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Differentiated modulation of signaling molecules AMPK and SIRT1 in 
experimentally drug-induced hepatocyte injury

Lea Njeka Wojnarova, Nikolina Kutinova Canova, Mahak Arora, Hassan Farghali

Aim. Currently available medicines have little to offer in terms of supporting the regeneration of injured hepatic cells. 
Previous experimental studies have shown that resveratrol and metformin, less specific activators of AMP-activated 
protein kinase (AMPK) and sirtuin 1 (SIRT1), can effectively attenuate acute liver injury. The aim of this experimental 
study was to elucidate whether modulation of AMPK and SIRT1 activity can modify drug/paracetamol (APAP)-induced 
hepatocyte damage in vitro. 
Methods. Primary rat hepatocytes were pretreated with mutual combinations of specific synthetic activators and 
inhibitors of SIRT1 and AMPK and followed by a toxic dose of APAP. At the end of cultivation, medium samples were 
collected for biochemical analysis of alanine-aminotransferase and nitrite levels. Hepatocyte viability, thiobarbituric 
reactive substances, SIRT1 and AMPK activity and protein expression were also assessed. 
Results. The harmful effect of APAP was associated with decreased AMPK and SIRT1 activity and protein expres-
sion alongside enhanced oxidative stress in hepatocytes. The addition of AMPK activator (AICAR) or SIRT1 activator 
(CAY10591) significantly attenuated the deleterious effects of AMPK inhibitor (Compound C) on the hepatotoxicity of 
APAP. Furthermore, CAY10591 but not AICAR markedly decreased the deleterious effect of APAP in combination with 
SIRT1 inhibitor (EX-527). 
Conclusion. Our findings demonstrate that decreased AMPK activity is associated with the hepatotoxic effect of APAP 
which can be significantly attenuated by the administration of a SIRT1 activator. These findings suggest that differenti-
ated modulation of AMPK and SIRT1 activity could therefore provide an interesting and novel therapeutic opportunity 
in the future to combat hepatocyte injury. 
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INTRODUCTION

Liver diseases are a significant cause of morbidity 
and mortality and account for approximately 2 million 
deaths per year worldwide1. In addition, liver injury is a 
major reason for black box warnings, drug non-approval, 
or removing an approved drug from the market2,3. Drug-
induced liver injury (DILI) is a rare complication but 
continues to increase as a major cause of acute hepati-
tis. Population-based studies suggest that the overall in-
cidence of DILI may be as high as 10 to 15 cases per 
100,000 patient-years1,3,4. Many drugs inducing severe 
DILI have been reported to cause an enhanced reactive 
oxygen species/adenosine triphosphate (ROS/ATP) ratio 
in primary human hepatocytes, indicating that oxidative 
stress is followed by hepatic cellular damage, one of the 
most important mechanisms of DILI (ref.5). Of these, 
acetaminophen (APAP, paracetamol) which is one of the 
safest analgesic and antipyretic drugs at recommended 
therapeutical doses, however, can cause severe hepatic 
damage and acute liver failure commonly known as APAP-
induced liver injury (AILI) at high, toxic, doses4. AILI 

is also a major clinical problem in a number of Western 
countries6. Despite the clinical significance of human 
APAP toxicity, the only one existing approved antidote 
is N-acetylcystein (NAC). Unfortunately, NAC therapy 
has some limitations7. For this reason, APAP overdose 
in rodents is frequently used as a hepatotoxic model to 
test the hepatoprotective potential of herbal and other 
compounds8-10. 

Experimental studies on resveratrol11,12, silymarin13, 
curcumin14, and quercetin15 at our institute have shown 
definite hepatoprotective properties with alteration in 
some intracellular signaling molecules which contribut-
ed to these effects. In addition, many other studies have 
suggested that polyphenol resveratrol (2,3,40-trihydroxys-
tilbene) has anti-inflammatory, anti-oxidant, anti-aging, 
and anti-carcinogenic properties that may be pertinent to 
chronic diseases and/or longevity in humans. Resveratrol, 
among others, has been described16 as an activator of 
silent information regulator T1 (SIRT1) that can also 
increase adenosine-5’-monophosphate-activated protein 
kinase (AMPK) phosphorylation and reduce the oxidative 
stress biomarkers in laboratory settings17,18-20. However, 
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there is still an open question whether resveratrol can 
activate SIRT1 directly or indirectly through AMPK or 
act independently21. 

In addition, some hepatoprotective effect has been 
also demonstrated for metformin, the first-line pharma-
cological treatment in type 2 diabetes mellitus. Several 
animal studies have demonstrated that metformin attenu-
ates APAP-induced liver injury by not otherwise speci-
fied antioxidant properties or probably through inhibition 
of c-Jun N-terminal kinase (JNK) signaling along with 
stimulation of hemeoxygenase-1 expression, resulting in 
hepatoprotection against oxidative stress6,22,23. Although 
the fundamental mechanism of metformin has not been 
fully clarified its dual activating effect on AMPK/SIRT1 
should be also taken into consideration. It was demon-
strated that metformin decreases liver gluconeogenesis 
and ketosis-conveyed inflammatory response through ac-
tivation of AMPK protein expression leading to SIRT1 in-
duction in mice and porcine hepatocytes, respectively24,25. 
Other studies, however, showed that metformin reduces 
lipid accumulation by SIRT1 stimulation independently 
of AMPK (ref.26) or by acting primarily through AMPK 
independent of SIRT1 when increasing SIRT1 activity 
simultaneously27.

The sirtuins are a family of evolutionarily conserved 
NAD+-dependent histone/protein deacetylases that are 
expressed in mammalian cells and have been studied in 
many tissues, including liver, skeletal muscle, adipose tis-
sue, pancreas (β-cells), brain, and endothelium. A com-
mon feature of the activity of sirtuins as fuel-sensing 
molecules is their dependence on intracellular levels 
of nicotinamide adenine dinucleotide (NAD) in its oxi-
dized (NAD+) or reduced form (NADH). Seven human 
sirtuin isoforms (SIRT1–7) were identified. SIRT1 has 
been found to enhance insulin sensitivity and secretion, 
decrease oxidative stress and inflammatory activity, and 
help in glucose and lipid metabolism28. AMPK is a fuel-
sensing enzyme that is activated by a decrease in a cell's 
energy state as reflected by an increased AMP/ATP ratio 
and/or ADP/ATP ratio. AMPK plays a key role in many 
physiological processes such as homeostasis of glucose/
lipid, insulin signaling, body weight, food intake, and mi-
tochondrial biogenesis and it is a big therapeutical player 
in many metabolic diseases such as diabetes , obesity and 
tumorigenesis29,30. There are some similarities between 
AMPK and SIRT1 because since AMPK and SIRT1 
have a regulatory impact on each other and share many 
common target molecules18,19,31,32. Therefore, we focused 
our research on these two molecules and their signaling 
pathways. 

