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ABSTRACT
Objective: Acetaminophen (APAP) overdose contributes to liver damage through modulation of pro-apoptotic processing. This study evaluated the
involvement of caspase/Bax factors in APAP hepatotoxicity in vivo and in vitro.
Methods: The involvement of caspase/Bax factors in APAP hepatotoxicity was evaluated in BALB/c mice and on isolated primary mouse
hepatocytes. In vitro MTT assay was carried out on primary cultured mouse hepatocytes treated with APAP (2.5, 5, 10 mmol) and Annexin V/PI
staining was employed to cell suspension for imaging under fluorescence microscopy. In addition, caspase-3 concentrations were determined in cell
lysates. In vivo, mice were treated with a toxic dose of APAP (700 mg/kg) and immunodetection of Bax was made by Western Blot. Vitamin C (Vit C)
was used as a hepato-protectant due to its known antioxidant activities.
Results: In vitro dose-dependent increase in mitochondrial electron transport capacity was evident in isolated mouse primary hepatocytes
incubated with the high dose of APAP (10 mmol) compared to both nontreated cells and cells pre-treated with Vitamin C (Vit C) (0.5 mmol)
(p<0.05). Apoptosis was confirmed in hepatocytes through Annexin V staining after APAP treatment and the signal was reduced when hepatocytes
were pre-treated with Vit C. In addition, caspase-3 concentration was decreased in cells pretreated with Vit C prior to APAP exposure. In vivo, Bax
immunodetection utilizing western blotting was increased in mice treated with the toxic dose of APAP (700 mg/kg) and attenuated through pretreatment with Vit C.
Conclusion: Modulation of apoptotic caspase/Bax pathway is present in hepatocytes undergoing APAP-induced toxicity.
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INTRODUCTION
The exact mechanism of toxicity behind Acetaminophen (APAP, also
known as N-acetyl-para-aminophenol or paracetamol) is not fully
elucidated despite its popular worldwide use as a safe and effective
analgesic and antipyretic at therapeutic doses. Around 25% of
administered APAP dose undergoes the first-pass metabolism
primarily by conjugation with glucuronic acid and sulphate,
thereafter, directly excreted in the urine [1]. Overdosing with APAP
results in a fully saturated conjugative pathway shifting APAP
metabolism into the cytochrome P450 (CYP450) pathway, therefore,
leading to increased production of the toxic metabolite, namely, Nacetyl-p-benzoquinone imine (NAPQI), which reduces glutathione
(GSH) levels until depleted allowing disruptive binding to
mitochondrial proteins [2]. It has been widely reported that NAPQIprotein adduct formation leads to mitochondrial oxidative stress
that generates superoxide anion O2-and other reactive oxygen
species (ROS) and nitrogen-oxygen species (NOS) [3]. However,
before NAPQI manages to induce cell death, initial mitochondrial
metabolic activation has been reported to be critical as it needs to be
amplified and propagated in order to initiate the cellular injury [4].
Since apoptosis is carefully programmed and balanced in a
physiological context, the failure of this regulation results in critical
pathological conditions [5]. In apoptosis, the integrity of
mitochondrial architecture is lost causing depletion of ATP and
translocation of Bax, a pro-apoptotic Bcl-2 protein, from the cytosol
to the mitochondrion that causes pore formation in the outer
mitochondrial membrane. This, in turn, releases pro-apoptotic
cytochrome c from the mitochondrial intermembrane space and
activates effector caspase-3 [6]. Moreover, once the cell undergoes
apoptosis, an inner leaflet restricted lipid component called
phosphatidylserine (PS) is translocated to the outer membrane

