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INTRODUCTION

Acetaminophen (APAP), also known as paracetamol and
N-acetylp- aminophenolis, is the most widely used analgesic and
antipyretic agent in the world with an excellent safety profile
when administered at therapeutic doses [1]. However, APAP
in high doses can cause hepatotoxicity and is recognized as a
major cause of acute liver failure (ALF). In the USA and Europe,
acetaminophen overdose cause hepatotoxicity with over 300,000

ABSTRACT Acetaminophen (APAP) overdose is one of the most common causes of
acute liver failure. The study aimed to investigate the protective effect of carnosic
acid (CA) on APAP-induced acute hepatotoxicity and its underlying mechanism in
mice. To induce hepatotoxicity, APAP solution (400 mg/kg) was administered into
mice by intraperitoneal injection. Histological analysis revealed that CA treatment
significantly ameliorated APAP-induced hepatic necrosis. The levels of both alanine
aminotransferase (ALT) and aspartate transaminase (AST) in serum were reduced
by CA treatment. Moreover, CA treatment significantly inhibited APAP-induced
hepatocytes necrosis and lactate dehydrogenase (LDH) releasing. Western blot
analysis showed that CA abrogated APAP-induced cleaved caspase-3, Bax and
phosphorylated JNK protein expression. Further results showed that CA treatment
markedly inhibited APAP-induced pro-inflammatory cytokines TNF-a, IL-1, IL-6 and
MCP-1 mRNA expression and the levels of phosphorylated lkBo. and p65 protein in
the liver. In addition, CA treatment reduced APAP- induced hepatic malondialdehyde
(MDA) contents and reactive oxygen species (ROS) accumulation. Conversely, hepatic
glutathione (GSH) level was increased by administration of CA in APAP-treated mice.
Mechanistically, CA facilitated Nrf2 translocation into nuclear through blocking the
interaction between Nrf2 and Keap1, which, in turn, upregulated anti-oxidant genes
mRNA expression. Taken together, our results indicate that CA facilitates Nrf2 nuclear
translocation, causing induction of Nrf2-dependent genes, which contributes to
protection from acetaminophen hepatotoxicity.

attributable to acetaminophen overdose [2-4]. Mechanistically,
APAP is metabolized by the cytochrome P450 system into an
electrophilic metabolite, N-acetyl-p-amino-benzoquinone imine
(NAPQI) which reacts with glutathione (GSH) and leads to a
profound depletion of hepatocellular GSH. Subsequently, NAPQI
binds to mitochondrial proteins, which in turn causes oxidative
stress, increased phosphorylation and adenosine triphosphate
(ATP) depletion that may trigger signaling pathways through
mitochondrial toxicity, leading to DNA damage and liver injury

hospitalizations annually and up to 42% of all cases of ALF [5,6].
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Although the precise mechanism by which APAP or its
metabolites cause liver injury is still unknown, cell death
and organ failure most likely result from the cumulative and
additive effects from oxidative damage and redox balances.
The nuclear factor-like 2 (Nrf2), and its repressor kelch-like
ECH-associated protein 1 (Keapl), have been characterized as
an important endogenous cellular mechanism for coping with
oxidative stress [7]. Nrf2 belongs to the basic leucine zipper
(bZip) transcription factor family and has been implicated as a
key molecule involved in antioxidant-responsive element (ARE)-
mediated gene expression [8]. Under basal conditions, Nrf2-
mediated transcription is turned off because of the inhibitory
effect of Keapl. Keapl binds to Nrf2 and sequesters the molecule
from nuclei, preventing Nrf2 from activating target genes. Cullin
3 (Cul3), one of the components of ubiquitin ligase, interacts with
Keapl and mediates the degradation of Nrf2 through ubiquitin-
proteasome proteolytic pathway [9]. It has been reported that Nrf2
plays a protective role against APAP hepatotoxicity by regulating
both drug metabolizing enzymes and antioxidant genes through
the ARE [10]. In addition, mice lacking the Nrf2 transcription
factor had difficulty in detoxifying APAP and its metabolites
because of the lower level of hepatic GSH [11].

