using three doses of 100, 200,
and 300 mg/kg showed that the oral administration of SSFE at
a dose of 300 mg/kg was effectively prevented APAP-induced
hepatotoxicity (data not shown).

4. The SSFE+APAP rats were treated orally with SSFE
(300 mg/kg) for 7 consecutive days and, after 3 h from
the last dose, received a single APAP overdose
(2000 mg/kg). Animals of this group were sacrificed
24 h after the last treatment.

5. The SIL+APAP group was treated orally with SIL
(50 mg/kg) for 7 consecutive days, and 3 h after the last
dose, the rats received a single APAP overdose

(2000 mg/kg). Animals of this group were sacrificed
24 h after the last treatment. Silymarin has been used as
a standard hepatoprotective drug.

After the last treatment, rats were anesthetized and
sacrificed. The liver was removed carefully and washed using
ice-cold 50 mM Tris–HCl, pH 7.4. Each liver was weighed
and homogenized in ice-cold medium containing 50 mM
Tris–HCl, pH 7.4, to obtain a 10% (w/v) homogenate. The
homogenates were spun for 10 min at 4 °C at 3000 rpm.
The supernatants were then utilized for the determination of
biochemical parameters. Total protein content was estimated
using the Lowry protocol (Lowry et al. 1951).

Liver function parameters

Key parameters of liver functions including ALT, AST, ALP,
and total bilirubin were calorimetrically assessed using stan-
dard kits according to the manufacturer’s specifications.

Hepatic oxidative damage

To estimate lipid peroxidation in liver, thiobarbituric acid-
reactive substances (TBARS), a marker of lipid peroxidation,
were determined in the homogenates as a function of
malondialdehyde (MDA) levels (Janero 1990). Nitrite/nitrate
levels and GSH content were assessed using the protocols
described by Green et al. (1982) and Ellman (1959),
respectively.

Antioxidant status

Liver homogenate supernatants were used for the determina-
tion of the activities of SOD, catalase, and GSH-Px and GSH-
R according to the methods described by Fisher et al. (2003),
Aebi (1984), and De Vega et al. (2002), respectively.

Quantification of hepatic TNF-α, IL-1β,
and cytochrome c

The quantification of hepatic TNF-α (TNF-α; Cat. no.
RTA00, R&D Systems), IL-1β (IL-1β; Cat. no.
ERIL1B, ThermoFisher Scientific), and cytochrome c
was performed in liver homogenate according to the
suppliers’ instructions.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR) analysis

Total RNA was separated from liver tissues by using the
RNeasy Plus Minikit from Qiagen. cDNA synthesis was
performed using the Script™ cDNA synthesis kit (Bio-
Rad, CA). Real-time PCR was performed using Power
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SYBR® Green from Life Technologies on an Applied
Biosystems 7500 Instrument. The thermal profile for the
PCR reaction was 95 °C for 4 min, followed by 40 cy-
cles at 94 °C for 60 s, and 55 °C for 60 s. After PCR
amplification, the ΔCt was determined. PCR primers for
the Bax, Bcl-2, iNOS, Nrf2, and HO-1 genes were pre-
pared by Jena Bioscience GmbH by using the Primer-
Blast program from NCBI. The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene was employed as an internal control and appeared
to be unchanged by the different therapies. The primer
pairs used were previously described by Almeer and
Abdel Moneim (2018).

Histopathological examination

Portions of rat liver tissue were fixed in 10% neutral
buffered formaldehyde for 1 day, dehydrated in ethyl
alcohol, cleared in xylene, and mounted in molten par-
affin wax. Sections of 4–5 μm were obtained from
paraffin-embedded livers and stained with hematoxylin
and eosin. The sections were examined using a light
microscope (Nikon; Eclipse E200-LED, Tokyo, Japan).

Immunohistochemistry analysis

To investigate the pro-inflammatory proteins, the pre-
pared liver sections (4-μm thickness) were blocked with
0.1% hydrogen peroxide containing methanol for
15 min to inactivate the endogenous peroxidase. After
blocking, the sections were incubated with rabbit poly-
clonal antibodies against iNOS, NF-κB, and TGF-β at
4 °C overnight. Thereafter, the sections were rinsed with
phosphate-buffered saline and incubated with biotinylat-
ed goat anti-rabbit immunoglobulins, followed by incu-
bation with streptavidin-peroxidase complexes at 30 °C
for 30 min for the third time. The peroxidase activity
was developed using diaminobenzidine (DAB)-hydrogen
peroxide. Images were recorded at an original magnifi-
cation of × 400 (Nikon Eclipse E200-LED, Tokyo,
Japan).