The objectives of this experimental study were to 
link up to the previous publication Wojnarová et al. 2015 
(ref.12) to explain in more detail the interconnection be-
tween AMPK and SIRT1 by the assistance of their syn-
thetic activators and inhibitors in primary rat hepatocytes 
and mainly, to reveal the exact individual role of AMPK 
and SIRT1 in APAP-induced hepatotoxicity. Under the 
set experimental conditions, the effect of the selective 
agonists and/or antagonists in their mutual novel combi-
nations have not been evaluated before.

MATERIALS AND METHODS

Materials
5-aminoimidazole-4-carboxamide  ribonucleotide 

(AICAR), 6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl)]-3-
pyridin-4-yl-pyrrazolo[1,5-a]-pyrimidine (Compound C), 
6-Chloro-2,3,4,9-tetrahydro-1H-Carbazole-1-carboxamide 
(EX-527) and 6-Chloro-2,3,4,9-tetrahydro-1H-Carbazole-
1-carboxamide (CAY10591) were obtained from Cayman 
Pharma (Cayman chemical company, USA). Collagenase 
type IV was coming from Sevapharma (Prague, Czech 
Republic). Bio-Rad protein DC assay dye reagent, 
Laemmli buffer, and β-mercaptoethanol were from 
Bio-Rad (Prague, Czech Republic). Water for injection 
100% w/v was obtained from Baxter (Prague, Czech 
Republic). Acetaminophen, trypan blue, William’s me-
dium E, penicillin/streptomycin, glutamine, bovine in-
sulin, foetal bovine serum (FBS), phosphate-buffered 
saline (PBS), tris-HCl, NaF (sodium fluoride), Nonidet 
P40, dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthi-
azol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), 
N,N,N′,N″-tetramethylethylenediamine, sulfanilamide, 
naphtylethylendiamine, trihydrogenphosphoric acid, bo-
vine serum albumin (BSA), anti-mouse and anti-rabbit 
IgG (whole molecule) peroxidase antibodies and mouse 
monoclonal anti-beta-actin antibody, protease and phos-
phatase inhibitor cocktails, and other standard chemi-
cals were purchased from Sigma-Aldrich (Merck KGaA, 
Czech Republic). SirT1 (1F3) mouse mAb antibody and 
AMPKα and phospho-AMPKα (Thr172) rabbit mAb 
antibodies were from Cell Signaling Technology through 
BioTech (Prague, Czech Republic). Non-fat dry milk was 
also from BioTech. 

Animals
Experiments were carried out by hepatocytes isolated 

from 12-14 week old outbred male Wistar rats provided 
by Velaz (Lysolaje, Czech Republic). The rats were main-
tained under standard conditions (12-h light/dark cycle, 
22±2 °C ambient temperature and 50±10% relative humid-
ity), provided with tap water and fed a standard granu-
lated diet ad libitum. 

Ethics Statement
All rats used received humane care in compliance with 

the general Guiding Principles in the Use of Animals in 
Charles University, the First Faculty of Medicine. The 
animal experimental protocol was approved by the 
Ministry of Agriculture and Ministry of Education, Youth 
and Sports of the Czech Republic and by the Faculty 
Ethical Committee under No. MSMT-9445/2018-8 and 
70030/2013-MZE-17214, respectively.

Isolation, culture, and treatment of primary rat  
hepatocytes

Hepatocytes were isolated from untreated rats using 
the standard, two-phase collagenase perfusion method33. 
The hepatocytes viability was greater than 85% as as-
sessed by the trypan blue exclusion method. Cells were 
then seeded on collagen-coated polystyrene Nunclon™ 
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dishes (SchoellerParma, Prague, Czech Republic) at a 
density of 104,000 viable cells.cm-2. They were incubated 
in complete medium (William’s medium E, 1% penicillin/
streptomycin, 1% glutamine, 0.06% insulin, 5% FBS) at 
37 °C in a humid atmosphere with 5% CO2 throughout the 
study34. Unattached cells were removed 3 h after seeding 
and the remaining hepatocytes were further cultured in a 
fresh complete medium overnight. Hepatocytes were then 
pretreated with fresh medium containing either DMSO 
(0.1% of final concentration) or SIRT1 and AMPK modu-
lators at concentrations listed in Table 1. 30 min later, 
acetaminophen (APAP, 12.5 mM) was added to respec-
tive hepatocyte cultures. After 4 or 24 h, medium samples 
were collected for biochemical analysis, and hepatocyte 
viability was assessed by MTT test. At the end of experi-
ments, some cultured hepatocytes were washed by cooled 
PBS and lysed in RIPA buffer (2 M TRIS, 5 M NaCl, 
0.5 M EDTA, NP-40, NAF) containing protease and 
phosphatase inhibitor cocktails (Sigma-Aldrich, Merck 
KGaA) and homogenized with an electric homogenizer. 
The chilled (4 °C) cell homogenates were centrifuged 
at 14,000 g for 10 min and resulting supernatants were 
sampled and stored at -80 °C for further measurements.

MTT/cell viability test
Tetrazolium salt (MTT) was used both to assess the 

optimal non-toxic concentration of drugs suitable for our 
study (Table 1) and to measure hepatocyte viability at the 
end of in vitro experiments following test description by 
Kutinová Canová et al. (ref.35).

Biochemical analysis
ALT (alanine aminotransferase) catalytic concentra-

tions in the samples of treated cultivation media were 
measured using a customized diagnostic kit according to 
manufacturer’s instruction (Vian Diagnostics, Prague, 
Czech Republic). 

Medium nitrite (NO2
-), the stable end-product of nitric 

oxide (NO) oxidation, was detected spectrophotometrical-
ly by using Griess reagent (1% sulfanilamide, 0.1% naphty-
lethylendiamine, 2.5% trihydrogenphosphoric acid). The 
absorbance at 540 nm was recorded and the NO2

- values 
were subtracted from NaNO2 standard curve34.

Evaluation of oxidative stress parameters
The analysis of thiobarbituric acid reactive substances 

(TBARS) in hepatocyte lysates was carried out according 
to Farghali et al. (ref.11). This method uses the reaction 
of lipid peroxidation products, especially malondialde-
hyde (MDA) and thiobarbituric acid (TBA), which lead 
to the formation of MDA-TBA2 adducts named TBARS. 
TBARS (red-pink color) is determined spectrophotometri-
cally36. The results were calculated as the molar amount 
per 1 mg of lysate protein (assessed by Bio-Rad protein 
DC assay).

Caspase-3 ELISA assay
The instructions by the manufacturer of Rat Caspase 

3 ELISA Kit (LifeSpan BioSciences, Inc, Seattle, USA) 

were followed to detect caspase-3 proenzyme in hepato-
cyte lysates. 

SIRT1 activity assay
Deacetylase activity of SIRT1 enzyme was determined 

in lysed hepatocytes using commercial f luorometric 
SIRT1 Assay Kit (Sigma-Aldrich) as described previ-
ously12.

