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Abstract
Overdose of acetaminophen causes hepatotoxicity due to NAPQI formation. The green synthesis of gold nanoparticles represents
as a novel drug carrier in the field of drug delivery system. This study was designed to investigate the protective effect of green
synthesized herbal gold nanoparticles (AuNPs) using the aqueous bark extract of Terminalia arjuna against acetaminophen-
induced hepatotoxicity in an experimental rat model. In this study, group 1 served as normal control; group 2 received acet-
aminophen intraperitoneally at a concentration of 500 mg/kg of body weight for 14 days; and groups 3, 4, 5, and 6 were co-
administered with acetaminophen (500 mg/kg/day) and AuNPs (55, 175, 550, 2000 μg/kg/day) intraperitoneally for 14 days.
After 14 days, all animals were sacrificed for biochemical and histopathological studies. Among different experimental doses of
AuNPs (55, 175, 550, 2000 μg/kg/day), dose 175 μg/kg/day showed more potent activity towards wellness parameters, bio-
chemical indices, and histopathological studies. There was a significant (p < 0.05) increase in SGOT, SGPT, ALP, bilirubin, and
MDA levels, but a significant decrease in SOD, CAT, and GSH activities in the hepatotoxic group in comparison with the control
group, but co-administration with AuNPs (175 μg/kg/day) restored the activities of these biochemical markers. Hence, this study
confirmed that AuNPs at a dose 175 μg/kg/day has better hepatoprotective efficacy.

Keywords Acetaminophen . AuNPs . Terminalia arjuna . Hepatotoxicity

1 Introduction

Acetaminophen, also known as paracetamol (N-acetyl p-ami-
no phenol; APAP), is a widely used safe drugwhen prescribed
in therapeutic doses for a wide range of treatments [1].
Acetaminophen is one of the most widely used analgesic/
antipyretic agents in the world because of its overall efficacy
and safety. A serious complication caused by acetaminophen
is hepatotoxicity due to N-acetyl-p-benzoquinone imine
(NAPQI) formation observed after large overdoses of the drug
[2]. The liver mainly detoxifies toxic chemicals and drugs and
becomes the main target organ for all xenobiotics.

Hepatotoxicity is one of the major endangerment to health in
the present society. Herbs and herbal products are traditionally
used for protecting liver function. Medicinal herbs together
with metals and minerals are very useful in the treatment
and management of pathophysiological conditions [3] due to
their nanometer size range [4] and they are very powerful and
do not react with the tissues in the body [5]. Mainly, there are
three pathways for acetaminophen metabolism: conjugation
with sulfate, phenolic glucuronide, and metabolism by the
cytochrome P450 oxidase enzyme system [6, 7]. Through
sulfation and glucuronidation pathways, 90% of the ingested
dose gets metabolized and the remaining 5% of the dose is
metabolized through the cytochrome P450 oxidase enzyme
system [8]. Metabolism of cytochrome P450 oxidase pro-
duces a metabolite, NAPQI, which causes hepatic and renal
toxicity [9, 10]. In overdoses of acetaminophen, the
glucuronidation and sulfation pathways become saturated,
and the rate of NAPQI formation increases. Then, as a result,
body’s reduced glutathione stores get depleted and NAPQI
gets covalently bound to cells, causing necrosis, resulting in
hepato-renal dysfunction [11]. Indeed, several research works
are going on throughout for the search of protective biomole-
cules that would be effective in protecting the liver, kidney,
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and other organs from the deleterious effects of acetamino-
phen overdose [12, 13]. The liver exhibits a potent role in
the metabolism of xenobiotics by regulating the synthesis,
secretion, and metabolism of xenobiotics. Various physio-
chemical functions of the body, such as oxidation, reduction,
hydrolysis, hydroxylation, sulfation, conjugation, and acety-
lation, are controlled by the liver itself. Hepatic damage is
associated with distortion of different metabolic functions of
the liver [14].