Statistical analysis

All results were expressed as the mean ± standard error
(SEM). Data for multiple variable comparisons were an-
alyzed by one-way analysis of variance (ANOVA). For
the between-group comparison, Duncan’s test was used
as a post hoc test. The acceptable level of significance
was established at P ˂ 0.05.

Results

HPLC analyses of soursop fruit extract

Polyphenols and flavonoids fingerprint of the soursop
fruit pulp extract detected at 280 nm was illustrated in
Fig. 1. The HPLC profile of soursop fruit pulp extract
shows the presence of 12 peaks with retention times
ranging from 2.853 to 22.728 min. Based on the UV-
Visible spectral data and their retention time, the
Annona muricata fruit pulp extract has UV band at
280 nm characteristic for polyphenols and flavonoids
compounds, may be luteolin, quercetin and its deriva-
tives, cinnamic acids, catechin, caffeic acid derivative,
epicatechin gallate and its derivatives, and gallocatechin
derivatives.

Effects of SSFE on liver function parameters following
APAP intoxication

In the current study, liver functional parameters were
assessed in rats following oral administration of paracet-
amol and/or soursop fruit extract. Rats treated with a
single dose of APAP (2000 mg/kg) displayed a sharp
and significant (P < 0.05) elevation in the levels of se-
rum ALP, AST, ALT, and total bilirubin, as compared
with the control animals. Notably, pretreatment with
SSFE (300 mg/kg) for 7 days almost completely re-
stored these parameters. In addition, the treatment with
SIL prior to APAP alleviated significantly the levels of
these physiological markers as compared against APAP
groups, but their levels were still higher than the control
values (Fig. 2).

Effects of SSFE on hepatic oxidative status following
APAP intoxication

To evaluate the oxidative status in the liver tissue following
APAP administration, we estimated the level of oxidants, in-
cluding MDA, nitrites/nitrates, and endogenous antioxidants
GSH, SOD, CAT, GSH-R, and GSH-Px in hepatic homoge-
nates. Figures 3 and 4 show that treatment with APAP signif-
icantly increased (P < 0.05) MDA and nitrite/nitrate levels,
whereas it markedly reduced the GSH content, as well as the
activities of GSH, SOD, CAT, GSH-R, and GSH-Px. Notably,
SSFE significantly prevented the described alterations in the
oxidative status caused by APAP intoxication, reflecting its
antioxidant capacity against APAP-induced oxidative stress
in liver tissue. Similarly, the pretreatment with SIL abrogated
significantly the oxidative reactions recorded following APAP
exposure.
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Effects of SSFE on Nrf2/HO-1 pathway following APAP
intoxication

To explore the molecular mechanisms underlying the protec-
tive action of SSFE against APAP-induced-oxidative reac-
tions, endogenous antioxidant systems were investigated.
The expression of Nrf2 was evaluated in the liver tissue using
quantitative real-time PCR. Whereas in APAP-treated ani-
mals, Nrf2 was downregulated, the pretreatment with SSFE
and SIL was found to significantly restore Nrf2 mRNA ex-
pression. Moreover, the expression of HO-1 mRNAwas sig-
nificantly upregulated by APAP in the liver tissue. Notably,

the pre-administration of SSFE and SIL also promoted HO-1
expression in response to APAP (Fig. 5).

Effects of SSFE on levels of TNF-α, IL-1β, and iNOS
expression following APAP intoxication

To verify if the anti-inflammatory properties of SSFE could
also possibly account for its protective effects against APAP
intoxication, we evaluated TNF-α and IL-1β levels, as well as
iNOSmRNA expression, in the hepatic tissue. Figure 6 shows
that APAP increased TNF-α and IL-1β levels, as well as
iNOSmRNA expression. However, a 7-day pretreatment with

Fig. 2 Effect of 7-day SSFE sup-
plementation (300 mg/kg) on the
activities of hepatic alanine ami-
notransferase (ALT), aspartate
aminotransferase (AST), alkaline
phosphatase (ALP), and total bil-
irubin (TB) levels in APAP
overdose-treated rats. Data are
expressed as the mean ± SEM
(n = 7). #P < 0.05 indicates a sta-
tistically significant change with
respect to the control group;
$P < 0.05 indicates a statistically
significant change with respect to
the APAP-treated group using
Tukey’s post hoc test