Immunoblotting
The cell lysates were mixed (1:1) with sample buffer (2 

x Laemmli buffer 950 µL + 50 µL of β-mercaptoethanol) 
and then heated for 10 min at 90 °C. Proteins (assessed 
by Bio-Rad protein DC assay) from the cell samples were 
separated on 10% SDS-acrylamide gel (TGX™ FastCast™ 
Acrylamide Solutions by Bio-Rad) and transferred to a 
nitrocellulose membrane (Hybond ECL, Cytiva, Prague, 
Czech Republic) by electrophoresis. Membranes were 
blocked for 2 h with 5% non-fat milk or 5% BSA in 10x 
Tris Buffered Saline with Tween 20 (TBST). Membranes 
were then washed in TBST washing buffer and incubat-
ed with either mouse primary antibody against SIRT1 
(1:1,000), beta actin primary antibody (3:15,000), rabbit 
primary antibody against AMPK (1:1,000) or pAMPK 
(1:1,000) and followed with corresponding secondary rab-
bit antibody anti-mouse or anti-rabbit IgG HRP conjugate 
(3:20,000 or 1:80,000). For visualization, Super Signal 
West Pico Chemiluminescent Substrate (GeneTiCA, 
Prague, Czech Republic) was used. Bands were exposed 
by the Molecular Imager VersaDoc™ MP 5000 System 
and analyzed by Quantity One 1-D Analysis Software 
(Bio-Rad, Prague, Czech Republic). Optical densities of 
SIRT1, pAMPK, AMPK, and beta-actin bands were nor-
malized by the appropriate loading control and then to 
the mean of the corresponding control group15.

Statistical analysis
Data are summarized as means ± SEM (standard error 

of the mean) from at least 3 independent in vitro experi-
ments. 

The data were tested for normality and the signifi-
cance of differences between the groups was assessed 
by a one-way analysis of variance (ANOVA) followed by 

Table 1. Concentration of drugs used in primary rat hepato-
cyte cultures.

Drug Treatment Concentration

APAP (acetaminophen) 12.5 mM*
AICAR (AMPK activator) 50 µM+

CC (“Compound C” – AMPK inhibitor) 10 µM+

CAY10591 (SIRT1 activator) 30 µM+

EX-527 (SIRT1 inhibitor) 10 µM+

Concentrations were determined by MTT test in 96-well plates as fol-
lows: *APAP effective concentration EC50 causing 50% loss of rat 
hepatocyte viability; +a half of minimal significantly toxic concentration 
providing hepatocyte viability to be in average 100% (with tolerated ± 
5%) of control group.
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Turkey-Kramer comparison test (Graph-Pad Prism 4.03, 
Graph Pad Software, San Diego, CA, USA). P-value less 
than 0.05 was reckoned to indicate a statistically signifi-
cant difference.

RESULTS

Effects of specific AMPK modulators (activator – AICAR 
and inhibitor – Compound C) and SIRT1 specific activa-
tor (CAY10591) on APAP-induced primary rat hepatocyte 
injury and oxidative stress markers 

The rate of hepatocyte damage was assessed as cell vi-
ability (by using MTT test, Fig. 1A) and ALT release from 
hepatocytes to cultivation medium (Fig. 1B). Moreover, 
oxidative stress markers like the end products of inducible 
nitric oxide synthesis represented by medium NO2

- levels 
(Fig. 1C), and TBARS formed in hepatocytes (Fig. 1D) 
were evaluated.

Single APAP treatment significantly reduced the vi-
ability of cultured hepatocytes and increased ALT, ni-
trite, and TBARS levels (Fig. 1). Our experiments have 
shown that the AMPK inhibitor, Compound C (CC), 
significantly amplified APAP-induced hepatotoxic effect 

in all observed parameters. Interestingly, AICAR and 
CAY10591 pretreatments lowered the hepatotoxic and 
pro-oxidative effects of the APAP+CC combination. The 
cell death induced by APAP was related to necrosis rather 
than apoptosis as evidenced by unaffected caspase-3 levels 
(Fig. 1E). Interestingly, CC in combination with APAP 
significantly decreased caspase-3 proenzyme suggesting 
cleavage of inactive pro-caspase-3 to active caspase-3 and 
induction of apoptosis.

Effects of specific SIRT1 modulators (activator – 
CAY10591 and inhibitor – EX-527) and specific AMPK 
activator (AICAR) on APAP-induced primary rat hepato-
cyte injury and oxidative stress markers 

In another set of experiments, pretreatment with 
EX-527, an inhibitor of SIRT1, slightly enhanced APAP 
toxicity (Fig. 2). Above that, the addition of CAY10591 
significantly decreased the toxic effect of EX-527+APAP 
combination. On the other hand, AICAR mildly lowered 
the ALT release (Fig. 2C) from cultured hepatocytes in-
duced by the combination of EX-527+APAP but did not 
increase hepatocyte viability (Fig. 2A).

Similarly, TBARS levels (Fig. 2D) imitated previously 
mentioned results on cell viability (Fig. 2A) and ALT lev-

Fig. 1. Effects of specific AMPK modulators (activator – AICAR and inhibitor - Compound C, CC) and specific activator of SIRT1 
(CAY10591/CAY) in in vitro acetaminophen (APAP)-induced hepatotoxicity A. on hepatocyte viability, B. and levels of: medium 
alanine aminotransferase (ALT), C. medium nitrites (NO2

-), D. cell lysate thiobarbituric acid reactive substances (TBARS), E. 
caspase-3 proenzyme after 24 h of treatment.
Data are expressed as means ± SEM (n=7–16 for A-D and n=3 for E): *P<0.05; **P<0.01; ***P<0.001 vs. control; oooP<0.001 vs. 
APAP; ++P<0.01; +++P<0.001 vs. CC+APAP combination.
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Fig. 2. Effects of specific SIRT1 modulators (activator – CAY10591/CAY and inhibitor – EX-527/EX) and AMPK activator 
(AICAR) in acetaminophen (APAP)-induced hepatotoxicity on A. hepatocyte viability, B. alanine aminotransferase (ALT) release, 
C. nitrite (NO2

-) production, D. thiobarbituric acid reactive substances (TBARS) formation in in vitro experiments after 24 h. 
Data are expressed as means ± SEM (n=9-16): *P<0.05; **P<0.01; ***P<0.001 vs. respective control; +P<0.05; +++P<0.001 vs. 
EX+APAP combination.

els (Fig. 2C). Mainly, CAY10591 but not AICAR pretreat-
ment significantly suppressed the formation of TBARS 
markedly induced by the combination of EX-527+APAP. 
Neither CAY10591 nor AICAR had a significant effect 
on the highly increased nitrite production by hepatocytes 
after EX-527+APAP application (Fig. 2B). 