Nanomedicine can be defined as the science that uses nano-
technology to supervise, maintain, treat, and prevent diseases
and control the human biological system at a nanoscale range,
using nanostructures and nanodevices. It has a huge potential in
bringing benefits in research areas and its application [15].
Among the metallic nanoparticles, especially, green synthe-
sized gold nanoparticles represent as a novel drug carrier in
the field of drug delivery system. The green synthesis of nano-
particles using plants provides improvement over other
methods as it is simple, cost effective, safe, environmentally
friendly, and relatively reproducible [16]. Metal nanoparticles
are synthesized using the reducing property of herbs with effec-
tive therapeutic potential. In this present study, the herbal gold
nanoparticles were synthesized using the reducing property of
Terminalia arjuna bark extract. Terminalia arjuna is an impor-
tant medicinal herb that belongs to the Combretaceae family.
Various bioactive components such as triterpenoid, tannin, sa-
ponin, gallic acid, ellagic acid, and proanthocyanidines are
present in Terminalia arjuna bark extract [17]. The bark of this
tree has been widely used in the preparation of Ayurvedic for-
mulations with powerful cardiotonic [18], antioxidative [19],
antiuremic, and antimicrobial [20] properties.

Hence, this present study aims to investigate hepatoprotec-
tive as well as antioxidant property of green synthesized herb-
al gold nanoparticles (AuNPs) using an aqueous bark extract
of Terminalia arjuna against acetaminophen-induced hepato-
toxicity in experimental rats by determining their wellness
parameters, biochemical indices, and through histopathologi-
cal studies.

2 Methods

2.1 Green Synthesis and Characterization of Herbal
Gold Nanoparticles Using Aqueous Bark Extract of
Terminalia arjuna

Herbal gold nanoparticles were synthesized and characterized
according to Mitra et al. [21]. Terminalia arjuna bark was
collected from the laterite region of the Gope Palace (Raja
Narendra Lal Khan Women’s College), Paschim Medinipur
district, Midnapore,West Bengal, India, and the plant voucher
number is RNLKWC/121/2016. The collected bark samples
were washed, air-dried, and then ground into fine powder. In

100 mL of distilled water, 1 g of bark powder was dissolved
and then incubated for 15 min at 50–60 °C. Then, the filtrate
was collected by using Whatman no. 1 filter papers. Then, 10
mL of aliquot was added to 100mL of 1mMHAuCl4 solution
and the reaction was stirred for 10 min at 60–70 °C. The
change in the color from pale yellow to ruby red indicated
the formation of green synthesized herbal gold nanoparticles
(AuNPs). This indicated Terminalia arjuna–mediated trans-
formation of chloroauric acid in green synthesized AuNPs.
The green synthesized AuNPs were characterized by visual
observations, UV-Visible spectral analysis, FESEM and
HRTEM with EDX, FTIR, XRD, and DLS analyses.

2.2 Experimental Animals

The experimental study was conducted on 36 male Wistar
albino rats weighing 100 to 120 g, obtained from authorized
Chakraborty animal suppliers, Kolkata (M/S Chakraborty
Enterprise, registration no.: 1443/PO/b/11/CPCSEA). The an-
imals were housed in polypropylene cages. They were kept
under standard laboratory condition that includes 22 ± 4 °C,
12-h light/dark cycle, and 50 ± 10% humidity with proper
supplementation of standard food and water ad libitum. The
animals were acclimated to this environmental condition for 7
days before treatment.

All animal experiments were performed as per the Animal
Ethical Committee guidelines of Raja Narendra Lal Khan
Women’s College (reference number: 14/IAEC (05)/
RNLKWC/2019) and were maintained as per Committee for
the Purpose of Control and Supervision of Experiments on
Animal (CPCSEA), Government of India (registration no.:
1905/PO/Re/S/2016/CPCSEA). All experimental protocols
have been approved by the Constitution of Institutional
Animal Ethics Committee (IAEC) of Raja Narendra Lal
Khan Women’s College (Autonomous), Midnapore,
721102, West Bengal, India, registered under CPCSEA.

2.3 Experimental Design

The dose-response study of AuNPs against acetaminophen-
induced hepatotoxicity in rats was conducted as per
Organisation for Economic Co-operation and Development
(OECD) guidelines 425 [22].

The rats were divided into six groups (6 rats in each group).
Group 1 served as control, group 2 animals were treated with
acetaminophen (paracetamol) intraperitoneally at a concentra-
tion of 500 mg/kg of body weight for 14 days. Group 3 ani-
mals were co-administered with AuNPs (55 μg/kg/day) and
acetaminophen (500 mg/kg/day) intraperitoneally for 14 days.
Group 4 animals were co-administered with AuNPs (175
μg/kg/day) along with acetaminophen. Group 5 animals re-
ceived intraperitoneal infusion of acetaminophen along with
co-administration of AuNPs (550 μg/kg/day) for 14 days.
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Fig. 1 Characterization of herbal gold nanoparticles. (i) Color change
during phytoreduction of chloroauric acid to ruby red color, (ii) UV
spectra of AuNPs, (iii) FESEM image of AuNPs, (iv) HRTEM image

of AuNPs, (v) EDX spectroscopy of AuNPs, (vi) FTIR study of AuNPs
(blue) and Terminalia arjuna bark extract (red), (vii) XRD study of
AuNPs, (viii) DLS study of AuNPs

BioNanoSci.