scrambling the plasma membrane lipid asymmetry, thus, indicating
apoptosis [7].
Since the toxicity of APAP has been widely described as dosedependent and several stages might be involved in its toxicity, the
aim of the present study was to investigate the involvement of
caspase/Bax pathway as a possible mechanism engaged in the
activation of liver apoptosis during APAP hepatotoxicity. In addition,
the extent of tackling APAP-induced caspase/Bax pathway activation
by vitamin C (Vit C); as an efficient antioxidant known for its ROS
scavenging and hepatoprotective effects, was approached [8].
MATERIALS AND METHODS
Materials
Acetaminophen (APAP), sodium chloride (NaCl), hydrochloric acid (HCl),
L-ascorbic acid, and Dulbecco’s Modified Eagle Media (DMEM) (with Lglutamine) were purchased from Sigma Aldrich (St. Louis, Missouri,
USA). Isoflurane was supplied from Hikma Pharmaceuticals (Amman,
Jordan). Hank's Balanced Salt Solution (HBSS) Ca2+ and Mg2+free, HBSS
with Ca2+ and Mg2+ and collagenase II were purchased from Gibco
(Gaithersburg, MD, USA). Fetal bovine serum (FBS), and trypsin were
both obtained from Biowest (Nuaillé, France). 4-(2-hydroxyethyl)-1piperazine-ethanesulfonic acid (HEPES) was purchased from Alfa Aesar
(Massachusetts, USA). While streptomycin/penicillin was purchased
from Caisson Labs (Utah, USA).
Cell Titer 96 Non-Radioactive Cell Proliferation Assay kit was
purchased from Promega (Wisconsin, USA). Mouse Casp3 (caspase3) enzyme-linked immunosorbent assay (ELISA) kit was purchased
from MyBioSource (San Diego, USA). For western blotting, MiniPROTEAN TGX Precast Gels, Clarity Western ECL Substrate, 10x
Tris/Glycine/SDS (TGS) buffer and 2x Laemmle were all obtained
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from Biorad (California, USA). Gang-Nam prestained protein ladder
was provided from iNtRON Biotechnology (Gyeonggi, South Korea).
Tris Base, 2-mercaptoethanol and Tween 20 were obtained from
Santa Cruz Biotechnology (Texas, USA) while methanol was supplied
from Tedia company (Ohio, USA). Non-fat milk was purchased from
Laita Diary Company (Brest, France). Nitrocellulose transfer
membrane, Anti-Bax antibody and Goat Anti-Rabbit IGg HandL-HRP
were obtained from Abcam (Cambridge, UK).
Preparation of buffers and culture medium
All perfusion buffers were freshly prepared using sterile techniques
in a sterile class 2 biosafety cabinet (Topair systems, New York,
USA), according to Al Shaker et al. (8). Perfusion buffer I was
prepared by the addition of 0.5 mmol EDTA, 25 mmol HEPES and 0.5
mmol Tris base to HBBS without Ca2+and Mg2+. Perfusion buffer II
was prepared by adding 25 mmol HEPES and 0.5 mmol Tris base to
HBSS with Ca2+and Mg2+. Perfusion buffer II with collagenase II was
prepared by dissolving 1000 U/ml collagenase II in perfusion buffer
II. Buffers were kept warm at 37 °C in a water bath and used within
30 min from preparation.
Plating medium was prepared by the addition of pre-warmed (37
°C) 10% FBS, 100 U/ml penicillin, 100 mg/ml of streptomycin and
10 mmol HEPES buffer to DMEM medium. Liver collection medium
was prepared by suspending 25 mmol HEPES in cold DMEM.
Animal handling
The study protocol was reviewed by the Scientific Committee of the
Department of Pharmacology and Biomedical Sciences and approved
by the Scientific Ethical Committee of the Faculty of Pharmacy and
Medical Sciences, University of Petra, Amman, Jordan (Approval
number: 5-2016/2017). Adult male BALB/c mice with an average
weight range of 22±3 g were housed at the Animal House of the
University of Petra. Mice were kept in air-conditioned environment
under controlled temperatures (22-24 °C), humidity (55-65%), and
photoperiod cycles (12 hr light/12 hr dark). All experiments were
achieved in accordance with University of Petra Institutional
Guidelines on Animal Use which adopt the guidelines of the Federation
of European Laboratory Animal Science Association (FELASA).
Mouse liver cannulation and perfusion
An adult male BALB/c mouse was anaesthetized by isoflurane and
the liver was cannulated surgically through the portal vein as
described by Al Shaker et al. (9); with few modifications where the
pre-warmed perfusion buffer I was infused for approximately 20
min at a flow rate of 3 ml/min until the liver had blanched to a lightbrown colour. The perfusion was later switched to perfusion buffer
II containing collagenase II at a flow rate of 4 ml/min for 15 min. The
liver was then dissected and soaked in a cooled liver collection
medium in order to be transferred to the cell culture hood.
Culture of primary mouse hepatocytes
Hepatocytes were cultured in a 96-well plate and allowed to recover
and grow in a humidified sterile CO2 incubator overnight prior the
day of experimentation. After 16 h of incubation, the 96-well plate
was divided into 9 groups. Group 1 as blank (media only), group 2 as
a negative control (untreated healthy cells), group 3 Vit C 0.5 mmol,
and groups 4, 5, and 6 treated with APAP 2.5, 5 and 10 mmol
respectively. Groups 7, 8, 9 were pretreated with 0.5 mmol Vit C for
4 h prior the addition of APAP at concentrations of 2.5, 5, and 10
mmol, respectively. Treatment of hepatocytes and further
mentioned assays were determined within the first 24 h from
plating to assure minimal decline of CYP450 activity.
Determination of mitochondrial electron transport capacity in
isolated hepatocytes
Apoptotic bodies are intact cells and maintain viable mitochondria,
which provides cells with the needed ATP for energy-dependent cell
death namely, apoptosis [11]; therefore, MTT assay was approached
for that detection [12, 13]. Cultured and treated primary
hepatocytes were subject to mitochondrial electron transport
capacity determinations assessed by conducting an MTT assay using
CellTiter 96 Non-Radioactive Cell Proliferation Assay kit, as