Effects of acetaminophen (APAP), specific modulators of 
AMPK (activator – AICAR and inhibitor - Compound C) 
and SIRT1 (activator – CAY10591 and inhibitor EX-527) 
on AMPK activity in vitro

Our results from in vitro experiments demonstrate 
that the hepatotoxic effect of APAP was coupled with a 
significant decrease in AMPK activity (Fig. 3). This was 
apparent already after 4 h of hepatocyte incubation when 
AICAR and CAY10591 in combination with APAP signif-
icantly increased AMPK activity and CC alone decreased 

it as suggested (Fig. 3A). However, the suppression of 
AMPK activity by APAP was not further influenced by 
neither AMPK nor SIRT1 modulators after 24 hours (Fig. 
3B, C).

Effects of acetaminophen (APAP), specific modulators of 
SIRT1 (activator – CAY10591 and inhibitor – EX-527) 
and specific AMPK activator (AICAR) on SIRT1 activity 
and protein expression

APAP significantly inhibited the deacetylase activity 
and expression of SIRT1 in cultured hepatocytes incu-
bated for 4 and 24 h, respectively (Fig. 4). As expect-
ed, CAY10591 but not AICAR significantly increased 
SIRT1 activity, whereas EX-527 and even AMPK in-
hibitor (Compound C) markedly decreased it (Fig. 4A). 
Interestingly, the addition of AICAR to EX+APAP further 
decreased SIRT1 protein levels (Fig. 4B).
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Fig. 3. Effects of acetaminophen (APAP), specific modulators of AMPK (activator – AICAR and inhibitor – Compound C, CC) 
and SIRT1 (activator – CAY10591/CAY and inhibitor EX-527/EX) on AMPK activity in cultured primary rat hepatocytes after 
A. 4 h, B,C. 24 h. Activity of AMPK was calculated as pAMPK/AMPK ratio of protein expression. Quantitative data of optical 
band densitometry (graphs) and representative Western blot images are presented. 
Data are expressed as means ± SEM (n=3–5): *P<0.05; **P<0.01; ***P< 0.001 vs. respective control; +P<0.05; ++P<0.01; +++P<0.001 
APAP in combination vs. APAP alone; XXXP<0.001 vs. AICAR; ##P<0.01 vs. CAY. 

DISCUSSION

In most cases, liver diseases are associated with in-
f lammation and oxidative stress that can lead to the 
destruction of liver parenchyma, fibrosis, and cirrhosis 
with loss of liver function37,38. APAP-raised oxidative stress 
and mitochondrial dysfunction also play a key role in the 
pathogenesis of acute APAP-induced liver injury39. It was 
observed that NAC protects hepatocytes by scavenging 
the reactive adduct of APAP (N-acetyl-p-benzoquinone 
imine, NAPQI) in the cytosol and ROS/peroxynitrite 
inside the mitochondria. Moreover, NAC increases mi-
tochondrial adenosine triphosphate (ATP) production7. 
Newer possible pharmacotherapeutic interventions in-
cluding metformin should alternate its mechanisms of 
action, mainly targeting mitochondrial dysfunction6. 
The ambiguous role of AMPK and SIRT1 in metformin-

induced hepatoprotection is still debated24-27. Similarly, 
our own11,12 and other40 earlier studies have shown that 
resveratrol as another less specific SIRT1 activator can 
effectively attenuate acute liver injury11,12,40. In addition, 
it was reported that resveratrol has also the ability to ac-
tivate AMPK and this activation is much faster than that 
generally required for SIRT1 activation even in hepatic 
cell models and that the salutary effect of resveratrol is 
crucially dependent on AMPK activation38,40-42. Moreover, 
SIRT1 and AMPK have been shown to play many similar 
roles and share a numberof target molecules32. 

For these reasons, the current study focused on inves-
tigating the regulation of the SIRT1/AMPK pathway in 
vitro and to reveal their possible protective effect in drug-
induced acute hepatotoxicity. For this purpose, we used 
small synthetic molecules - CAY10591 (CAY, activator of 
SIRT1), EX-527 (EX, SIRT1 inhibitor), AICAR (AMPK 
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activator), and Compound C (CC, AMPK inhibitor) and 
evaluated effects of their original mutual combinations 
in primary rat hepatocytes cultured with APAP. Because 
APAP-induced liver injury has become a standard model 
frequently used in pharmacology and toxicology to test 
the hepato-protective potential of different compounds 
and moreover, it can be rapidly triggered by a single dose8, 
we used this model for the study presented here. APAP 
toxicity is composed of multi-stages and multi-signaling 
pathways, including mitochondrial malfunction, which 
yields oxidative stress and excess superoxide free radicals, 
resulting in DNA fragmentation and finally hepatocyte 
necrosis6,43. Our data confirm the results of early studies 
that the cell death induced by APAP is related to necrosis 

rather than apoptosis because caspase-3 levels were not 
affected. In this regard, Jaeschke and Ramachandran44 re-
ported that it is not apoptosis but oncotic necrosis which 
is the form of cell death in APAP-induced liver injury both 
in vitro and in vivo44. 

Our current results demonstrated that the hepatotoxic 
effect of APAP is associated with a significant decrease in 
AMPK activity throughout in vitro experiments. The same 
results were observed by Kang et al.45. They used rat and 
human hepatocytes cultured in a collagen sandwich and 
treated by APAP alone or combination of APAP+AICAR. 
They revealed that APAP down-regulates and deactivates 
AMPK and thus inhibits AMPK downstream effects (e.g. 
autophagy, fusion and mitochondrial biogenesis) leading 

Fig. 4. Effects of acetaminophen (APAP), specific modulators of SIRT1 (activator – CAY10591/CAY and inhibitor – EX-527/EX) 
and AMPK activator (AICAR) on: A. SIRT1 activity after 4 h, B. SIRT1 protein expression after 24 h; both in cultured primary 
rat hepatocytes. 
Quantitative data of fluorescence activity (A) and optical band densitometry (B) are expressed in graphs as means ± SEM (n=5 
and 3, respectively): **P<0.01; *P<0.05; ***P<0.001 vs. control; +P<0.05 vs. EX+APAP. Representative Western blot image is also 
presented.
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to cellular stress and damage which could be prevented 
and reversed by AICAR(ref.45). AMPK sets in motion 
alterations in mitochondrial biogenesis and function that 
could increase the efficiency of a cell to give rise to and 
weaken oxidative stress and other potentially harmful cel-
lular events42. It was found that APAP-induced liver injury 
causes hepatocyte depletion of ATP by inhibiting mito-
chondrial function. Hwang et al.46 observed that APAP 
administration reduces active phosphorylation of the 
Thr172 active site of AMPK, following a model resem-
bling that observed with ATP loss. They hypothesized 
that ATP depletion caused by APAP may correlate with 
inhibition of AMPK activity. Further explanation could be 
the duration of time after administration of APAP (ref.46). 