Group 6 animals were co-administered with AuNPs (2000
μg/kg/day) as well as acetaminophen for 14 days. In another
separate group, five animals were taken (n = 5) to study for the
limit dose test of AuNPs. The animals received AuNPs (5000
μg/kg/day) intraperitoneally for 2 days.

For the experimental study, AuNPs and acetaminophen
were administered in the mid-morning at an interval of 24 h
after the supplementation of a normal diet.

2.4 Clinical Observation

During the wellness parameter study, observations were done
at least twice daily for signs and symptoms of toxicity. Effects
of treatment on the general health of animal’s body weight,
skin and fur, eyes, mucus membrane, tremor, convulsions,
salivations, diarrhea, lethargy, sleep, and mortality were
recorded.

2.5 Animal Sacrifice

After 14 days, the animals were sacrificed and blood was
collected from the aorta after which liver tissue was gently
removed and weighed. The collected tissue was first perfused

with phosphate-buffered saline (PBS) and then half of the
tissue was stored at − 20 °C in a sterile container for prepara-
tion of tissue homogenates. The other remaining half of the
tissue was preserved in 10% neutral formaldehyde solution
until processed for histopathological analysis.

2.6 Separation of Serum and Homogenization of Liver
Tissue

The blood samples were centrifuged at 1500×g for 10min and
serum was separated. The isolated serum samples were kept
on − 20 °C for different biochemical analyses. The collected
liver tissue was homogenized in ice-cold PBS, pH = 7.4. The
homogenates were centrifuged at 1000×g for 5 min at 4 °C
and the resulting supernatant was stored at − 20 °C for differ-
ent biochemical estimations.

2.7 Biochemical Parameters

2.7.1 Determination of Different Hepatic Markers

Serum hepatic marker enzymes such as serum glutamate ox-
aloacetate transaminase (SGOT) [23], serum glutamate pyru-
vate transaminase (SGPT) [24], alkaline phosphatase (ALP)
[25], and bilirubin [26] were measured by using the Agappe
diagnostic kit. These markers will help to evaluate the extent
of liver toxicity.

2.7.2 Oxidative Stress Profile

Lipid peroxidation in liver tissue homogenate was deter-
mined in terms of thiobarbituric acid–reactive substance
(TBARS) formation [27]. The tissue homogenate was
mixed with 20% TCA (1.5 mL) and 1.34% TBA (1.5 mL)
and heated for 30 min at 100 °C. After cooling, the sample
was centrifuged for 5 min in 2000×g. Then, the optical den-
sity of the supernatant was measured at 535 nm. TBARS as
malondialdehyde (MDA) concentrations were calculated by

Table 1 Effects of different doses
of AuNPs on body weight of
acetaminophen-induced hepato-
toxicity in male rats

Groups Initial body weight (g),
mean ± SE

Final body weight (g),
mean ± SE

Elevation/diminution in
body growth (g%)

1 149.16 ± 2.08 153 ± 1.82 3.84 ↑

2 150 ± 1.59* 149 ± 0.81* 1 ↓

3 146 ± 2.90* 151.66 ± 2.59* 5.66 ↑

4 145.83 ± 1.53* 152.33 ± 1.60* 6.5 ↑

5 148 ± 2.73* 152.16 ± 1.70* 4.16 ↑

6 148.83 ± 1.74* 151.33 ± 1.33* 2.5 ↑

Data are expressed as mean ± SE of mean (n = 6). ANOVA followed by multiple two-tailed t tests and data with
superscripts (*) in a specific vertical column indicate no significant difference (p < 0.05) compared with the
control group.

Table 2 Comparison of mean weight of liver between groups 1, 2, 3, 4,
5, and 6

Groups Weight of liver (g) (mean ± SE)

1 5.05 ± 0.13

2 3.72 ± 0.19*

3 5.00 ± 0.13

4 5.01 ± 0.09

5 4.94 ± 0.10

6 3.88 ± 0.10#

Data are expressed as mean ± SE of mean (n = 6). ANOVA followed by
multiple two-tailed t tests and data with different superscripts (*, # ) in a
specific vertical column indicate significant difference (p < 0.05) com-
pared with the control group
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using the molar extinction coefficient 1.56 × 105 M−1 cm−1

and expressed as nanomoles of MDA formed/milligrams of
protein.