Carnosic acid (CA), a naturally occurring catechol type
polyphenolic diterpene present in rosemary (Rosmarinus
officinalis; Lamiaceae), has a wide array of pharmacological
properties such as anti-oxidative, neuroprotective, anti-
nephrotoxicity, anti-inflammatory and anticarcinogenic
activities [12-15]. Recent study has shown that CA prevents lipid
accumulation in hepatocytes through the EGFR/ MAPK pathway
[16]. It was also reported that CA attenuated lipopolysaccharide-
induced liver injury in rats via fortifying cellular antioxidant
defense system [17]. Importantly, CA was found to stimulate
Keapl/Nrf2 signaling, thus resulting in the production of
antioxidants such as GSH, thereby reducing oxidative stress [18].

In this study, we investigated the protective effect of CA on
APAP-induced hepatotoxicity and its underlying mechanism in
mice. The results indicated that CA ameliorated APAP-induced
acute liver injury through regulation of anti-oxidant system.
Further examination of the signaling pathways indicated that
CA facilitated Nrf2 translocation into nuclear and upregulated
antioxidant genes expression. Our findings suggest that CA
has protective effect on APAP-induced hepatotoxicity through
regulation of antioxidant system.

METHODS
Material
Acetaminophen, Carnosic acid, Sodium carboxymethyl

cellulose, Hematoxylin and Eosin were purchased from Sigma
Aldrich (St. Louis, MO, USA). Anti-Cleaved caspase 3, anti-Bax,
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anti-Bcl-2, anti-phospho-JNK, anti-JNK, anti-Nrf2, anti-Lamin
B, anti-IkBa., anti-p65, anti-phospho-IxBa, anti-phospho-p65,
anti-Keapl, anti-Cul3 and anti-B-actin were purchased from Cell
Signaling Technology (Beverly, MA, USA). Trizol reagent and
SYBR® Green PCR Master Mix were purchased from Invitrogen
(Carlsbad, CA, USA).

Animals and treatment

Male C57BL/6] mice (8 weeks old) were purchased from
Experimental Animal Center of Henan Province (Henan, China)
and maintained with free access to pellet food and water in
specific-pathogen-free (SPF) facility with a 12 h light/dark cycle.
Animal welfare and experimental procedures were followed
in accordance with the Guide for Care and Use of Laboratory
Animals and the related ethical regulations of Zhengzhou
University Animal Care and Use Committee. CA was suspended
in 0.5% carboxymethylcellulose sodium (CMC-Na) solution and
administered (100 mg/kg per day) by gavage once daily for three
days according to the previous reports [17,19]. The vehicle group
and APAP group were administered by 0.5% CMC-Na solution.
To induce APAP hepatotoxicity, APAP was dissolved in a saline
solution and administered by intraperitoneal (i.p.) injection at a
single dose of 400 mg/kg. The vehicle group and CA alone group
were injected i.p. with saline solution. All mice were sacrificed
after APAP treatment for 6 h. A portion of the liver was fixed in
10% buffered formalin and the remaining liver tissues were flash
frozen in liquid nitrogen and stored at —80°C for further analysis.

Histological analysis

Liver samples were formalin-fixed, paraffin embedded, cut
into sections (thickness: 5 uM) and stained with hematoxylin
and eosin (H&E) following a standard protocol. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining in liver sections was performed with an In-Situ Cell
Death Detection Kit according to the manufacturer's instructions
(Roche Diagnostics, Indianapolis, IN). The images were
visualized by microscopy (IX73, Olympus, Japan).

Determination of plasma ALT, AST and LDH
concentrations

Aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and lactate dehydrogenase (LDH) were quantified in
serum using a commercial kit. (Nanjing Jiancheng bioengineering
institute, Nanjing, China).

Measurement of ROS, MDA and GSH in liver tissues

The levels of reactive oxygen species (ROS), malondialdehyde
(MDA) and glutathione (GSH) were measured using a commer-
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cially available kit (Nanjing Jiancheng bioengineering institute,
Nanjing, China). Briefly, liver weights were measured and
homogenized in 2 ml ice-PBS. The samples were centrifuged at
2000 g for 10 minutes at 4°C. The MDA levels in the supernatant
was determined by thiobarbituric acid (TBA) reaction and
the absorbance was measured at 532 nm. The GSH levels were
measured by the enzymatic recycling method using glutathione
reductase and 5, 5-dithio-bis (2-nitrobenzoic acid) (DTNB).
2-nitro-5-thiobenzoic acid (TNB) formation is monitored at
412 nm. ROS levels in liver tissues were determined using 2,
7-dichlorofluorescein diacetate (DCFH-DA) as a fluorescent
probe. The supernatant (190 pl) was incubated with 1 mM
DCFH-DA (10 ul) at 37°C for 30 min. The fluorescence intensity
was measured at an excitation and emission wavelength of 485
nm and 525 nm, respectively, using a spectrofluorometer (Hitachi,
Tokyo, Japan).