instructed by the manufacturer (Promega, Wisconsin, USA). Optical
density (OD) measurements were performed using Promega’s
Glomax multi detection system (Wisconsin, USA).
Annexin V/Propidium Iodide double staining
Freshly isolated mouse hepatocytes were prepared as described
earlier and incubated with APAP (10 mmol), Vit C (0.5 mmol), a
combination of both APAP and Vit C for 3 h in a humidified CO2
incubator under 37˚C. Following treatment, hepatocytes were
resuspended in binding buffer, Annexin V and Propidium Iodide (PI)
dye solutions. After 5 min of incubation in the dark, samples were
investigated under fluorescence microscopy using fluorescence
green and Texas red filters as per the manufacturer’s instructions
(Abcam, Cambridge, UK).
Caspase-3 concentration assay
Caspase-3 concentrations were determined in cell lysate samples of
cultured primary mouse hepatocyte using Mouse Casp3 (Caspase-3)
ELISA kit (MyBioSource, San Diego, USA). Collection of cell lysates
was proceeded by the addition of 0.25% Trypsin to the treated
hepatocytes cell pellets with further sonication for 10 seconds using
Qsonica probe sonicator (Newtown, CT. USA), followed by
centrifugation at 1500 rpm for 10 min at 4 °C. The lysed supernatant
was collected and tested immediately according to the
manufacturer’s protocol. Optical density (OD) was read at 450 nm
using an ELISA reader (Promega’s Glomax multi detection system,
Wisconsin, USA).
In vivo immunodetection of bax by western blot
BALB/c mice were randomized into 4 groups (n=8 per group) and
acclimatized for ten days before in vivo experiment. Mice were
treated as following; group 1 served as a control, group 2
administered APAP (700 mg/kg) suspended in 0.5% CMC solution,
group 3 received Vit C (100 mg/kg) [14], while group 4 was
pretreated with Vit C followed by APAP. All mice received either a
daily single oral dose of 0.5% CMC or Vit C dissolved in CMC (100
mg/kg) for three days prior APAP administration. Mice were fasted
overnight with free access to water, and on the fourth-day groups 2
and 4 received APAP (700 mg/kg) concomitantly with their
corresponding treatments. Six hours post-APAP administration,
blood was withdrawn from the orbital sinus under anaesthesia and
serum was separated and stored at-20˚C for further analysis. Mice
were euthanized by cervical dislocation after blood sampling.
Semi-quantitative determinations of Bax levels were performed by
western blot analysis according to standard protocols. Briefly,
previously stored serum samples obtained from BALB/c mice were
mixed with loading dye buffer and heated for 10 min at 80˚C in a
mini heating dry bath (Major science, California, USA). Samples and a
reference protein ladder were loaded on precast denaturing 10%
SDS-PAGE gels with a final protein concentration of 10 μl/ml and
run in Biorad Mini-PROTEAN Tetra System (California, USA) under
standard running conditions. After electrophoresis, the proteins
were blotted on nitrocellulose transfer membrane using wet buffer
method. Blots were pre-blocked with 5% non-fat milk in TrisTween-Buffer-Saline (TTBS) and probed with primary antibody Bax
in milk at a 1:1000 ratio and secondary antibody anti-bax
peroxidase-conjugated in milk (ratio of 1:10000) Blotted
membranes were exposed to enhanced chemiluminescence (ECL)
substrate, it was visualized on LI-COR C-DiGit Chemiluminescence
Western Blot Scanner (LI-COR Biotechnology, NE, USA).
Statistical analysis
One-way analysis of variance (ANOVA) was performed to detect
statistical significance between tested groups using SPSS software,
version 22 (IBM Corporation, NY, USA). Values with p-value less
than 0.05 were considered significant. Values are presented as
mean±standard error of the mean (SEM).
RESULTS AND DISCUSSION
In the presented work, mice were selected as the animal model of
choice to reveal the mechanism by which APAP induces its
hepatotoxicity. Mice were previously found more sensitive to APAP
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toxicity than rats, accounted to alterations in APAP metabolism and
protein binding, in addition to differences in mitochondrial
dysfunction and oxidative
idative stress between species [15, 16]. However,
it has been reported that APAP is capable of inducing hepatotoxicity
in rats in a similar manner to that induced in mice when a three-fold
thr
higher dose is employed [17, 18].
APAP Induction of mitochondrial-mediated
mediated hepatotoxicity
A dose-dependent
dependent increase in mitochondrial electron transport
capacity was noted in APAP-treated
treated hepatocytes as illustrated in fig.
1. Incubating hepatocytes with 2.5 and 5 mmol APAP caused an
insignificant increase in the mitochondrial electron transport
capacity in comparison to untreated cells (p>0.05).
(
However, a
significant amplification of mitochondrial electron transport
capacity
ty was observed in hepatocytes treated with 10 mmol APAP