2.7.3 Antioxidant Enzyme Profile

Superoxide dismutase (SOD) activity of the liver tissue ho-
mogenate was determined by its ability to inhibit auto-
oxidation of pyrogallol [28]. The samples were measured at
420 nm at 25 °C for 3 min. SOD activity was expressed as
unit/milligrams of protein.

Catalase (CAT) activity of these tissue homogenates was
measured by the method of Luck [29]. Catalase activity was
calculated by using a molar extinction coefficient of 43.6 M−1

cm−1 for H2O2. The level of CAT was expressed as
unit/milligrams.

2.7.4 Determination of Reduced Glutathione Level

The glutathione (GSH) level in the liver tissue homogenate
was estimated according toMoron et al. [30]. The liver sample
was mixed with 25% of TCA, and then it was centrifuged at

Table 3 Observation of different wellness parameters of rats for the limit test of green synthesized herbal gold nanoparticles (AuNPs) using bark
extract of Terminalia arjuna at the dosage rate of 2000 μg/kg/day

Parameters Observation time

30 min 2 h 4 h 6 h 8 h 10 h 12 h 18 h 24 h 36 h 48 h

C E C E C E C E C E C E C E C E C E C E C E

Skin fur N N N N N N N N N N N N N N N N N N N N N N

Eyes N N N N N N N N N N N N N N N N N N N N N R

Mucus membrane N N N N N N N N N N N N N N N N N N N N N N

Salivation X X X X X X X X X X X X X X X X X X X Y X Y

Lethargy X X X X X X X X X X X X X X X X X X X X X X

Sleep N N N N N N N N N N N N N N N N N N N N N N

Convulsions X X X X X X X X X X X X X X X X X X X X X X

Tremor X X X X X X X X X X X X X X X X X X X X X X

Diarrhea X X X X X X X X X X X X X X X X X X X X X X

Morbidity X X X X X X X X X X X X X X X X X X X X X X

Mortality X X X X X X X X X X X X X X X X X X X X X X

C control, E experimental, R red, N normal, X no, Y yes

Table 4 Observation of different wellness parameters of rats for the limit test of green synthesized herbal gold nanoparticles (AuNPs) using bark
extract of Terminalia arjuna at the dosage rate of 5000 μg/kg/day

Parameters Observation time

30 min 2 h 4 h 6 h 8 h 10 h 12 h 18 h 24 h 36 h 48 h

C E C E C E C E C E C E C E C E C E C E C E

Skin fur N N N N N N N N N N N N N FL N FL N 1D4L N 2D3L N 3D2L

Eyes N N N N N N N R N R N R N R N R N 1D4L N 2D3L N 3D2L

Mucus membrane N N N N N N N A N A N A N A N A N 1D4L N 2D3L N 3D2L

Salivation X X X X X Y X Y X Y X Y X Y X Y X 1D4L X 2D3L X 4D1L

Lethargy X X X X X Y X Y X Y X Y X Y X Y X 1D4L X 2D3L X 4D1L

Sleep N N N N N N N N N N N N N A N A N 1D4L N 2D3L N 4D1L

Convulsions X X X X X Y X Y X Y X Y X Y X Y X 1D4L X 2D3L X 4D1L

Tremor X X X X X X X Y X Y X Y X Y X Y X 1D4L X 2D3L X 4D1L

Diarrhea X X X X X X X X X X X X X X X X X 1D4L X 2D3L X 4D1L

Morbidity X X X X X Y X Y X Y X Y X Y X Y X 1D4L X 2D3L X 4D1L

Mortality X X X X X X X X X X X X X X X X X 1D4L X 2D3L X 4D1L

A affected, C control, D dead, E experimental, FL fur loss, L live, N normal, R red, X no, Y yes
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2000×g for 15 min. Then, 1 mL of 0.2 M sodium phosphate
buffer was added to the supernatant. Later, 2 mL of 0.6 mM
DTNB (Ellman’s reagent) was added to it. The optical density
of the yellow-colored complex formed by the reaction of GSH
and DTNB was measured after 10 min at 405 nm.