Quantitative real-time polymerase chain reaction
(PCR)

Isolation of total RNA from liver samples was performed using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. First-strand cDNA was synthesized
from RNA using M-MLV reverse transcriptase (Invitrogen,
Carlsbad, CA). Real-time PCR was performed with the ABI Prism
7000 sequence detection system (Applied Biosystems, Foster City,
CA) using SYBR® Green PCR Master Mix (Invitrogen, Carlsbad,
CA). The primers were listed in Table 1. Relative gene expression
levels were analyzed using the 2(**“") method and normalized
against the expression of B-actin.

Table 1. Primers used for quantitative real-time PCR

Name Sequence (5'-3")
IL-1B F: CAACCAACAAGTGATATTCTCCATG
R: GATCCACACTCTCCAGCTGCA
IL-6 F: GAGGATACCACTCCCAACAGACC
R: AAGTGCATCATCGTTGTTCATACA
TNF-a F: CATCTTCTCAAAATTCGAGTGACAA
R: TGGGAGTAGACAAGGTACAACCC
MCP-1 F: CCACTCACCTGCTGCTACTCAT
R: CTGCTGGTGATCCTCTTGT
GCL-c F: GTTATGGCTTTGAGTGCTGCAT
R: ATCACTCCCCAGCGACAATC
Gopdh F: CTGGAACCGCATCATCGTGGAG
R: CCTGATGATCCCAAATTCATCAAAATAG
Gpx-1 F: CAGGAGAATGGCAAGAATGA
R: TCTCACCATTCACTTCGCACTT
Sod2 F: TCCCAGACCTGCCTTACGACTAT
R: GGTGGCGTTGAGATTGTTCA
Nrf2 F: GATCCGCCAGCTACTCCCAGGTTG
R: AGCACACGTTTATTCACGGGT
B-actin F: TACCACCATGTACCCAGGCA
R: CTCAGGAGGAGCAATGATCTTGAT
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Western blot analysis

In Brief, liver samples were homogenized in RIPA buffer
containing protease/phosphatase inhibitor cocktail (Cell
Signaling Technology, Danvers, MA). Nuclei were isolated from
mouse livers using NE-PER™ nuclear and cytoplasmic extraction
reagents (Pierce, Rochford, IL) according to the manufacturer’s
instructions. The protein content was determined by a BCATM
protein assay Kit (Pierce, Rochford, IL). Total cellular protein or
nuclear protein were resolved by 10% SDS-PAGE and transferred
onto a polyvinylidene diuoride membrane (Millipore, Bedford,
MA). The membrane was blocked with 5% nonfat milk and
incubated with primary antibody overnight at 4°C, followed
by incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody (1:1000; Santa Cruz biotechnology, Santa
Cruz, CA) for 1 h. The protein bands were visualized with
enhanced chemiluminescence reagents (Pierce, Rochford,
IL) using western blotting detection system according to the
manufacturer’s instructions. The densities of protein bands were
determined by Image] software.

Co-immunoprecipitation (Co-IP) assay

Briefly, liver samples were homogenized in 1% Triton X-100
lysis buffer containing protease/phosphatase inhibitor cocktail
(Cell Signaling Technology, Danvers, MA). After centrifugation
at 12,000 g for 10 min, cell lysates were immunoprecipitated with
Keapl antibody with protein A/G-Sepharose. After incubation at
4°C overnight, the beads were washed, separated by SDS-PAGE
and analyzed by immunoblot with antibodies. The protein bands
were visualized with enhanced chemiluminescence reagents
(Pierce, Rochford, IL) using western blotting detection system
according to the manufacturer’s instructions. The densities of
protein bands were determined by ImageJ software.

Statistic analysis

All data were represented as means+S.E.M of three indepen-
dent experiments. All statistical analyses were conducted using
SPSS software. T-test was used for statistical analyses of the data.
p<0.05 was considered to be statistically significant.