therefore, this dose was used in the subsequent studies ((p<0.05).
The capability of APAP in inducing mitochondrial electron transport
capacity in a dose-dependent
dependent manner. A significant increase in
mitochondrial electron transport capacity was indicated when
isolated hepatocytes were challenged with 10 mmol APAP compared
to lower concentrations (fig
fig. 1). The mitochondrial apoptotic
pathway has been considered as a vital m
mean of initiating cell
survival [19], as it initiates the production of pro
pro-apoptotic proteins
in response to the induced insult, activating caspase activity and
apoptosis [20]. Despite to CYP450 enzyme activation, which is a
potential
tential source of ROS and oxidative stress, the mitochondria stays
the major source of ROS formation after toxic stimuli, in addition, its
abnormal metabolic activity in apoptosis inc
increased NAPDH oxidase
production [21]. Furthermore,, mitochondrial activity is necessary in
ATP-dependent
dependent cell death, including apoptosis [22, 23].

Fig. 1: Percentage of mitochondrial electron transport capacity of hepatocytes exposed to different doses of APAP (2.5, 5 and 10 mmol)
over a period of 2 h, Each data point represents the mean
mean±SEM (n=8 wells). 10 mmol APAP had significantly increased the mitochondrial
electron transport capacity of hepatocytes. *p<0.05
*

The Impact of pretreating intoxicated hepatocytes with Vit C
As illustrated in fig. 2, the mitochondrial electron transport capacity in
hepatocytes solely treated with Vit C was not changed (p>0.05).
(
However, pretreating hepatocytes with Vit C prior to APAP
intoxication reduced the APAP-induced dose-dependent
dependent induction of
mitochondrial electron transport capacity. Such effect was found
significant at the dose of 10 mmol APAP (p<0.05).
<0.05). Nevertheless, such a
reduction in activity was not detected in isolated hepatocytes treated
with lower doses of APAP (p>0.05). It has been reported that Vit C
could ameliorates the hepatotoxic effects of high doses of APAP on
rodents through normalizing GSH levels, superoxide dismutase (SOD),
(

and malondialdehyde (MDA) [24
[24–26]. In addition to its antioxidative
property by acting
ting as an important free radical scavenger in the
extracellular fluids, Vit C has been reported to inhibit the ability of ROS
from binding to the mitochondrial membr
membrane and limiting its
disruption [27,28]. Thereafter, the antioxidant Vit C was selected to
inhibit the cytotoxic effects of APAP and test its influence on the insult
in vivo and in vitro. Vit C was capable of inhibiting the cellular insult
caused by APAP. The presented data revealed that pretreatment with
antioxidant Vit C effectively lowered APAP
APAP-induced escalation in
mitochondrial electron transport capacity. These results are in
agreement with other studies which showed th
that APAP toxicity could
be ameliorated by hepatoprotective
tive scavenging effect
effects [24, 29, 31].