Compound C (6-[4-(2-Piperidin-1-ylethoxy)phenyl]-
3-pyridin-4-ylpyrazolo[1,5-a]pyrimidine) also known as 
dorsomorphin, is the only small ATP-competitive AMPK 
inhibitor that has been broadly used to study the AMPK 
signaling pathway. Our experiments have demonstrated 
that the AMPK inhibitor, CC, significantly amplified 
APAP-induced hepatotoxic effect in all observed pa-
rameters. These results are consistent with Jiang et al.47 
who revealed that treatment with CC aggravated APAP-
induced hepatotoxicity in mice by inactivating AMPK 
and abolished the hepatoprotective effect of a medicinal 
mushroom (Sanghuangporus sanghuang, SS) in this in 
vivo model. Further studies confirmed that AMPK plays a 
key role in the protection against APAP-induced liver inju-
ry47,48. Furthermore, it was shown that inhibition of AMPK 
activity by CC or by transfection with a dominant nega-
tive form of AMPK nearly entirely suppressed autophagy 
in hepatocytes49. This can be explained by the direct ef-
fect of AMPK on the mammalian target of rapamycin 
(mTOR). mTOR among others inhibits autophagy, which 
is a crucial catabolic process in the cell including hepato-
cytes50. The activation of AMPK inhibits mTOR and thus 
increases autophagy51. When autophagy was enhanced by 
treatment with rapamycin, APAP-induced necrosis was 
significantly inhibited in cultured primary hepatocytes 
and mouse liver52. As autophagy and apoptosis are inter-
related and play an important role in liver injury53, we can 
hypothesize that inhibition of autophagy by CC due to 
AMPK inhibition could lead to caspase-3 activation with 
consequent apoptosis and the intensification of APAP-
induced hepatotoxicity in our study. The role of AMPK in 
this process can be supported by the fact that the AMPK 
activator, AICAR, reversed the detrimental effect of CC 
on APAP-induced hepatotoxicity. 

Interestingly, we observed that pretreatment with 
AICAR (aminoimidazole-4-carboxamide riboside), ad-
enosine analog that selectively activates AMPK, and 
SIRT1 synthetic activator, CAY10591, significantly in-
creased the AMPK activity already after 4 h of hepatocyte 
incubation with APAP. However, AMPK activity was not 
influenced or only slightly increased with AICAR and 
CAY10591, respectively, after 24 h. One explanation of 
this time-dependent trend could be the short half-life of 
AICAR in cells54 and maybe also similar for CAY10591. 
The explanation for CAY10591-enhanced AMPK activa-
tion could be that SIRT1 deacetylates the AMPK kinase 

LKB1 (liver kinase B1), leading to elevated phosphoryla-
tion and activation of AMPK (ref.20,42). Other important 
and shared targets are peroxisome proliferator-activated 
receptor (PPAR) gamma coactivator-1α (PGC-1α) and 
nuclear factor kappa B (NF-κB), a central mediator of 
pro-inflammatory signaling pathways precipitated by 
cytokines37. It has been demonstrated that the activated 
AMPK could stifle NF-κB signaling through its down-
stream target molecules such as SIRT1, Forkhead box 
O (FOXO)/manganese superoxide dismutase (MnSOD) 
pathway, and PGC-1α, and then diminish the expression 
of inflammatory factors46,55. The relationship between NF-
κB and SIRT1 is antagonistic, decreased nuclear SIRT1 
level/activity increases NF-κB RelA/p65 activity and am-
plifies pro-inflammatory gene expression38,56. Interestingly, 
this relationship was confirmed in the publication of Rada 
et al.2 which revealed that in vivo administration of the 
NF-κB inhibitor defended against APAP-mediated acute 
hepatotoxicity.

According to our results, the hepatotoxic effect of 
APAP was associated with decreased SIRT1 activity 
and protein expression and enhanced oxidative stress. 
Previously, we demonstrated that APAP 24-h treatment 
reduced rat hepatocyte SIRT1 enzyme activity (by 34% in 
vitro and 20% in vivo) even at lower doses that did not af-
fect SIRT1 protein expression12. The same trend was also 
reported in the publication of Rada et al.2 where SIRT1 
protein levels were decreased in the liver of humans and 
mice in APAP-induced liver injury. By stimulating the 
SIRT1-Farnesoid X receptor (FXR) pathway, APAP hepa-
totoxicity was also reduced43. In addition, earlier studies 
reported that liver specific SIRT1 deficiency caused an in-
crease in ROS production57,58. Moreover, SIRT1 regulates 
the levels of inflammation and protects against oxidative 
stress which plays a key role in the pathogenesis of DILI 
where the overproduction of ROS, including free radicals, 
and reactive nitrogen species (RNS) can lead to damage 
of cellular components59. In agreement with that, our re-
sults demonstrate that pretreatment with the activator of 
SIRT1 significantly suppressed oxidative stress (e.g. the 
formation of TBARS) induced by APAP alone and in 
combination with SIRT1 inhibitor. 

To investigate what and how important a role SIRT1 
plays in the process of hepato-protection we also per-
formed experiments with EX-527. EX-527 is broadly used 
as a SIRT1 inhibitor both in vitro and in vivo with high 
potency and significant isoform selectivity. Ex-527 inhib-
its Sirt1 ∼100-fold more potently than Sirt2 and Sirt3. 
Density analysis suggests that EX-527 blocks catalysis 
by occupying SIRT1's C-pocket preventing the release of 
O-acetyl-ADP-ribose60. Our current data show that pre-
treatment with EX-527 only slightly enhanced APAP tox-
icity. Our Western blot analysis surprisingly showed that 
EX-527 down-regulated SIRT1 expression. Besides that, 
the combination of SIRT1 inhibitor and APAP treatment 
slightly aggravated SIRT1 protein levels regardless addi-
tion of SIRT1 activator – CAY and especially AMPK ac-
tivator – AICAR. Above that, the addition of CAY10591 
significantly decreased the toxic effect of combination 
EX+APAP suggesting that primarily a change in catalytic 
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activity rather than SIRT1 protein expression plays a role 
in the hepatoprotective action of SIRT1 against APAP-
induced hepatotoxicity21. Above that, hypoxia, nutrient 
deprivation, DNA damage, and oxidative stress have been 
reported to control SIRT1 expression at both transcrip-
tional and post-translational levels18. We hypothesized 
that the addition of AICAR in the combination with 
EX-527+APAP could increase the expression of SIRT1 
protein which was not, however, confirmed. Despite 
downregulation of SIRT1 expression, administration of 
this genuine combination (e.g. AICAR+EX+APAP) was 
not accompanied by worsening of hepatotoxicity, none-
theless, it would be interesting to determine whether de-
creased SIRT1 expression was preceded by its increased 
activity induced by AICAR as a negative feedback loop. 
One possible mechanism for explaining how AMPK could 
activate SIRT1 is through an indirect increase in cellular 
NAD+ levels42. Reciprocally, this is consistent with our 
results demonstrating that CC alone significantly reduced 
SIRT1 activity. 