Fig. 1 The fingerprint analysis of
polyphenols and flavonoids
constitutes of soursop fruit pulp
extract using HPLC
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SSFE resulted in a significant attenuation of the APAP-
induced TNF-α and IL-1β increase (P < 0.05). Similarly,
drug-induced iNOS expression was significantly abolished
by the SSFE pretreatment. Furthermore, SIL pre-
administered rats showed a significant decrease in the levels
of these pro-inflammatory cytokines and exhibited also down-
regulation of iNOS in hepatic tissue.

Effects of SSFE on hepatic NF-κB and iNOS expression
following APAP intoxication

To understand the molecular mechanism of the anti-
inflammatory effect of SSFE using immunohistochemistry

technique, the expression of nuclear factor-kappa B (NF-κB)
and inducible nitric oxide synthase (iNOS), which are widely
used as an indicator for oxidative stress and inflammation, was
estimated in APAP-treated rats. NF-κB (Fig. 7a) and iNOS (Fig.
7b) were increased in the liver of APAP-intoxicated rats, com-
pared with the control animals, confirming that oxidative stress
and pro-inflammatory events are responsible for APAP toxicity.
On the contrary, SSFE-pretreated rats demonstrated a decrease in
the expression of these pro-inflammatory and oxidant markers,
which further indicate the antioxidant and anti-inflammatory ca-
pacity of the extract. Moreover, SIL-pretreated group showed
similar effects to SSFE-pretreated rats against APAP-induced
inflammatory status in the hepatic tissue.

Fig. 4 Ameliorative effect of 7-
day SSFE pretreatment
(300 mg/kg) on the activities of
hepatic superoxide dismutase
(SOD), catalase (CAT), glutathi-
one reductase (GSH-R), and glu-
tathione peroxidase (GSH-Px) af-
ter APAP intoxication. Data are
expressed as the mean ± SEM
(n = 7). #P < 0.05 indicates statis-
tically significant changes with
respect to the control group;
$P < 0.05 indicates a statistically
significant change with respect to
the APAP-treated group using
Tukey’s post hoc test

Fig. 3 Ameliorative effect of 7-day SSFE pretreatment (300 mg/kg) on
the levels of hepatic malondialdehyde (MDA), nitrite/nitrate, and gluta-
thione (GSH) content followingAPAP intoxication. Data are expressed as
the mean ± SEM (n = 7). #P < 0.05 indicates statistically significant

changes with respect to the control group; $P < 0.05 indicates a statisti-
cally significant change with respect to the APAP-treated group using
Tukey’s post hoc test
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Effects of SSFE on hepatic TGF-β expression following
APAP intoxication

To further characterize the potential hepatoprotective impact
of SSFE on APAP-induced liver damage, the expression of
transforming growth factor (TGF-β) was examined by immu-
nohistochemistry. TGF-β has been identified as a key regula-
tor in all stages of chronic liver disease. Liver tissues of
APAP-treated rats showed stronger TGF-β immunoreactivity
as compared with control animals. However, in rats treated
with SSFE prior to APAP exposure, the expression of this
cytokine was decreased, as compared with animals that had
been solely exposed to the drug (Fig. 8). Treated rats with
SIL+APAP exhibited a significant decline in TGF-β expres-
sion as compared with APAP-intoxicated rats.

Effects of SSFE on histological alterations following
APAP intoxication

Results of the histopathological examination of the liver tissue
following the administration of APAP are presented in Fig. 9.
Control liver sections showed a normal histological structure
of hexagonal hepatic lobules; hepatocytes radiated normally
from central veins towards the lobule periphery, with clear
cytoplasm, prominent nucleus, kupffer cells, and sinusoid ap-
pears normally. Meanwhile, APAP-treated rats showed dilated
and congested central vein, degenerated granular liver cells,
neutrophils infiltration accompanied with necrotic

hepatocytes. SSFE pretreatment improved the hepatic injury
through reversing most of histological alterations following
APAP exposure; however, few apoptotic and vacuolated he-
patocytes were recorded.