Fig. 2: The hepatoprotection produced by Vit C (0.5 mmol)) on cells treated with different doses of APAP (2.5 mmol, 5 mmol and 10 mmol).
The data shows that Vit C significantly reduced APAP-induced
APAP induced increase in cell mitochondrial electron transport capacity in 10 mmol
APAP-treated hepatocytes. *p<0.05
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Induction of apoptosis in hepatocytes
Untreated hepatocytes did not show any noticeable binding to
Annexin V or PI. On the other hand, Annexin+ve/PI–ve
Annexin
cells,
representing apoptotic cells, were observed after APAP treatment as
shown in table I and fig. 3. However, fewer cells were seen positive
positiv
to both Annexin V and PI, indicating an intermediate or late stages of
apoptosis or were undergoing subsequent secondary necrosis.
Isolated primary hepatocytes incubated with Vit C prior to APAP
presented the absence of necrotic cells and a significant decrease
d
in
apoptotic bodies. Annexin staining of APAP-treated
APAP
hepatocytes
suggested that the major mode of cell death post APAP cellular
toxicity is apoptosis rather than necrosis (fig. 3). This result agrees

with other published reports that demonstrated the occurrence of
apoptosis in more than
an 60% of cells exposed to APAP [22,32]. The
observation of some necrotic cells agrees with a previously
published study that mentioned the switch in cell death to necrosis
at a dose of 10 mmol APAP and above [3], thus, proving that the
cellular decline is initiated through apoptosis and further
progression is dose and time--dependent. It was recently reported
that Vit C defeats ROS generation that is required for phys
physiological
caspase-dependent
dependent apoptosis thereby reduci
reducing the possible cellular
damage [33]. The current study showed that Vit C protected the
cellular architecture of tested hepatocytes, as observations shifted
towards a reduction in Annexin V
V+ve/PI–ve cells when compared to
APAP-treated cells.

Fig. 3: Representative images of isolated primary mouse hepatocyte stained with Annexin V and PI. (A) Untreated cells visualized on the
normal light bright field; (B) Untreated hepatocytes visualized on fluorescent Green Filter;
Filte (C) Cells treated with Vit C (Green Filter)
showing normal intensity of Annexin V staining;
stainin (D) APAP treated hepatocytes (Green Filter) showing the high intensity of Annexin V
staining; (E) Vit C-APAP
APAP treated hepatocytes (Green Filter) indicating reduced intensity
intensity compared to APAP alon
alone; (F) PI staining of APAP
treated hepatocytes visualized on Texas Red Filter. All images were captured
captured as original objective 40x
Table 1: Scoring of Annexin V and Propidium Iodide (PI) staining of primary isolated mouse hepatocytes
hepatocytes treated with Vit C or APAP with
and without pretreatment with Vit C
Treatment
Control
Vit C
APAP (10 mmol)
Vit C–APAP (10 mmol)

Stains
Annexin V
++
+

PI
+
-

Apoptotic cells take in Annexin V stain; necrotic cells take in Annexin V and PI stain. (-)<5%; (+) 5-20%;
20%; (++) 20
20-40%; (+++) 40-60%; (++++) 60100% of hepatocytes seen under fluorescent microscopy
Activation of caspase-3 in hepatocytes
The results demonstrate that hepatocytes treated with 10 mmol
APAP exhibited high caspase-3
3 concentrations that were
significantly decreased when hepatocytes were pretreated with 0.5
mmol Vit C prior to APAP treatment. Vit C treatment significantly
suppressed caspase-3
3 concentration in comparison to control
hepatocytes.
tes. However, all three groups presented caspase-3
caspase
activities below levels of the untreated hepatocytes, as shown in fig.
4. However, incubating the cells with Vit C alone or prior to APAP
intoxication highly reduced caspase-3
3 concentration in the cells,
leaving
eaving the impact of Vit C to greater importance in caspasecaspase
dependent studies. In addition, Vit C remarkably decreased caspasecaspase
3 activity in APAP treated cells. The major two key caspase cascades
are caspase-9/-3 and caspase-8/-3
3 cascades. The activation of
o both
caspase-9 and-8
8 cascades yields to the expression of executioner
caspase-3; however, caspase-9
9 is associated with increased
mitochondrial electron transport capacity due to the triggering of its
dysfunction unlike caspase-8, which is associated with death
dea