The above discussion highlights that AMPK and 
SIRT1 signaling pathways are interrelated on the one 
hand and that they can also work, at least partially, in-
dependently to exert their hepatoprotective properties 
as demonstrated by our results. Hence, differentiated 
pharmacologic modulation of AMPK and SIRT1 activity 
could be a future major step in the understanding of DILI.

CONCLUSIONS

By using an in vitro experimental model of drug-in-
duced acute hepatotoxicity, we found that the toxic effect 
of APAP on primary rat hepatocytes is associated with 
significantly reduced AMPK activity, SIRT1 activity and 
protein expression, and increased oxidative stress in agree-
ment with the published literature. Our experiments have 
surprisingly shown that the AMPK activator (AICAR) 
does not alleviate the potent hepatotoxic effect of acet-
aminophen (APAP) whereas administration of AMPK 
inhibitor (Compound C, CC) significantly aggravated 
APAP toxicity. On the contrary, the addition of AICAR 
or SIRT1 activator (CAY10591) significantly suppressed 
the negative hepatotoxic effects of the combination of 
APAP+CC. In addition, AICAR in contrast to CAY10591 
did not attenuate the toxic action of APAP in yet untested 
combination with an SIRT1 inhibitor (EX-527). Taken to-
gether, our results from in vitro experiments originally sug-
gest that hepatoprotective effects of SIRT1 against APAP 
toxicity is related to the change in its catalytic activity 
rather than SIRT1 protein expression and could be at least 
partially independent of AMPK activity. Thus, differenti-
ated modulation of AMPK and SIRT1 activity, especially 
by their specific synthetic activators, could provide an 
interesting and novel therapeutic option for hepatocyte 
injury in the future.

Acknowledgments: We would like to thank Mrs. Jana 
Plačková and Mrs. Libuše Šlehobrová for their technical 
assistance in the laboratory and in the menagerie. This 

work was supported by Charles University under the 
Cooperatio Program (research area PHAR), the grant GA 
UK 190/54/251753, and the specific academic research 
program SVV 260 523.
Author contributions: LNW, NKC, HF: conceptualization; 
LNW, NKC: manuscript writing (original draft prepara-
tion), methodology, statistical analysis of collected data; 
NKC: work with laboratory animals; LNW, NKC, MA: 
execution of experiments, laboratory diagnostics; MA, 
HF: manuscript writing (review and editing).
Conflict of interest disclosure: The authors declare no 
conflict of interest concerning the publication of this 
manuscript.

REFERENCES 

	 1.	 Asrani SK, Devarbhavi H, Eaton J, Kamath PS. Burden of liver diseases 
in the world. J Hepatol 2019;70(1):151-71.

	 2.	 Rada P, Pardo V, Mobasher MA, García-Martínez I, Ruiz L, Gonzalez-
Rodriguez A, Sanchez-Ramos C, Muntané J, Alemany S, James LP, 
Simpson KJ. SIRT1 controls acetaminophen hepatotoxicity by mod-
ulating inflammation and oxidative stress. Antioxid Redox Signal 
2018;28(13):1187-208. 

	 3.	 McGill MR, Jaeschke H. Biomarkers of drug-induced liver injury. Adv 
Pharmacol 2019;85:221-39.

	 4.	 Rangnekar AS, Fontana RJ. An update on drug induced liver injury. 
Minerva Gastroenterol Dietol 2011;57:213-29. 

	 5.	 Kuna L, Bozic I, Kizivat T, Bojanic K, Mrso M, Kralj E, Smolic R, Wu GY, 
Smolic M. Models of drug induced liver injury (DILI)–current issues 
and future perspectives. Curr Drug Metab 2018;19(10):830-8.

	 6.	 Jaeschke H, Akakpo JY, Umbaugh DS, Ramachandran A. Novel thera-
peutic approaches against acetaminophen-induced liver injury and 
acute liver failure. Toxicol Sci 2020;174:159-67.

	 7.	 Akakpo JY, Jaeschke MW, Ramachandran A, Curry SC, Rumack BH, 
Jaeschke H. Delayed administration of N-acetylcysteine blunts re-
covery after an acetaminophen overdose unlike 4-methylpyrazole. 
Arch Toxicol 2021;95(10):3377-91. 

	 8.	 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(3):387-
94.

	 9.	 Jaeschke H, Williams CD, McGill MR, Xie Y, Ramachandran A. Models 
of drug-induced liver injury for evaluation of phytotherapeutics and 
other natural products. Food Chem Toxicol 2013;55:279-89.

10.	 Iorga A, Dara L, Kaplowitz N. Drug-induced liver injury: cascade of 
events leading to cell death, apoptosis or necrosis. Int J Mol Sci [se-
rial on internet] 2017;18(5): Article No. 1018. Available from: https://
www.mdpi.com/1422-0067/18/5/1018

11.	 Farghali H, Černý D, Kameníková L, Martínek J, Hořínek A, 
Kmoníčková E, Zídek Z. Resveratrol attenuates lipopolysaccharide-
induced hepatitis in D-galactosamine sensitized rats: role of nitric 
oxide synthase 2 and heme oxygenase-1. Nitric Oxide-Biol Chem 
2009;21:216-25.

12.	 Wojnarová L, Kutinová Canová N, Farghali H, Kučera T. Sirtuin 1 
modulation in rat model of acetaminophen-induced hepatotoxic-
ity. Physiol Res 2015;64:S477-S487.

13.	 Farghali H, Kmoníčková E, Lotková H, Martínek J. Evaluation of calci-
um channel blockers as potential hepatoprotective agents in oxida-
tive stress injury of perfused hepatocytes, Physiol Res 2000;49:261-8.

14.	 Černý D, Lekić N, Váňová K, Muchová L, Hořínek A, Kmoníčková E., 
Zídek Z, Kameníková L, Farghali H. Hepatoprotective effect of cur-
cumin in Lipopolysaccharide/D-Galactosamine model of liver in-
jury in rats: relationship to HO-1/CO antioxidant system. Filoterapia 
2011;82:786-91.

15.	 Lekić N, Kutinová Canová N, Hořínek A, Farghali H. The involvement 
of hemeoxygenase 1 but not nitric oxide synthase 2 in a hepatopro-
tective action of quercetin in lipopolysaccharide-induced hepato-
toxicity of D-galactosamine sensitized rats. Filoterapia 2013;87:20-6.



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2023 Mar; 167(1):50-60.

59

16.	 Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, Wood JG, 
Zipkin RE, Chung P, Kisielewski A, Zhang LL, Scherer B, Sinclair DA. 
Small molecule activators of sirtuins extend Saccharomyces cerevi-
siae lifespan. Nature 2003;425:191-6. 