Effects of SSFE on apoptotic cascade following APAP
intoxication

The anti-apoptotic effect of SSFE was also investigated in the
present study following APAP administration. Rats treated
with APAP showed significant upregulation in Bax mRNA
expression, whereas Bcl-2 mRNA expression was downregu-
lated in the hepatic tissue, as compared with the control group.
Notably, both Bax upregulation and Bcl-2 downregulation
were reverted upon the SSFE pretreatment in the APAP-
treated group. In addition, whereas APAP significantly en-
hanced the cytoplasmic release of cytochrome c, this event
was restrained by SSFE pretreatment (Fig. 10). The anti-
apoptotic effect of SIL was also recorded, as indicated via
the upregulation of Bcl-2 expression and decreasing Bax ex-
pression and cytochrome c release.

Discussion

Heedless consumption, or abuse, of specific medications, is
strongly associated with mild-to-acute progression of liver
dysfunction. Excessive dosage or chronic use of APAP

Fig. 5 The modulatory effect of
7-day oral administration of SSFE
(300 mg/kg) on Nrf2 and HO-1
expression upon APAP overdose
intake. Data are expressed as the
mean ± SEM (n = 7). #P < 0.05
indicates a statistically significant
change with respect to the control
group; $P < 0.05 indicates a sta-
tistically significant change with
respect to the APAP-treated group
using Tukey’s post hoc test

Fig. 6 Effect of 7-day SSFE supplementation (300 mg/kg) on the hepatic
levels of TNF-α, IL-1β, levels, and the expression of iNOS mRNA in
APAP overdose-treated rats. Data are expressed as the mean ± SEM (n =

7). #P < 0.05 indicates statistically significant changes with respect to the
control group; $P < 0.05 indicates a statistically significant change with
respect to the APAP-treated group using Tukey’s post hoc test
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provides a well-known example of this association
(Dokumacioglu et al. 2017; Giannini et al. 2005; Lee and
Seremba 2009). Therefore, agents capable of protecting the
liver from APAP-induced damage, with little or negligible
adverse effects are strongly desirable.

Aminotransferases and alkaline phosphatase are mainly
found in the cytoplasm of hepatocytes and their presence in
serum is routinely used as a key physiological marker for
hepatic injury. The permeability of hepatocytes and their
transport functions were perturbed following APAP intoxica-
tion, leading to the leakage of ALT, AST, ALP, and total bil-
irubin into the bloodstream (Das et al. 2010). The alteration of
these functional parameters, described in the present study,
upon exposure to a high dose of APAP, confirms the severity
of the induced hepatocellular injury. Notably, a 7-day pretreat-
ment with SSFE protected hepatocellular membrane structure
and integrity and significantly ameliorated the liver damage
induced by APAP, as indicated by the nearly complete resto-
ration of these parameters to their basal values. Most likely,
the hepatoprotective effects of SSFE are related to its high
content of phytochemicals.

Oxidative stress has been reported to play a fundamental
role in APAP-induced hepatic injury. Our findings showed
that APAP altered the oxidative status in the hepatic tissue,
as evidenced by the elevated MDA and nitrate/nitrite levels,
GSH content depletion, and deactivation of enzymatic antiox-
idant defense system including SOD, CAT, GSH-R, and GSH-
Px, whereas HO-1 mRNA expression was surprisingly upreg-
ulated. It is known that in response to intoxication by
chemicals and subsequent ROS production, both enzymatic
and non-enzymatic antioxidant defense systems are activated
(Al-Olayan et al. 2014). In hepatocellular dysfunction, exces-
sive ROS generation and depletion of antioxidants have been
observed (Dokumacioglu et al. 2017). Excess APAP was re-
ported to cause ROS generation and this, in turn, results in
lipid peroxidation, with consequent structural and functional
alterations of the hepatocyte membrane, formation of reactive

aldehydes, and GSH depletion (Dokumacioglu et al. 2017).
The APAP-induced alteration of the oxidative status that we
observed in the hepatic tissue prompted us to investigate the
possible impact of SSFE on these processes.We also observed
iNOS upregulation and a consistent increase in the level of
nitrates and nitrites upon APAP intoxication. These changes
are indicative of elevated nitric oxide (NO) production. Excess
NO may interact with superoxide (O2

•−), thereby promoting
the generation of peroxynitrite (ONOO−), a known powerful
oxidant, causing deleterious cytotoxic effects and cell death
(Waters et al. 2001). Of note, reactive compounds deriving
from APAP metabolism were found to attack cellular macro-
molecules and inactivate endogenous antioxidants (Das et al.
2010; Horng et al. 2017).