receptor signal transduction [34]
[34]. In the current study, it was found
that the addition of APAP to isolated lysed mouse hepatocytes did
not trigger the increase in caspase
caspase-3 cellular content (fig. 4).
Modulation of bax protein serum content by vitamin C
As presented in fig. 5, and compared to the control group, the
serum Bax level was considerably increased in mice intoxicated
with 700 mg/kg APAP. However, such detection was reversed in
animals pretreated
ed with 100 mg/kg Vit C prior to APAP
administration. Bax is a key member of the Bcl
Bcl-2 protein family,
which plays a leading role in the mitochondrial cell death pathway,
in addition to maintaining the mitochondrial membrane integrity.
Thus, inhibiting the release of the apoptogenic cytochrome c [5]. In
this study, western blot analysis indicated a trendlike increase in
Bax levels in APAP-treated
treated mice. T
That, comes in line with several
studies that reported up to 4
4-fold increase in bax levels in
comparison to untreated counterparts as early as 1 hour after
APAP treatment, with a further increase during the next several
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hours [35–37]. The pre-treatment
treatment with Vit C attenuated APAPAPAP
induced increases of Bax serum levels and that comes in line with
the literature, as hepatocytes pretreated with
th antioxidants prior to

APAP result in an enhancement of the anti
anti-apoptotic Bcl-2 level
and decrease Bax level, which confirms the hepatoprotective effect
of antioxidant [37].

Fig. 4: Caspase-3
3 concentration of isolated mouse hepatocytes as determined by ELISA. Cells were either untreated, treated with 0.5 mmol
Vit C only, treated with 10 mmol APAP alone, or treated with 10 mmol APAP after pretreatment with 0.5 mmol Vit C. Data are expressed
as units for caspase-3
3 activity, and represent means±SEM,
means
n=6. In comparison to APAP (**p<0.05).
<0.05). In comparison to Cells alone (*
(*p<0.05)

Fig. 5: Serum bax levels determined by Western Blotting in APAP-induced
APAP
toxicity and effects of Vit C pretreatment. Mice groups were
either untreated, treated with 700 mg/kg APAP alone or 100 mg/kg Vit C, and treated with 700 mg/kg APAP after pre
pre-treated with 100
mg/kg Vit C

CONCLUSION
Despite the knowledge provided in the literature about APAP and its
toxicity, a mechanistic approach is still warranted to understand the
influence of APAP on death pathways, cell survival and liver integrity.
This study confirms the development of hepatocellular
hepatoc
injury in mice
after a high dose of APAP through the ability of APAP in triggering the
mitochondrial electron transport capacity of hepatocytes. Apoptosis
was found to be the initial cause of the hepatic injury induced by APAP
as evident by the morphological
phological evaluation of the APAP-treated
APAP
cells.
These findings were supported by caspase-3
3 enzyme activity elevation
in APAP-treated
treated cells, and increased Bax protein serum levels as
detected in serum of APAP-intoxicated
intoxicated mice. When mice were
pretreated or the isolated hepatocytes were pre-incubated
pre
with Vit C,
reduced Bax serum levels and cellular caspase 3 concentrations were
evident, respectively. Such actions might suggest the strong capability
of Vit C in preventing intoxicated hepatocytes from entering the
apoptotic stage.

analysis. The first draft of the manuscript was written by Rasha AbuAjamieh and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.
CONFLICT OF INTERESTS
No potential conflict of interest
est was reported by the authors.
REFERENCES
1.

2.

3.

FUNDING
This project was funded by the Deanship of Scientific Research,
University of Petra, Amman, Jordan, under research project number
21/4/2018 and 11/4/2019.
AUTHORS CONTRIBUTIONS
All authors contributed to the study conception and design. Material
preparation and data collection were performed by Rasha AbuAbu
Ajamieh and Nidal Qinna. All authors contributed to the data

4.

5.
6.