17.	 Farghali H, Canová NK, Zakhari S. Hepatoprotective properties of 
extensively studied medicinal plant active constituents: possible 
common mechanisms. Pharm Biol 2015;53(6):781-91.

18.	 Ruderman NB, Xu J, Nelson L, Cacicedo JM, Saha AK, Lan F, Ido 
Y. AMPK and SIRT1: a long-standing partnership? Am J Physiol 
Endocrinol Metab 2010;298:E751-60.

19.	 Farghali H, Kutinová Canová N, Lekic N. Resveratrol and related com-
pounds as antioxidants with an allosteric mechanism of action in 
epigenetic drug targets. Physiol Res 2013;62:1-13.

20.	 Lan F, Weikel KA, Cacicedo JM, Ido Y. Resveratrol-Induced AMP-
Activated Protein Kinase Activation Is Cell-Type Dependent: Lessons 
from Basic Research for Clinical Application. Nutrients [serial on in-
ternet] 2017;9: Article No. 751. Available from: https://www.mdpi.
com/2072-6643/9/7/751

21.	 Farghali H, Kemelo MK, Kutinová Canová N. SIRT1 Modulators in 
Experimentally Induced Liver Injury. Oxid Med Cell Longev [serial 
on internet] 2019: Article No. 8765954. Available from: https://www.
hindawi.com/journals/omcl/2019/8765954/ 

22.	 Saeedi Saravi SS, Hasanvand A, Shahkarami K, Dehpour AR. The 
protective potential of metformin against acetaminophen-induced 
hepatotoxicity in BALB/C mice. Pharm Biol 2016;54(12):2830-37.

23.	 Tripathi SS, Singh S, Garg G, Kumar R, Verma AK, Singh AK, Bissoyi A, 
Rizvi SI. Metformin ameliorates acetaminophen-induced sub-acute 
toxicity via antioxidant property. Drug Chem Toxicol 2019:1-9.

24.	 Caton PW, Nayuni NK, Kieswich J, Khan NQ, Yaqoob MM, Corder R. 
Metformin suppresses hepatic gluconeogenesis through induction 
of SIRT1 and GCN5. J Endocrinol 2010;205(1):97-106. 

25.	 Xu T, Lu X, Arbab AAI, Wu X, Mao Y, Loor JJ, Yang Z. Metformin acts to 
suppress β-hydroxybutyric acid-mediated inflammatory responses 
through activation of AMPK signaling in bovine hepatocytes. J Anim 
Sci 2021;99(7): Article No. skab153. Available on: https://academic.
oup.com/jas/article/99/7/skab153/6275009

26.	 Song YM, Lee YH, Kim JW, Ham DS, Kang ES, Cha BS, Lee HC, Lee BW. 
Metformin alleviates hepatosteatosis by restoring SIRT1-mediated 
autophagy induction via an AMP-activated protein kinase-indepen-
dent pathway. Autophagy 2015;11(1):46-59.

27.	 Nelson LE, Valentine RJ, Cacicedo JM, Gauthier MS, Ido Y, Ruderman 
NB. A novel inverse relationship between metformin-triggered 
AMPK-SIRT1 signaling and p53 protein abundance in high glucose-
exposed HepG2 cells. Am J Physiol Cell Physiol 2012;303(1):C4-C13.

28.	 Silva JP, Wahlested C. Role of Sirtuin 1 in metabolic regulation. Drug 
Discov Today 2010;15:781-91.

29.	 Kim J, Yang G, Kim Y, Kim J, Ha J. AMPK activators: mechanisms of 
action and physiological activities. Exp Mol Med [serial on internet] 
2016;48: Article No. 224. Available from: https://www.nature.com/
articles/emm201616 

30.	 Liang J, Shao SH, Xu ZX, Hennessy B, Ding Z, Larrea M, Kondo S, 
Dumont DJ, Gutterman JU, Walker CL, Slingerland JM, Mills GB. The 
energy sensing LKB1-AMPK pathway regulates p27(kip1) phosphor-
ylation mediating the decision to enter autophagy or apoptosis. Nat 
Cell Biol 2007;9:218-24. 

31.	 Hubbard BP, Sinclair DA. Small molecule SIRT1 activators for the 
treatment of aging and age-related diseases. Trends Pharmacol Sci 
2014;35:146-54.

32.	 Kutinová Canová N, Gaier N, Farghali H. Perspectives on pharma-
cological and clinical benefits from sirtuin 1 activators in oxidative 
damage. Cas Lek Cesk 2012;151:187-9. (in Czech)

33.	 Berry MN, Edwards AM, Barrit JG. Isolated Hepatocytes Preparation, 
Properties and Applications. 1st ed. Amsterdam: Elsevier Science; 
1991.

34.	 Černý D, Canová NK, Martínek J, Horínek A, Kmonícková E, Zídek 
Z, Farghali H. Effects of resveratrol pretreatment on tert-butylhy-
droperoxide induced hepatocyte toxicity in immobilized perifused 
hepatocytes: involvement of inducible nitric oxide synthase and 
hemoxygenase-1. Nitric Oxide-Biol Chem 2009;20(1):1-8.

35.	 Kutinová Canová N, Martínek J, Kmoníčková E. Modulation of spon-
taneous and lipopolysaccharide-induced nitric oxide production 
and apoptosis by d-galactosamine in rat hepatocyte culture: the 
significance of combinations of different methods. Toxicol Mech 
Methods 2008;18:63-74.

36.	 De Leon ADJ, Borges CR. Evaluation of Oxidative Stress in Biological 
Samples Using the Thiobarbituric Acid Reactive Substances Assay. 
J Vis Exp [serial on internet] 2020: Article No. 159. Available from: 
https://www.jove.com/t/61122/evaluation-oxidative-stress-biolog-
ical-samples-using-thiobarbituric 

37.	 Del Campo JA, Gallego P, Grande L. Role of inflammatory response 
in liver diseases: Therapeutic strategies. World J Hepatol 2018;10:1-7.

38.	 Wang SW, Wang W, Sheng H, Bai YF, Weng YY, Fan XY, Zheng F, Zhu XT, 
Xu ZC, Zhang F. Hesperetin, a SIRT1 activator, inhibits hepatic inflam-
mation via AMPK/CREB pathway. Int Immunopharmacol [serial on 
internet] 2020;89(partB): Article No. 107036. Available from: https://
www.sciencedirect.com/science/article/pii/S1567576920327831 

39.	 Yan M, Huo Y, Yin S, Hu H. Mechanisms of acetaminophen-induced 
liver injury and its implications for therapeutic interventions. Redox 
Biol 2018;17:274-83.

40.	 Shu Y, He D, Li W, Wang M, Zhao S, Liu L, Cao Z, Liu R, Huang Y, Li H, 
Yang X, Lu C, Liu Y. Hepatoprotective Effect of Citrus aurantium L. 
against APAP-induced liver injury by regulating liver lipid metabo-
lism and apoptosis. Int J Biol Sci 2020;16(5):752-65. 