RESULTS
CA protected against APAP-induced liver injury

To investigate the effects of CA on the development of APAP-
induced hepatotoxicity, mice were co-administrated with CA
and APAP. Histological analysis of liver sections revealed that
massive necroses and inflammation were present in APAP-
treated mice. CA treatment significantly ameliorated APAP-
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Fig. 1. CA protected against APAP-induced liver injury. Male C57BL/6J mice were administered with either CA (100 mg/kg per day) or an equal
volume of 0.5% CMC-Na for three days. At day 3, the mice were intraperitoneally injected with either 400 mg/kg APAP or an equal volume of PBS. (A)
Representative images of H&E-staining in liver sections harvested at 6 hours post-APAP injection Magnification: 200x. (B, C) The serum levels of both

ALT and AST were determined by a commercial kit. Data are shown as means+S.E.M. *p<0.05 versus APAP alone group (n=8).
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Fig. 2. CA ameliorated APAP-induced hepatocytes DNA fragment. (A) Representative images of TUNEL staining in liver sections harvested at 6
hours post-APAP injection Magnification: 400x. (B) The serum levels of LDH were determined by a commercial kit. Data are shown as means+S.E.M.

*p<0.05 versus APAP alone group (n=8).

induced liver injury (Fig. 1A). The serum levels of both AST and
ALT, the markers of liver damage, were also markedly elevated
by treatment with APAP. CA treatment significantly inhibited
APAP-induced AST and ALT levels in the serum (Fig. 1B, C).
These data indicated that CA protected against APAP-induced
liver injury.

CA ameliorated APAP-induced cell death in the liver

DNA fragmentation, a characteristic feature of APAP-induced
hepatocyte death, was determined by TUNEL assay in APAP-
treated mice. As shown in Fig. 2A, APAP treatment caused DNA
fragmentation in the liver and CA had strong protective effect on
APAP-induced hepatocytes death. LDH releasing, as a marker for
cell necrosis, is significantly reduced by CA treatment (Fig. 2B).

Korean J Physiol Pharmacol 2016;20(1):15-23

To confirm the effect of CA on APAP-induced cell death in
the liver, we further determined the protein expression related
to cell death. As shown in Fig. 3, APAP treatment increased
Bax and cleaved caspase 3 expression and decreased Bcl-2
protein expression. However, the effects were reversed by CA
treatment. The level of phosphorylated c-Jun N-terminal kinase
(JNK), which has been documented to amplify APAP-induced
mitochondrial oxidative stress, was significantly increasing in
APAP-treated mice. CA treatment markedly reduced APAP-
induced JNK phosphorylation. These data indicated that CA
ameliorated APAP-induced cell death in the liver.

CAinhibited APAP-induced hepatic inflammation

APAP overdose-induced hepatocytes necrosis cause kuppfer
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Fig. 5. CA treatment reduced APAP-induced hepatic oxidative stress. Liver homogenate supernatants were used to determine the levels of ROS,
MDA and GSH using a commercially available kit. Data are shown as means+S.E.M. *p<0.05 versus APAP alone group (n=8).

A Vehicle Vehicle+APAP CA CA+APAP

90kd ’-— —— - — —— — —..-‘ Nrf2

Total

42kd { -:-‘ p-actin

90kd‘— ——— ——— — —

— —“ Nrf2

Nucleus
68kd | ————_————————‘ Lamin B1
15 3 *
2 2
<5 55
5810 c3 2
32 [
o8 LB
§§ 05 é'ﬂ:’ 1
z E z ‘_%
g e
oo o
Q 2 2 Q
& & TS A A
x4 - & <&
& «F
B
Vehicle Vehicle+APAP CA CA+APAP IP: Keap1
82kd a WS S s ses 00| IB:Cul3
Q0K | w— — s ——— — — IB:Nrf2
25kd M 19G
Input
BAK] | — G CE— CE— CE— C— G—— — |B:Keap1
QOKG | o s — — — o — | |B:NIf2
IB:Cul3

Fig. 6. CA promoted APAP-induced Nrf2 translocation into nuclear
through blocking the interaction between Nrf2 and Keap1. (A)
Total or nuclei Nrf2 protein levels were determined by western blot. 3-
actin and Lamin B1 were used as the endogenous control. The bands
were analyzed by densitometry. Data are shown as means+ S.E.M.
*p<0.05 versus APAP alone group. (B) The interaction between Nrf2
and Keap1 in the liver was measured by co-immunoprecipitation assay.
Representative data are shown.

cells activation in the liver. To investigate the effects of CA on
hepatic inflammation, the hepatic mRNA expression levels of
inflammatory cytokines were determined by real-time PCR. As
shown in Fig. 4A, CA treatment significantly inhibited APAP-
induced TNF-q,, IL-1B, IL-6 and MCP-1 mRNA expression. NF-

Korean J Physiol Pharmacol 2016;20(1):15-23

kB plays essential roles in transcriptional induction of those genes
involved in inflammation [20]. Here, we assessed the effects of
CA on NF-kB signaling pathway. Western blot results showed
that CA significantly inhibited IxBa and p65 phosphorylation
(Fig. 4B). The data indicated that CA might protect against
APAP-induced hepatic inflammation through NF-«B signaling
pathway.