Michaut A, Moreau C, Robin M
MA, Fromenty B. Acetaminopheninduced liver injury in obesity and nonalcoholic fatty liver
disease. Liver Int 2014;34:
4:e171–9.
Ghanem CI, Perez MJ, Manautou JE, Mottino AD.
Acetaminophen from liver to brai
brain: new insights into drug
pharmacological action and toxicity. Pharmacol Res
2016;109:119-31.
Nagai H, Matsumaru K, Feng G, Kaplowitz N. Reduced
glutathione depletion causes necrosis and sensitization to
tumor necrosis factor-α–induced
induced apoptosis in cultured mo
mouse
hepatocytes.
tes. Hepatology 200
2002;36:55–64.
Jaeschke H, Xie Y, McGill MR. Acetaminophen
Acetaminophen-induced liver
injury: from animal models to humans
humans. J Clin Transl Hepatol
2014;2:153–61.
Reed JC. Bcl-2
2 on the brink of breakthroughs in cancer
treatment. Nat Publ Gr 201
18;25:3–6.
Goldar S, Khaniani MS, Derakhshan SM, Baradaran B. Molecular
mechanisms of apoptosis and roles in cancer development and
treatment. Asian Pacific J Cancer Prev 201
2015;16:2129–44.

51

Qinna et al.
Int J Pharm Pharm Sci, Vol 12, Issue 11, 47-52
7.
8.

9.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.
20.
21.
22.

Mariño G, Kroemer G. Mechanisms of apoptotic
phosphatidylserine exposure. Cell Res 2013;23:1247–8.
Kale MA, Bindu SM, Khadkikar P. Role of antioxidants and
nutrition in oxidative stress: a review. Int J Appl Pharm
2015;7:1–4.
Al Shaker HA, Qinna NA, Badr M, Al Omari MMH, Idkaidek N,
Matalka KZ, et al. Glucosamine modulates propranolol
pharmacokinetics via intestinal permeability in rats. Eur J
Pharm Sci 2017;105:137–43.
Al Shaker HA, Qinna NA, Al Hroub H, Al Omari MMH, Badwan
AA. RP-HPLC–UV method for the quantification of propranolol
in rat’s serum and Krebs buffer using one-step protein
precipitation. Acta Chromatogr 2017;30:1–6.
Beebe SJ, Buescher ES, Stark RH, Schoenbach KH. Nanosecond
pulsed electric field (nsPEF) application effects on human cells:
intracellular membrane disruption and apoptosis induction.
IEEE 2002;30:251.
Berridge MV, Tan AS. Characterization of the cellular reduction
of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT): subcellular localization, substrate dependence,
and involvement of mitochondrial electron transport in MTT
reduction. Arch Biochem Biophys 1993;303:474–82.
Riss TL, Moravec RA, Niles AL, Duellman S, Benink HA,
Worzella TJ, et al. Cell viability assays. eli lilly and company and
the national center for advancing translational sciences; 2004.
Paiva GS, Taft CA, Carvalho MC, De Souza IA, Barbosa da Silva
EC, Cavalcanti KP, et al. A comparative study of the effects of
vitamins C and E in the development of sarcoma 180 in mice. J
Cancer 2014;4:724–6.
McGill MR, Williams CD, Xie Y, Ramachandran A, Jaeschke H.
Acetaminophen-induced liver injury in rats and mice:
comparison of protein adducts, mitochondrial dysfunction, and
oxidative stress in the mechanism of toxicity. Toxicol Appl
Pharmacol 2012;264:387–94.
Qinna NA, Ghanim BY. Chemical induction of hepatic apoptosis
in rodents. J Appl Toxicol 2019;7:178–90.
Kavanagh TJ, Rademacher PM, Nelson SD, Stamper BD, Mohar I,
White CC. Acetaminophen-induced liver damage in mice is
associated with gender-specific adduction of peroxiredoxin-6.
Redox Biol 2014;2:377–87.
Qinna NA, Shubbar MH, Matalka KZ, Al-Jbour N, Ghattas MA,
Badwan AA. Glucosamine enhances paracetamol bioavailability
by reducing its metabolism. J Pharm Sci 2015;104:257–65.
Tripathy D, Grammas P. Acetaminophen inhibits neuronal
inflammation and protects neurons from oxidative stress. J
Neuroinflammation 2009;6:10.
Ott M, Gogvadze V, Orrenius S, Zhivotovsky B. Mitochondria,
oxidative stress and cell death. Apoptosis 2007;12:913–22.
Jaeschke H, Ramachandran A. Oxidant stress and lipid
peroxidation in acetaminophen hepatotoxicity. React Oxyg
Species 2018;5:145–58.
Kon K, Kim JS, Jaeschke H, Lemasters JJ. Mitochondrial
permeability transition in acetaminophen-induced necrosis
and apoptosis of cultured mouse hepatocytes. Hepatology
2004;40:1170–9.