Nrf2 is a transcription factor that binds to the antioxidant
response element (ARE) to control the intracellular expression
of various antioxidants and detoxifying molecules including
HO-1. We found that Nrf2 mRNA expression was downreg-
ulated upon APAP treatment. A critical role of Nrf2 in hepatic
metabolism has been established. The Nrf2 antioxidant de-
fense system, consisting of GSH synthesis, phase II detoxify-
ing enzymes, and ROS deactivating enzymes, is known to
block the effects of NAPQI following treatment with acet-
aminophens (Reisman et al. 2009). A number of studies,
employing different models, have shown that APAP-induced
Nrf2 downregulation is associatedwith severe hepatic damage
(Li et al. 2018; Lin et al. 2018; Ning et al. 2018). Thus, the
ability of SSFE to restore Nrf2 expression may be a key ele-
ment of its hepatoprotective properties. In addition, HO-1 cat-
alyzing heme catabolism into biliverdin, free iron, and carbon
monoxide was found to be upregulated by APAP in the he-
patic tissue, possibly reflecting the activation of antioxidant
defense mechanisms against APAP intoxication, suggesting
that hepatocytes are able to suppress oxidative damage
through HO-1 induction. Previous reports have shown that
HO-1 plays a protective role in different experimental hepatic
stress and inflammation models, including acetaminophen-

Fig. 7 Effect of 7-day SSFE sup-
plementation (300 mg/kg) on the
expression level of a nuclear
factor-kappa B (NF-κB) and b
inducible nitric oxide synthase
(iNOS) in APAP overdose-treated
rats

Fig. 8 Effect of 7-day SSFE sup-
plementation (300 mg/kg) on
TGF-β expression in APAP
overdose-treated rats
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induced hepatic dysfunction, through its antioxidant, anti-in-
flammatory, and anti-apoptotic activities (Chiu et al. 2002;
Zuckerbraun and Billiar 2003). However, the overexpression
of HO-1 was also reported to be associated with Fe2+ release
and with the aggravation of iron-mediated ROS production
(Araujo et al. 2012).

Based on previous findings, agents capable to increase
GSH content, activate antioxidant enzymes, and regulate
Nrf2 and HO-1 expressionmay exhibit the potential to abolish
APAP hepatotoxicity. In the present study, SSFE pretreatment
was found to prevent APAP-induced hepatic injury by de-
creasing the levels of oxidants (MDA and nitrate/nitrite), ele-
vating GSH content, activating the antioxidant defense en-
zymes (SOD, CAT, GSH-R, and GSH-Px,), modulating the
expression of HO-1, and activating Nrf2 in the liver tissue.
These processes may play the key role in SSFE-mediated
hepatoprotection versus APAP-induced liver toxicity.

These data reflect the potent hepatoprotective role of SSFE
that is associated with its antioxidant capacity, which has been
attributed to its ability to inhibit free radical production and
deactivate NADPH oxidase that catalyzes the conversion of
oxygen to superoxide anion (Zamudio-Cuevas et al. 2014).
A. muricata leaf extracts were reported to inhibit lipid perox-
idation, increase GSH content, and enhance the activity of
SOD and CAT in an an imal mode l o f gas t r i t i s
(Moghadamtousi et al. 2014b). In another study, watery ex-
tracts of A. muricata leaves suppressed lipid peroxidation and
enhanced the cellular antioxidant enzyme activity in hepatic
tissues of streptozotocin-treated diabetic rats (Adewole and
Ojewole 2008). Moreover, ethyl acetate extracts of
A. muricata leaves decreased lipid peroxidation and increased
the activity of GPx, SOD, and CAT in a rat excisional wound
model (Moghadamtousi et al. 2015b).