CA treatment reduced APAP-induced hepatic
oxidative stress

In order to investigate the role of CA in APAP-induced
oxidative injury, we investigated the antioxidant capacity of CA
in liver tissue. As shown in Fig. 5, hepatic MDA contents were
increasing after APAP treatment. CA inhibited APAP-induced
hepatic MDA contents increasing. Moreover, CA decreased ROS
accumulation in the liver compared with APAP alone group. In
addition, we examined the total GSH to assess the detoxification
status of the cells. Nevertheless, total GSH levels in APAP-injured
liver increased by CA treatment. The result suggested that CA
had a strong antioxidant capacity against APAP-induced liver
injury.

CA facilitated APAP-induced Nrf2 translocation into
nuclear

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master
regulator for transcriptional activation of a wide spectrum of
genes related to the antioxidant defense system. As shown in Fig.
6A, APAP alone treatment induced Nrf2 protein expression but
not CA alone treatment. Interestingly, the level of Nrf2 protein in
nuclear was higher in CA+APAP treatment group compared to
APAP alone group. However, CA alone treatment did not induce
Nrf2 translocation. It is known that Keapl tethers Nrf2 in the
cytoplasm and represses the transactivation activity of Nrf2 [9].
We further examined the effect of CA on interaction between
Nrf2 and Keapl. As show in Fig. 6B, CO-IP assay showed that CA
treatment facilitated dissociation of Nrf2 from Keapl. Moreover,
CA treatment enhanced dissociation of Cul3 from Keapl. These

http://dx.doi.org/10.4196/kjpp.2016.20.1.15



CA ameliorated APAP-induced hepatotoxicity

21

GCL-c . Gépdh .

@
®

&
3

relative mRNA
IS

relative mRNA

N

relative mRNA

Gpx-1 . Sod2 .

©
IS

)
w

relative mRNA
»

-

0 0.

Fig. 7. CA increased anti-oxidant genes expressions in APAP-treated mice. Total RNA from liver was isolated and target genes mRNA levels were
determined by real-time PCR. B-actin was used as the endogenous control. Data are shown as means+S.E.M. *p<0.05 versus APAP alone group (n=8).

data indicated that CA induced Nrf2 translocation into nuclear
through facilitating dissociation of Nrf2 from Keapl.

CAincreased anti-oxidant genes expressions in APAP-
treated mice

As excessive ROS accumulation occurs as a result of the
imbalance between ROS generating and scavenging systems. It
is well known that Nrf2 regulated anti-oxidant genes expression
such as GCL-c, G6pdh, Gpx-1 and Sod2. We further examined
these genes expression in the liver. As shown in Fig. 7, after APAP
treatment, these genes expression increasing to against APAP-
induced ROS accumulation. However, CA significantly increasing
these genes expression compared with APAP alone group. Our
data indicated that CA treatment-facilitated APAP-induced
Nrf2 translocation resulted in anti-oxidant genes expression
increasing.

DISCUSSION

In this study, we investigated the effects of CA on APAP-
induced hepatotoxictiy in mice. We found that CA treatment
significantly ameliorated APAP-induced hepatic necrosis
and inflammation. Importantly, CA facilitated Nrf2 nuclear
translocation, causing induction of Nrf2-dependent genes, which
contributes to reduction of oxidative stress and protection from
acetaminophen hepatotoxicity.