2.8 Histopathological Assessment

The histopathological analysis of liver tissue for each ex-
perimental group was performed by the method of
Iranloye and Bolarinwa [31]. The collected liver tissue
was fixed in 10% formalin solution and then dehydrated
in ascending grade alcohol (70–100%) followed by clear-
ing in xylene. Then, paraffin embedding was done at 58
°C for 4 to 5 h, followed by paraffin block preparation.
Afterwards, thick sections (5–6 μm) were prepared using
a ro t a ry mic ro tome . Then , t h e s ec t i on s we re
deparaffinized with xylene, stained with hematoxylin-eo-
sin, and followed by mounting with DPX with a cover-
slip. Prepared slides were observed for histopathological
alterations under a microscope (× 400).

2.9 Statistical Analysis

The collected data were statistically calculated by using the
statistical package Origin 6.1 (Northampton, MA, USA). The
data were expressed as the mean ± SE of mean, n = 6. A
comparison was done between the means of control and with
all experimental groups, by ANOVA followed by multiple
two-tailed t tests. Bars for a specific data differ from each other
significantly at the level of p < 0.05.

3 Results and Discussion

The current investigation focuses on the effective role of
g r e en syn t h e s i z ed go l d nanopa r t i c l e s aga i n s t
acetaminophen-induced hepatotoxicity in male Wistar rats.
The AuNPs were synthesized using Terminalia arjuna
bark extract, which acted as both reducing and capping
agents. This greener herbal method approach is eco-friend-
ly, cost effective, and rapid and also can be easily scaled up
for large-scale syntheses. In visual observation, the change
in color from pale yellow to ruby red was noted due to the
reduction of gold ions which indicated the formation of
green synthesized AuNPs (Fig. 1(i)). In UV-Visible spec-
tral analysis, the SPR band centered at 524 nm (Fig. 1(ii)).
When the SPR bands centered between 500 and 600 nm, it
confirms the formation of green synthesized AuNPs in the
solution. FESEM and HRTEM analyses confirmed the
spherical shape of the nanoparticles having sizes between
7 and 20 nm (Fig. 1(iii, iv)). EDX spectroscopy confirmed
the distribution of elemental gold in green synthesized

AuNPs (Fig. 1(v)). An FTIR study predicted the potential
biomolecules responsible for the reduction of Au3+ ions
and capping of reduced Au0 NPs synthesized using
Terminalia arjuna bark extract (Fig. 1(vi)). XRD analysis
showed the crystalline nature of the synthesized nanopar-
ticles (Fig. 1(vii)). In the DLS study, the measured size of
the green synthesized AuNPs ranged between 7 and 90 nm
(Fig. 1(viii)). The nanoparticles have a larger hydrodynam-
ic diameter due to the hydrated state of the sample in the
DLS method [21].

3.1 Body Weight of Rats

Rats were first initially weighed before the experiment and
were weighed again towards the end of the experiment. The
initial mean weight of rats was 149.16 ± 2.08, 150 ± 1.59, 146
± 2.90, 145.83 ± 1.53, 148 ± 2.73, and 148.83 ± 1.74 g in
groups 1, 2, 3, 4, 5, and 6 respectively. The final mean body
weight of the rats was 158.66 ± 1.25, 150.33 ± 1.33, 155.66 ±
3.25, 157.5 ± 1.97, 156 ± 1.94, and 152 ± 1.77 g in groups 1,
2, 3, 4, 5, and 6 respectively. The mean weight of rats was not
significantly different (p < 0.05) when compared between
groups 1, 2, 3, 4, 5, and 6 respectively (Table 1).

3.2 Gross Examination of the Liver

The mean weight of the liver was 5.05 ± 0.13, 3.72 ± 0.19,
5.00 ± 0.13, 5.01 ± 0.09, 4.94 ± 0.10, and 3.88 ± 0.10 g in
groups 1, 2, 3, 4, 5, and 6 respectively. In acetaminophen-