23. Rai Y, Pathak R, Kumari N, Sah DK, Pandey S, Kalra N, et al.
Mitochondrial biogenesis and metabolic hyperactivation limits
the application of MTT assay in the estimation of radiation
induced growth inhibition. Sci Rep 2018;8:1531.
24. Adeneye A, Olagunju J. Protective effect of oral ascorbic acid
(vitamin c) against acetaminophen-induced hepatic injury in
rats. Afr J Biomed Res 2010;11:55–61.
25. Abdulkhaleq FM, Alhussainy TM, Badr MM, Abu Khalil AA,
Gammoh O, Ghanim BY, et al. Anti-oxidative stress effects of
vitamin C, E and B 12, and their combination can protect the
liver against acetaminophen-induced hepatotoxicity in rats.
Drug Des Dev Ther 2018;12:3525–33.
26. Abdulrazzaq AM, Badr M, Gammoh O, Abu Khalil AA, Ghanim
BY, Alhussainy TM, et al. Hepatoprotective actions of ascorbic
acid, alpha-lipoic acid and silymarin or their combination
against acetaminophen-induced hepatotoxicity in rats.
Medicina (B Aires) 2019;55:181.
27. Mellidou I, Kanellis AK. Genetic control of ascorbic acid
biosynthesis and recycling in horticultural crops. Front Chem
2017;5:1–8.
28. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O.
Oxidative stress and antioxidant defense. World Allergy Organ J
2012;5:9–19.
29. Adikwu E, Deo O. Hepatoprotective effect of vitamin C
(Ascorbic Acid). Pharmacol Pharm 2013;4:84–92.
30. Jayadi T, Widiasmoko B. Curcumin benefits as antioxidant, anti
inflammation and antiapoptosis ameliorate paracetamol
toxicity. Asian J Pharm Clin Res 2018;11:1–3.
31. Rajeshkumar S, Kayalvizhi D. Antioxidant and hepatoprotective
effect of aqueous and ethanolic extracts of important medicinal
plant pongamia pinnata (Family: Leguminoseae). Asian J Pharm
Clin Res 2015;8:67–70.
32. Jaeschke H, Bajt ML. Intracellular signaling mechanisms of
acetaminophen-induced liver cell death. Toxicol Sci
2006;89:31–41.
33. Smith T, Engelbrecht L, Smith C. Anti-inflammatory cellular
targets on neutrophils elucidated using a novel cell migration
model and confocal microscopy: a clinical supplementation
study. J Inflamm 2018;15:1–10.
34. Yiang GTT, Yu YLL, Lin KTT, Chen JNN, Chang WJJ, WEI CWW.
Acetaminophen induces JNK/p38 signaling and activates the
caspase-9-3-dependent cell death pathway in human
mesenchymal stem cells. Int J Mol Med 2015;36:485–92.
35. Saile B, DiRocco P, Dudas J, El-Armouche H, Sebb H, Eisenbach
C, et al. IGF-I induces DNA synthesis and apoptosis in rat liver
hepatic stellate cells (HSC) but DNA synthesis and proliferation
in rat liver myofibroblasts (rMF). Lab Invest 2004;84:1037–49.
36. Bajt ML, Farhood A, Lemasters JJ, Jaeschke H. Mitochondrial
bax translocation accelerates DNA fragmentation and cell
necrosis in a murine model of acetaminophen hepatotoxicity. J
Pharmacol Exp Ther 2008;324:8–14.
37. Sharma S, Singh RL, Kakkar P. Modulation of Bax/Bcl-2 and
caspases by probiotics during acetaminophen-induced
apoptosis in primary hepatocytes. Food Chem Toxicol
2011;49:770–9.

52