APAP overdose can cause severe hepatotoxicity and even liver
failure in experimental animals and humans. Despite substantial
efforts over the last 30 years, the mechanism of APAP-induced
hepatotoxicity is still not completely understood [21]. However,
numerous studies have demonstrated that oxidative stress
plays a key role in APAP-induced hepatotoxicity [21-23]. CA is
a polyphenolic diterpene antioxidant found in rosemary plant
prevents lipid peroxidation and lipopolysaccharide-induced
liver injury via regulation of cellular antioxidant defense system
[17,24]. Moreover, CA (100 mg/kg) prevents isoproterenol-
induced myocardial oxidative stress and apoptosis in mice [19].
It also has been reported that CA, as a catechol-type electrophilic

www.kjpp.net

compound, protects neurons both in vitro and in vivo through
activation of the Keapl/Nrf2 pathway via S-alkylation of targeted
cysteines on Keapl [18]. In addition, activated glutathione
metabolism participates in protective effects of carnosic acid
against oxidative stress in neuronal HT22 cells [25]. Based on the
mechanism underlying antioxidant properties of CA, the present
study was undertaken to know the protective effect of CA against
APAP-induced oxidative stress and hepatotoxicity in mice.
Our data showed that CA treatment decreased hepatic MDA
contents and ROS accumulation (Fig. 5). It is well known that
N-acetylcysteine (NAC), as an anti-oxidant, can protect against
APAP- induced liver injury. Administration of NAC results in
rapid GSH formation, which enhances the capacity to scavenge
NAPQI and thus prevents all upstream-initiating events, such
as protein binding and mitochondrial ROS formation [26]. CA
administration increased GSH level in APAP- treated mice,
suggesting that CA may block the upstream-initiating events.

In response to oxidative stress, the antioxidant defense system is
often activated as a compensatory response to protect cell damage
by maintaining cellular redox homeostasis [27]. The transcription
factor Nrf2 regulates the basal and inducible expression of
numerous detoxifying and antioxidant genes. Nrf2 has been
shown to be actively involved in scavenging of APAP overdose-
induced ROS in mice [28]. Our study showed that CA treatment
facilitated Nrf2 translocation into nuclear and upregulated anti-
oxidant genes mRNA expression (Fig. 6, 7). Moreover, we found
that CA enhanced dissociation of Nrf2 from Keapl. CA treatment
also facilitated dissociation of Cul3 from Keapl. It has been
reported that CA binds to the BTB (Broad-Complex, Tramtrack
and Bric-a-brac) and IVR (the intervening region) domains of
Keap1 [18]. These two domains of Keapl are required for Cul3
and Nrf2 bindings [29]. However, our data showed that CA alone
treatment was not sufficient to block the interaction between Nrf2
and Keapl, indicating that CA could not bind to Keapl under
normal condition. APAP treatment induced exposure of the BTB
and IVR domains of Keapl, which, in turn, might facilitate the
binding of CA to Keapl. In addition, the binding of the APAP
metabolite NAPQI to mitochondrial proteins trigger excessive
accumulation of both ROS and peroxynitrite, which in turn
cause ATP depletion and necrosis [30]. Furthermore, ROS can

Korean J Physiol Pharmacol 2016;20(1):15-23
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induce activation and phosphorylation of JNK, which exacerbates
oxidative stress [31]. CA treatment significantly protected APAP-
induced cell necrosis and JNK phosphorylation (Fig. 2, 3),
suggesting that CA might inhibited APAP-induced cell necrosis
and JNK activation through ameliorating oxidative stress.

Oxidative stress plays an important role in APAP-induced
hepatotoxicity. In addition to inducing direct cellular damage,
oxidants can activate transcription factors including NF-«B,
which regulate the production of inflammatory mediators
implicated in hepatotoxicity [32]. The necrotic hepatocytes
induced by APAP release danger-associated- molecular patterns
(DAMPs), which are recognized by resident hepatic macrophages
and neutrophils, leading to the activation of these cells. Activated
hepatic macrophages release various pro-inflammatory
cytokines, such as TNF-o or IL-1B, which enhance APAP-
induced liver injury. Moreover, activated hepatic macrophages
secret chemokines such as MCP-1 thereby further enhancing
inflammation and increasing the influx of immune cells [33].
As an anti-oxidant compound, CA might protect against APAP-
induced hepatocytes death through regulation of cellular
antioxidant defense system. Our data showed that CA treatment
significantly inhibited APAP-induced pro-inflammatory
cytokines mRNA expression and NF-xB actvation in the liver
(Fig. 4), suggesting that CA might suppress hepatic inflammation
through protecting against APAP-induced hepatocyte death.

In summary, this study clearly demonstrated that CA protected
against APAP-induced liver injury and enhanced antioxidant
defense system through facilitating Nrf2 translocation into
nuclear. Our study suggested that CA has a significant therapeutic
benefit in the development of drug- induced acute liver failure by
attenuating oxidative stress. A deep-going study on the biologic
activity of CA will help in developing natural medicines-based
therapeutic interventions for acute liver injury.