�Fig. 2 a, b Effects of different doses of AuNPs on serum biochemical
parameters SGOT and SGPT in rats after intraperitoneal administration of
acetaminophen. Data are expressed as mean ± SE of mean (n = 6).
ANOVA followed by multiple two-tailed t tests and data with different
superscripts (*, **, #, ##,*#*) in a specific vertical column indicate sig-
nificant difference (p < 0.05) compared with the control group. c, d
Effects of different doses of AuNPs on serum ALP and total bilirubin in
rats after intraperitoneal administration of acetaminophen. Data are
expressed as mean ± SE of mean (n = 6). ANOVA followed by multiple
two-tailed t tests and data with different superscripts (*, **, #, ##,*#*) in a
specific vertical column indicate significant difference (p < 0.05) com-
pared with the control group. e, f Effects of different doses of AuNPs on
serum direct bilirubin and MDA content in rats after intraperitoneal ad-
ministration of acetaminophen. Data are expressed as mean ± SE of mean
(n = 6). ANOVA followed by multiple two-tailed t tests and data with
different superscripts (*, **, #, ##,*#*) in a specific vertical column
indicate significant difference (p < 0.05) compared with the control
group. g–i Effects of different doses of AuNPs on SOD, catalase, and
GSH levels in rats after intraperitoneal administration of acetaminophen.
Data are expressed as mean ± SE of mean (n = 6). ANOVA followed by
multiple two-tailed t tests and data with different superscripts (*, **, #,
##,*#*) in a specific vertical column indicate significant difference (p <
0.05) comparedwith the control group. Groups: group 1, control; group 2,
acetaminophen (500 mg/kg/day) treated; group 3, acetaminophen +
AuNPs (55 μg/kg/day); group 4, acetaminophen + AuNPs (175 μg/kg/
day); group 5, acetaminophen + AuNPs (550 μg/kg/day); group 6, acet-
aminophen + AuNPs (2000 μg/kg/day)
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treated group 2 rats, there was a significant (p < 0.05) decrease
in the liver weight when compared with the control group. Co-
administration of AuNPs at dose 175 μg/kg/day significantly
(p < 0.05) increased the weight of liver with respect to group 2
rats. Gross examination of the liver specimen showed that it
was reddish brown in color with firm consistency, in all the
rats of groups 1, 2, 3, 4, 5, and 6 respectively (Table 2).

3.3 Wellness Parameter Study

The wellness study was conducted to ascertain the behavioral
changes and mortality rate of the experimental animals in
acute exposure of AuNPs at the limit dose of 2000μg/kg body
weight and 5000 μg/kg body weight. During the study, a first
limit test of AuNPs at a dose 2000 μg/kg body weight was

Fig. 2 (continued)
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done, but it was noted that with duration of time interval, all
experimental animals well survived (Table 3), so a limit dose

test was further conducted at a dose 5000 μg/kg body weight
according to OECD guidelines 425. It has been observed that

Fig. 3 Histopathological analysis of liver tissue. a Normal histological
structure of liver tissue like normal central vein, normal hepatocytes with
proper nuclei of the control group (group 1) rats. b Acetaminophen-
treated group (group 2) showing severe cellular disruptions as damaged
hepatocytes, enlarged central vein, and cellular necrosis. d Co-
administration of AuNPs (175 μg/kg/day) along with the acetaminophen
treatment group (group 4) showing well-organized and repaired hepatic
cells with proper nuclei and normally repaired central vein similar to the

control group rats (group 1). c, e, fCo-administration of AuNPs at various
doses (55, 550, 2000 μg/kg/day) along with the acetaminophen-treated
groups (groups 3, 5, and 6) represented slightly repaired hepatic cells and
slightly enlarged central vein. Group 1, control; group 2, acetaminophen
treated; group 3, acetaminophen + AuNPs (55 μg/kg/day); group 4, acet-
aminophen + AuNPs (175 μg/kg/day); group 5, acetaminophen + AuNPs
(550 μg/kg/day); group 6, acetaminophen + AuNPs (2000 μg/kg/day)
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after 2 h of administration of AuNPs at a dose 5000 μg/kg
body weight, salivation and convulsion started and lethargy
thrived in some experimental animals during a 4-h interval. It
was observed that eye color became extensively red, the mu-
cus membrane was affected, and tremor occurred in experi-
mental animals by 6 h. The animals began to lose their skin
and fur, and sleep was affected in 12 h from the administration
of the said dose. After 24 h, one experimental animal died and
other animals were associated with increased morbidity. After
36 h, two animals were dead and within 48 h of time interval,
four were dead and one was alive associated with morbidity
(Table 4). Hence, the approximate LD50 of AuNPs is less
than 5000 μg/kg body weight.