41.	 Kulkarni SS, Cantó C. The molecular targets of resveratrol. Biochim 
Biophys Acta 2015;1852:1114-23. 

42.	 Price NL, Gomes AP, Ling AJ, Duarte FV, Martin-Montalvo A, North BJ, 
Agarwal B, Ye L, Ramadori G, Teodoro JS, Hubbard BP, Varela AT, Davis 
JG, Varamini B, Hafner A, Moaddel R, Rolo AP, Coppari R, Palmeira CM, 
de Cabo R, Baur JA, Sinclair DA. SIRT1 is required for AMPK activation 
and the beneficial effects of resveratrol on mitochondrial function. 
Cell Metab 2012;15:675-90.

43.	 Gao Z, Zhang J, Wei L, Yang X, Zhang Y, Cheng B, Yang Z, Gao W, Song 
C, Miao W, Williams K, Liu C, Xu Q, Chang Y, Gao Y. The Protective 
Effects of Imperatorin on Acetaminophen Overdose-Induced Acute 
Liver Injury. Oxid Med Cell Longev [serial on internet] 2020: Article 
No. 8026838. Available from: https://www.hindawi.com/journals/
omcl/2020/8026838/ 

44.	 Jaeschke H, Ramachandran A. Acetaminophen-induced apoptosis: 
Facts versus fiction. J Clin Transl Res 2020;6:36-47.

45.	 Kang SW, Haydar G, Taniane C, Farrell G, Arias IM, Lippincott-Schwartz 
J, Fu D. AMPK activation prevents and reverses drug-induced mi-
tochondrial and hepatocyte injury by promoting mitochondrial 
fusion and function. PLoS One 2016;11(10):e0165638. Available 
from: https://journals.plos.org/plosone/article?id=10.1371/journal.
pone.0165638 

46.	 Hwang JH, Kim YH, Noh JR, Choi DH, Kim KS, Lee CH. Enhanced 
Production of Adenosine Triphosphate by Pharmacological 
Activation of Adenosine Monophosphate-Activated Protein 
Kinase Ameliorates Acetaminophen-Induced Liver Injury. Mol Cells 
2015;38:843-50. 

47.	 Jiang WP, Deng JS, Huang SS, Wu SH, Chen CC, Liao JC, Chen HY, 
Lin HY, Huang GJ. Sanghuangporus sanghuang mycelium pre-
vents paracetamol-induced hepatotoxicity through regulating the 
MAPK/NF-?B, Keap1/Nrf2/HO-1, TLR4/PI3K/Akt, and CaMKK?/LKB1/
AMPK pathways and suppressing oxidative stress and inflamma-
tion. Antioxidants (Basel) 2021;10(6): Article No. 897. Available from: 
https://www.mdpi.com/2076-3921/10/6/897/htm 

48.	 Zhang J, Liang X, Li J, Yin H, Liu F, Hu C, Li L. Apigenin attenu-
ates acetaminophen-induced hepatotoxicity by activating AMP-
activated protein kinase/carnitine palmitoyltransferase I pathway. 
Front Pharmacol 2020;11: Article No. 549057. Available from: https://
www.frontiersin.org/articles/10.3389/fphar.2020.549057/full

49.	 Meley D, Bauvy C, Houben-Weerts JH, Dubbelhuis PF, Helmond MT, 
Codogno P, Meijer AJ. AMP-activated protein kinase and the regula-
tion of autophagic proteolysis. J Biol Chem 2006;281:34870-9. 

50.	 Czaja MJ, Ding WX, Donohue TM Jr, Friedman SL, Kim JS, Komatsu 
M, Lemasters JJ, Lemoine A, Lin JD, Ou JH, Perlmutter DH, Randall 
G, Ray RB, Tsung A, Yin XM. Functions of autophagy in normal and 
diseased liver. Autophagy 2013;9:1131-58.

51.	 Morita M, Gravel SP, Hulea L, Larsson O, Pollak M, St-Pierre J, 
Topisirovic I. mTOR coordinates protein synthesis, mitochondrial 
activity and proliferation. Cell Cycle 2015;14:473-80.

52.	 Ni HM, Bockus A, Boggess N, Jaeschke H, Ding WX. Activation of 
autophagy protects against acetaminophen-induced hepatotoxic-
ity. Hepatology 2012;55:222-32.

53.	 Wang K. Autophagy and apoptosis in liver injury. Cell Cycle 
2015;14(11):1631-42. 

54.	 Scudiero O, Nigro E, Monaco ML, Oliviero G, Polito R, Borbone N, 



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2023 Mar; 167(1):50-60.

60

D’Errico S, Mayol L, Daniele A, Piccialli G. New synthetic AICAR de-
rivatives with enhanced AMPK and ACC activation. J Enzyme Inhib 
Med Chem 2016;31:748-53.

55.	 Zhu H, Chai Y, Dong D, Zhang N, Liu W, Ma T, Wu R, Lv Y, Hu L. AICAR-
Induced AMPK Activation Inhibits the Noncanonical NF-κB Pathway 
to Attenuate Liver Injury and Fibrosis in BDL Rats. Can J Gastroenterol 
Hepatol [serial on internet] 2018: Article No. 6181432. Available 
from: https://www.hindawi.com/journals/cjgh/2018/6181432/

56.	 De Gregorio E, Colell A, Morales A, Marí M. Relevance of SIRT1-NF-
κB Axis as Therapeutic Target to Ameliorate Inflammation in Liver 
Disease. Int J Mol Sci [serial on internet] 2020;21: Article No. 3858. 
Available from: https://www.mdpi.com/1422-0067/21/11/3858 

57.	 Iside C, Scafuro M, Nebbioso A, Altucci L. SIRT1 Activation by Natural 
Phytochemicals: An Overview. Front Pharmacol [serial on internet] 

2020;11: article No. 1225. Available from: https://www.frontiersin.
org/articles/10.3389/fphar.2020.01225/full 

58.	 Hwang JW, Yao H, Caito S, Sundar IK, Rahman I. Redox regulation of 
SIRT1 in inflammation and cellular senescence. Free Radic Biol Med 
2013;61:95-110.

59.	 Yan T, Huang J, Nisar MF, Wan C, Huang W. The Beneficial Roles of 
SIRT1 in Drug-Induced Liver Injury. Oxid Med Cell Longev [serial on 
internet] 2019: Article No. 8506195. Available from: https://www.
hindawi.com/journals/omcl/2019/8506195/ 

60.	 Gertz M, Fischer F, Nguyen GTT, Lakshminarasimhan M, Schutkowski 
M, Weyand M, Steegborn C. Ex-527 inhibits Sirtuins by exploiting 
their unique NAD+-dependent deacetylation mechanism, Proc Natl 
Acad Sci 2013;110:E2772-81.