CONFLICTS OF INTEREST

The authors have nothing to disclose.

REFERENCES

1. Bernal W, Auzinger G, Dhawan A, Wendon J. Acute liver fail-
ure. Lancet. 2010;376:190-201.

2. Blieden M, Paramore LC, Shah D, Ben-Joseph R. A perspective on
the epidemiology of acetaminophen exposure and toxicity in the
United States. Expert Rev Clin Pharmacol. 2014;7:341-348.

3. Mitka M. FDA asks physicians to stop prescribing high-dose
acetaminophen products. JAMA. 2014;311:563.

4. Holubek WJ, Kalman S, Hoffman RS. Acetaminophen-induced
acute liver failure: results of a United States multicenter, prospective
study. Hepatology. 2006;43:880; author reply 882.

5. Jaeschke H, McGill MR, Williams CD, Ramachandran A. Current

Korean J Physiol Pharmacol 2016;20(1):15-23

~

10.

11.

12.

13.

14.

15.

1e.

17.

18.

19.

issues with acetaminophen hepatotoxicity--a clinically relevant
model to test the efficacy of natural products. Life Sci. 2011;88:737-
745.

. McGill MR, Sharpe MR, Williams CD, Taha M, Curry SC,

Jaeschke H. The mechanism underlying acetaminophen-induced
hepatotoxicity in humans and mice involves mitochondrial damage
and nuclear DNA fragmentation. J Clin Invest. 2012;122:1574-1583.
Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to
environmental stresses via the Keapl-Nrf2-ARE pathway. Annu
Rev Pharmacol Toxicol. 2007;47:89-116.

. Cullinan SB, Gordan JD, Jin ], Harper JW, Diehl JA. The Keapl-

BTB protein is an adaptor that bridges Nrf2 to a Cul3- based E3
ligase: oxidative stress sensing by a Cul3-Keapl ligase. Mol Cell Biol.
2004;24:8477-8486.

. Motohashi H, Yamamoto M. Nrf2-Keapl defines a physiologically

important stress response mechanism. Trends Mol Med.
2004;10:549-557.

Enomoto A, Itoh K, Nagayoshi E, Haruta J, Kimura T, O’Connor T,
Harada T, Yamamoto M. High sensitivity of Nrf2 knockout mice to
acetaminophen hepatotoxicity associated with decreased expression
of ARE-regulated drug metabolizing enzymes and antioxidant
genes. Toxicol Sci. 2001;59:169-177.

Chan K, Han XD, Kan YW. An important function of Nrf2 in
combating oxidative stress: detoxification of acetaminophen. Proc
Natl Acad Sci U S A. 2001;98:4611-4616.

Hadad N, Levy R. The synergistic anti-inflammatory effects of
lycopene, lutein, B-carotene, and carnosic acid combinations via
redox-based inhibition of NF-kB signaling. Free Radic Biol Med.
2012;53:1381-1391.

Sahu BD, Rentam KK, Putcha UK, Kuncha M, Vegi GM, Sistla R.
Carnosic acid attenuates renal injury in an experimental model
of rat cisplatin-induced nephrotoxicity. Food Chem Toxicol.
2011;49:3090-3097.

Hou CW, Lin YT, Chen YL, Wang YH, Chou JL, Ping LY, Jeng KC.
Neuroprotective effects of carnosic acid on neuronal cells under
ischemic and hypoxic stress. Nutr Neurosci. 2012;15:257-263.
Miller DM, Singh IN, Wang JA, Hall ED. Administration of the
Nrf2-ARE activators sulforaphane and carnosic acid attenuates
4-hydroxy-2-nonenal-induced mitochondrial dysfunction ex
vivo. Free Radic Biol Med. 2013;57:1-9.

Wang T, Takikawa Y, Tabuchi T, Satoh T, Kosaka K, Suzuki K.
Carnosic acid (CA) prevents lipid accumulation in hepatocytes
through the EGFR/MAPK pathway. ] Gastroenterol. 2012;47:805-
813.

Xiang Q, Liu Z, Wang Y, Xiao H, Wu W, Xiao C, Liu X. Carnosic
acid attenuates lipopolysaccharide-induced liver injury in rats via
fortifying cellular antioxidant defense system. Food Chem Toxicol.
2013;53:1-9.