3.4 Estimation of SGOT, SGPT, and ALP

Aminotransferases (SGOT, SGPT) and alkaline phosphatase
(ALP) are the most sensitive and widely used hepatobiliary
enzymes present normally in the liver. These enzymes are
reasonably sensitive indicators of liver damage with potential
liver toxicity. In this study, effects of different doses of AuNPs
on SGOT, SGPT, and ALP levels were observed (Fig. 2a–c).
Liver enzymes significantly (p < 0.05) increased in group 2
acetaminophen (500 mg/kg/day)-treated rats for 14 days in
comparison with control group 1. The elevated levels of
SGOT, SGPT, and ALP are sensitive indicators of cellular
leakage and loss of functional integrity of the hepatic cell
membranes implying hepatocellular damage [32]. The rise in
SGOT is usually accompanied by an increase in the SGPT
level, which helps in the conversion of amino acids to keto
acids [33]. The increase in serum ALP level is due to the
increased synthesis in the presence of increasing biliary pres-
sure. However, co-administration of AuNPs at a dose 175

μg/kg/day for 14 days in treated group 4 rats significantly (p
< 0.05) decreased the levels of SGOT, SGPT, and ALP in
comparison with acetaminophen-treated group 2 rats as well
as in other AuNP-co-administered groups in treated group 3
rats at dose 55 μg/kg/day, 550 μg/kg/day in group 5 rats, and
2000 μg/kg/day in treated group 6 rats for 14 days respective-
ly. Hence, co-administration of AuNPs in treated group 4 rats
effectively recovered the levels of SGOT, SGPT, and ALP,
respectively, offering maximum hepatic protection.

3.5 Estimation of Total and Direct Bilirubin

Bilirubin is another important hepatic marker to evaluate
the liver function. In acetaminophen-treated group 2 rats,
significant (p < 0.05) elevation of total and direct bilirubin
levels was observed compared with the control group 1.
The rise in bilirubin levels after acetaminophen administra-
tion may be due to hepatocyte damage and defects of he-
patic uptake. After co-administration of AuNPs (175
μg/kg/day) in treated group 4 rats, total and direct bilirubin
levels significantly (p < 0.05) reduced in comparison with
groups 2, 3, 5, and 6 respectively (Fig. 2d, e). The serum
bilirubin level in treated group 4 rats restored significantly,
ameliorating the hepatic function.

3.6 Estimation of Oxidative Stress Marker

Lipid peroxidation is a ROS-mediated process by which poly-
unsaturated fatty acids undergo peroxidation, producing α,β-
unsaturated aldehydes such as malondialdehyde (MDA).
Administration of acetaminophen in group 2 rats significantly
(p < 0.05) elevated the MDA level in liver tissue homogenate
as compared with the control group. Lipid peroxidation is
caused due to redox cycling of the quinone imine metabolite
of acetaminophen; NAPQI has been proposed [34]. Reaction
of NAPQI with the ferrous-oxy form of cytochrome P450
stimulates ROS generation and oxidative stress in hepatic
cells. This enhanced lipid peroxidation finally triggered hepat-
ic tissue damage. Supplementation of AuNPs in group 4 (175
μg/kg/day) experimental animals had shown significant (p <
0.05) reduction of MDA levels more than acetaminophen-
treated group 2 rats as well as in other doses of AuNP-co-
administered groups 3, 5, and 6 rats respectively (Fig. 2f).
Hence, treatment with AuNPs at a dose 175 μg/kg/day
showed the highest protective activity by reducing the oxida-
tive stress as well asMDA formation in comparisonwith other
groups.

3.7 Estimation of Antioxidant Enzyme Profile

It has been reported that cellular antioxidative enzymes
(SOD, CAT) exert supportive defense against ROS gener-
ation, such as superoxide radicals, hydrogen peroxide, and

Table 5 Scoring of histopathological examination in liver tissue of
different experimental groups. The 6-point scale for fibrosis stage was
applied for scoring liver toxicity: (0) indicates normal liver, (1) indicates
mild toxicity, (2) indicates moderate toxicity, (3) indicates severe toxicity,
(4) indicates modest severe toxicity, (5) indicates extremely severe toxic-
ity, (6) indicates extremely severe toxicity and damage. Group 1, control;
group 2, acetaminophen treated; group 3, acetaminophen + AuNPs (55
μg/kg/day); group 4, acetaminophen + AuNPs (175 μg/kg/day); group 5,
acetaminophen + AuNPs (550 μg/kg/day); group 6, acetaminophen +
AuNPs (2000 μg/kg/day)