The role of inflammation was also explored in our model of
APAP intoxication. Treatment with APAP increased the levels
of the pro-inflammatory cytokines, namely, TNF-α and IL-1β
and upregulated iNOS and NF-κB mRNA expression in the
hepatic tissue. SSFE displayed anti-inflammatory activity as it
decreased the levels of TNF-α and IL-1β, and downregulated
the expression of iNOS and NF-κB. Inflammation was found
to be involved in APAP-induced hepatocellular damage and
the overproduction of pro-inflammatory cytokines and NO
from Kupffer cells has been implicated in the development
of cirrhosis (Bian et al. 2018; Guo et al. 2003; Kaya et al.
2018; Siddiqui et al. 2018). High doses of APAP may activate
the NF-κB pathway by enhanced ROS production. NF-κB has
been categorized as the major transcription factor promoting
the expression of pro-inflammatory cytokines and of other
mediators during inflammatory responses and oxidative reac-
tions (Du et al. 2013; Jaeschke et al. 2003). APAP-induced
overexpression of NF-κB may explain the elevated levels of
TNF-α and IL-1β shown by our experiments. Agents capable
of decreasing the level of pro-inflammatory cytokines have
been proposed for the treatment of liver injury. A. muricata
n-hexane leaf extract exerted an anti-inflammatory effect
through the suppression of NF-κB translocation in a lung
cancer-derived cell line (Moghadamtousi et al. 2014a).
Another report showed that the same effect involves the inhi-
bi t ion of TNF-α , IL-1β , and NO product ion in
lipopolysaccharide-stimulated macrophages (Laksmitawati
et al. 2016). Furthermore, A. muricata aqueous leaf extracts
were found to suppress the carrageenan-induced increase in
both myeloperoxidase activity (MPO) and NO levels, in ro-
dents (Quilez et al. 2015). The latter authors suggested that the
anti-inflammatory activity of the extracts might be associated
with decreased leukocyte migration, downregulation of

Fig. 10 The anti-apoptotic effect of 7-day SSFE supplementation
(300 mg/kg) on APAP overdose-induced apoptotic cascades in liver tis-
sue. Data are expressed as the mean ± SEM (n = 7). #P < 0.05 indicates a

statistically significant change with respect to the control group; $P < 0.05
indicates a statistically significant change with respect to the APAP-
treated group using Tukey’s post hoc test

Fig. 9 Histopathological changes
in the liver of rats following SSFE
supplementation and/or APAP
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TNF-α and IL-1β protein expression, and with suppression of
the signaling intracellular pathways involving these inflam-
matory mediators.

Transforming growth factor β (TGF-β) is a cytokine main-
ly produced by hepatocytes, endothelial cells, and Kupffer
cells and playing a crucial role in cell proliferation, differenti-
ation, migration, and death. TGF-β is a central regulator in
chronic liver disease and has been associated with the progres-
sion of liver fibrogenesis (Fabregat et al. 2016). The APAP-
induced overexpression of TGF-β we observed in damaged
liver tissue might be associated with the differentiation of
stellate cells to myofibroblasts, which enhances cell death
and promotes liver fibrosis and cirrhosis (Fabregat et al.
2016; Kaya et al. 2018). On the other hand, blunting of
TGF-β signaling leads to decreased fibrosis. In the present
study, SSFE pretreatment downregulated APAP-induced
TGF-β expression, consistent with its potent hepatoprotective
action against APAP intoxication.

A role of apoptotic cascades in the liver-damaging effects
of excess APAP has been reported. In particular, a mitochon-
drial apoptotic cascade was shown to be a major mechanism
underlyingAPAP-induced liver tissue damage, resulting in the
overexpression of pro-apoptotic proteins and in depletion of
the anti-apoptotic proteins, ultimately leading to the cell death
(Hu and Colletti 2010; Dkhil et al. 2019; Wu et al. 2017). In
addition, APAP was reported to enhance the release of mito-
chondrial cytochrome c, decrease Bcl2/Bax ratio, and trigger
the activity of caspases-3, 6, 8, and 9 (Kumari and Kakkar
2012; Li et al. 2013). Consistent with these findings, our
APAP-intoxicated rats exhibited a marked upregulation in
pro-apoptotic proteins, including Bax, an enhanced release
of cytochrome c and the downregulation of the anti-
apoptotic protein, Bcl-2. These changes were substantially
reversed by SSFE pretreatment, further confirming its poten-
tial hepatoprotective role.

Conclusion

In conclusion, our findings suggest that SSFE exerts ame-
liorative effects with respect to APAP-induced biochemi-
cal and histopathological alterations. SSFE actions appear
to involve a wide spectrum of effector molecules and
pathways, resulting in the activation of antioxidant mech-
anisms, inhibition of inflammatory and apoptotic cas-
cades, and substantial prevention of histological damage.
Collectively, our data demonstrated that SSFE deserves
further consideration as a potential alternative agent for
the prevention of APAP-induced liver injury. However,
further studies on the molecular mechanisms of SSFE

effect must be conducted to elucidate the main active in-
gredient responsible for its hepatoprotective effect.
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