Satoh T, Kosaka K, Itoh K, Kobayashi A, Yamamoto M, Shimojo
Y, Kitajima C, Cui J, Kamins J, Okamoto S, Izumi M, Shirasawa T,
Lipton SA. Carnosic acid, a catechol-type electrophilic compound,
protects neurons both in vitro and in vivo through activation of
the Keapl/Nrf2 pathway via S-alkylation of targeted cysteines on
Keapl. ] Neurochem. 2008;104:1116-1131.

Sahu BD, Putcha UK, Kuncha M, Rachamalla SS, Sistla R. Carnosic
acid promotes myocardial antioxidant response and prevents
isoproterenol-induced myocardial oxidative stress and apoptosis in

http://dx.doi.org/10.4196/kjpp.2016.20.1.15



CA ameliorated APAP-induced hepatotoxicity

23

20.

21.

22.

23.

24.

25.

26.

mice. Mol Cell Biochem. 2014;394:163-176.

Kim EJ, Lee MY, Jeon YJ. Silymarin Inhibits Morphological
Changes in LPS-Stimulated Macrophages by Blocking NF-xB
Pathway. Korean J Physiol Pharmacol. 2015;19:211-218.

Jaeschke H, Knight TR, Bajt ML. The role of oxidant stress and
reactive nitrogen species in acetaminophen hepatotoxicity. Toxicol
Lett. 2003;144:279-288.

Reid AB, Kurten RC, McCullough SS, Brock RW, Hinson JA.
Mechanisms of acetaminophen-induced hepatotoxicity: role of
oxidative stress and mitochondrial permeability transition in freshly
isolated mouse hepatocytes. J Pharmacol Exp Ther. 2005;312:509-
516.

Jaeschke H, McGill MR, Ramachandran A. Oxidant stress,
mitochondria, and cell death mechanisms in drug-induced liver
injury: lessons learned from acetaminophen hepatotoxicity. Drug
Metab Rev. 2012;44:88-106.

Wang H, Liu F, Yang L, Zu Y, Wang H, Qu S, Zhang Y. Oxidative
stability of fish oil supplemented with carnosic acid compared
with synthetic antioxidants during long-term storage. Food Chem.
2011;128:93-99.

Tamaki Y, Tabuchi T, Takahashi T, Kosaka K, Satoh T. Activated
glutathione metabolism participates in protective effects of carnosic
acid against oxidative stress in neuronal HT22 cells. Planta Med.
2010576:683-688.

Ni HM, Bockus A, Boggess N, Jaeschke H, Ding WX. Activation
of autophagy protects against acetaminophen-induced hepatotoxi-

www.kjpp.net

27.

28.

29.

30.

3L

32.

33.

city. Hepatology. 2012;55:222-232.

Ma Q, He X. Molecular basis of electrophilic and oxidative defense:
promises and perils of Nrf2. Pharmacol Rev. 2012;64:1055-1081.

Ye D, Wang Y, Li H, Jia W, Man K, Lo CM, Wang Y, Lam K§, Xu
A. Fibroblast growth factor 21 protects against acetaminophen-
induced hepatotoxicity by potentiating peroxisome proliferator-
activated receptor coactivator protein-la-mediated antioxidant
capacity in mice. Hepatology. 2014;60:977-989.

Baird L, Dinkova-Kostova AT. The cytoprotective role of the Keapl-
Nrf2 pathway. Arch Toxicol. 2011;85:241-272.

Lee KK, Imaizumi N, Chamberland SR, Alder NN, Boelsterli UA.
Targeting mitochondria with methylene blue protects mice against
acetaminophen-induced liver injury. Hepatology. 2015;61:326-336.
Hanawa N, Shinohara M, Saberi B, Gaarde WA, Han D, Kaplowitz
N. Role of JNK translocation to mitochondria leading to inhibition
of mitochondria bioenergetics in acetaminophen- induced liver
injury. J Biol Chem. 2008;283:13565-13577.

Dambach DM, Durham SK, Laskin JD, Laskin DL. Distinct roles
of NF-kappaB p50 in the regulation of acetaminophen- induced
inflammatory mediator production and hepatotoxicity. Toxicol
Appl Pharmacol. 2006;211:157-165.

Hogaboam CM, Bone-Larson CL, Steinhauser ML, Matsukawa A,
Gosling J, Boring L, Charo IF, Simpson KJ, Lukacs NW, Kunkel SL.
Exaggerated hepatic injury due to acetaminophen challenge in mice
lacking C-C chemokine receptor 2. Am ] Pathol. 2000;156:1245-
1252.

Korean J Physiol Pharmacol 2016;20(1):15-23