Parameters Group
1

Group
2

Group
3

Group
4

Group
5

Group
6

Cellular necrosis 0 6 0 0 1 3

Hepatocyte
degeneration

0 6 1 0 1 3

Portal
inflammation

0 5 0 0 2 4

Lipid
accumulation

0 4 1 1 1 2

Lipid infiltration 0 4 1 1 1 2
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hydroxyl radicals within the cell by scavenging the toxic
molecules [35]. A marked significant (p < 0.05) decrease in
antioxidant enzymes (SOD and CAT) was noted in liver
tissue homogenate of acetaminophen-treated group 2 rats
with respect to the control group. Catalase helps to decom-
pose hydrogen peroxide and protects the tissue from hy-
droxyl radicals [36]. Therefore, a decrease in the activity
of these enzymes may cause deleterious effects due to the
deposition of hydrogen peroxide and superoxide radicals.
However, significant (p < 0.05) enhancement of SOD and
CAT activities was observed in the case of 14-day treatment
with AuNPs in group 4 (175 μg/kg/day) experimental ani-
mals in comparison with acetaminophen-treated group 2
rats as well as in other doses of AuNP-co-administered
groups 3, 5, and 6 rats, respectively, hence protecting the
liver from acetaminophen intoxication (Fig. 2g, h).

3.8 Estimation of Reduced Glutathione Level

Reduced GSH is a tripeptide containing a free thiol group that
is a major non-enzymatic antioxidant. GSH is capable of
preventing damage to cellular components caused by ROS
generation and preservation of membrane protein thiols and
as a substrate for glutathione peroxidase [37]. Acetaminophen
treatment in group 2 rats caused significant (p < 0.05) reduc-
tion of GSH levels in liver tissue homogenates compared with
the control group. This may be due to inactivation of the
antioxidative enzymes and GSH at the site of tissue damage
and accumulation of superoxide radicals. Co-administration
of AuNPs in group 4 (175 μg/kg/day) rats significantly (p <
0.05) increased the level of GSH compared with
acetaminophen-treated group 2 rats as well as in other doses
of AuNP-co-administered groups in groups 3, 5, and 6 rats
respectively (Fig. 2i). Hence, AuNPs at a dose 175 μg/kg/day
helped in protecting the antioxidant machineries of the liver.

3.9 Histopathological Examinations

In this histopathological study, marked changes were ob-
served in acetaminophen (500mg/kg/day)-treated group 2 rats
compared with the control group. Acetaminophen-mediated
liver damage is due to enhanced rates of lipid peroxidation,
which in turn increases production of malondialdehyde
resulting in the degeneration of nuclei, accumulation of lipid,
fatty degeneration, inflammatory responses, and necrosis of
hepatocytes [38]. Histology of the liver tissue in the control
group showed normal hepatocellular architecture along with
prominent hepatocytes, preserved lobular pattern, proper nu-
clei, and intact visible central vein. Administration with acet-
aminophen for 14 days showed cellular necrosis, degeneration
of nuclei, lipid accumulation, lipid infiltration, portal inflam-
mation, and hepatocyte degeneration (Fig. 3b). Co-
administration of AuNPs at different doses minimized the

level of hepatotoxicity (Table 5). Treatment of AuNPs at a
dose 175 μg/kg/day for 14 days in treated group 4 rats showed
highest recovery of cellular architectures (no cellular necrosis,
less lipid accumulation, less lipid infiltration, absence of portal
inflammations, and no hepatocyte degeneration) in compari-
son with groups 3, 5, and 6 rats respectively (Fig. 3). The
histopathological observations supported the biochemical ev-
idences of hepatoprotection.

Hence, the present study clearly reflected the effectiveness
of AuNPs in a dose-dependent manner with maximum
hepatoprotection at a dose 175 μg/kg/day against
acetaminophen-induced hepatotoxicity in experimental rats.

4 Conclusion

To conclude, the results suggest that the green synthesized
herbal gold nanoparticles (AuNPs) using an aqueous bark
extract of Terminalia arjuna at a dose 175 μg/kg/day exerted
a hepatoprotective effect. Overall, this study demonstrates that
AuNPs serve as a novel therapeutic drug which improves the
pathophysiological condition associated with liver toxicity.
The herbal compounds present in the bark extract of
Terminalia arjuna exerted their antioxidant activities, which,
in combination with gold nanoparticles, helped to ameliorate
acetaminophen-induced hepatotoxicity in an experimental an-
imal model. In the future, further work should be done to
study the detailed mechanism for the management of hepato-
toxicity by using AuNPs which would be beneficial for the
society for harmless protection against hepatic dysfunctions
by formulation of herbal nanodrug.
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