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Cardamonin protects against lipopolysaccharide-induced
myocardial contractile dysfunction in mice through
Nrf2-regulated mechanism
Ying Tan1,2,3, Hong-hong Wan4, Ming-ming Sun3, Wen-jing Zhang4, Maolong Dong1,2,3, Wei Ge3,5, Jun Ren3 and Hu Peng4

In patients with sepsis, lipopolysaccharide (LPS) from the outer membrane of gram-negative bacteria triggers cardiac dysfunction
and heart failure, but target therapy for septic cardiomyopathy remains unavailable. In this study we evaluated the beneficial effects
of cardamonin (CAR), a flavone existing in Alpinia plant, on endotoxemia-induced cardiac dysfunction and the underlying
mechanisms with focus on oxidative stress and apoptosis. Adult mice were exposed to LPS (4 mg/kg, i.p. for 6 h) prior to functional
or biochemical assessments. CAR (20 mg/kg, p.o.) was administered to mice immediately prior to LPS challenge. We found that LPS
challenge compromised cardiac contractile function, evidenced by compromised fractional shortening, peak shortening, maximal
velocity of shortening/relengthening, enlarged LV end systolic diameter and prolonged relengthening in echocardiography, and
induced apoptosis, overt oxidative stress (O2

− production and reduced antioxidant defense) associated with inflammation,
phosphorylation of NF-κB and cytosolic translocation of transcriptional factor Nrf2. These deteriorative effects were greatly
attenuated or mitigated by CAR administration. However, H&E and Masson’s trichrome staining analysis revealed that neither LPS
challenge nor CAR administration significantly affected cardiomyocyte cross-sectional area and interstitial fibrosis. Mouse
cardiomyocytes were treated with LPS (4 µg/mL) for 6 h in the absence or presence of CAR (10 μM) in vitro. We found that addition
of CAR suppressed LPS-induced defect in cardiomyocyte shortening, which was nullified by the Nrf2 inhibitor ML-385 or the NF-κB
activator prostratin. Taken together, our results suggest that CAR administration protects against LPS-induced cardiac contractile
abnormality, oxidative stress, apoptosis, and inflammation through Nrf2- and NF-κB-dependent mechanism.
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INTRODUCTION
Sepsis is a life-threatening medical emergency triggered by
organismal infection and compromised organ defense against
infection. Severe multiorgan injury is commonly observed in
sepsis, including cardiac geometric and contractile dysfunction,
which manifests as dilated heart chambers, impaired contractility,
and reduced cardiac output [1–4]. It is well known that septic
cardiomyopathy overtly increases overall mortality in hospitalized
patients with sepsis, regardless of any preexisting cardiovascular
anomalies [5, 6]. Even with the modern medical technology and
clinical management for sepsis [7, 8], effective targeted therapy
against septic cardiomyopathy remains rather challenging.
ONE of the hallmarks of sepsis is the onset and development of

the inflammatory response, characterized by a profound elevation
in a cadre of inflammatory cytokines that contribute to the
pathogenesis of cardiac anomalies in sepsis [9]. Earlier findings
from our lab and other groups have indicated a cardinal role for
lipopolysaccharide (LPS) originating from gram-negative bacteria

in cardiac dysfunction in sepsis. In particular, cardiomyocytes serve
as targets for apoptosis as a result of excess inflammation [10].
With excess inflammatory mediators and microbial products
surrounding cardiomyocytes in sepsis, large numbers of reactive
oxygen and nitrogen species, superoxide anion (O2

−), and nitric
oxide are generated, resulting in amplified inflammatory reactions
and tissue damage in the heart [11, 12]. A number of antioxidants
(such as metallothionein, catalase, and insulin-like growth factor I)
along with mitochondrial aldehyde dehydrogenase (ALDH2) have
been shown to have promise in the management of cardiac
dysfunction in sepsis [2, 3, 10, 13], although clinical validation is
still lacking for antioxidants in sepsis and septic hearts.
Flavonoids possess a wide array of biological properties

encompassing free radical scavenging and anti-inflammation to
alleviate the overall risks of cardiovascular diseases [14–16].
Cardamonin (CAR), a flavone compound naturally residing in
multiple herbs, such as Alpinia katsumadai, Ginkgo biloba, and
Carya cathayensis Sarg, has various pharmacological properties,
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including antitumor, antioxidant, anti-inflammatory, and antic-
oagulative activities [17–19]. The beneficial effect of CAR has been
documented in sepsis and cardiovascular anomalies. In a murine
model of sepsis, CAR was shown to protect against acute septic
lung injury through suppression of systemic inflammatory
responses by downregulating tumor necrosis factor-α (TNF-α)
and interleukins (e.g., IL-1β and IL-6) [20]. Wang et al. reported that
CAR inhibited the activation of the NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3) inflammasome in macrophages and
monocytes as well as retarded NLRP3-associated septic shock [21].
In addition, CAR was found to retard pressure overload-induced
cardiac anomalies through antagonism of oxidative stress [22].
Khaizurin et al. further confirmed that CAR is capable of
downregulating inducible nitric oxide synthase (iNOS) through
inhibition of p65/nuclear factor-κB (NF-κB) nuclear translocation
and IκBα phosphorylation [23]. Activation of NF-κB by LPS and
cytokines has been shown to provoke redox balance. Thus, it is
likely that CAR exerts its beneficial cardiovascular effects through
the regulation of redox balance [24]. These findings suggest that
CAR might offer protective effects on sepsis and septic
cardiomyopathy. To this end, this study was designed to examine
the possible effect of CAR on septic cardiomyopathy experimen-
tally induced by LPS and the mechanism involved. Given the
pivotal role of oxidative stress and inflammation in septic hearts
[25–27], the levels of O2

−, antioxidant enzymes, apoptosis, and
proinflammatory markers were monitored. The levels of the
essential redox regulating signals nuclear factor erythroid 2-like 2
(Nrf2) and NF-κB were evaluated in murine hearts.

MATERIALS AND METHODS
LPS challenge and CAR treatment
All animal procedures were approved by the Animal Care and Use
Committees at the Shanghai Tenth People’s Hospital, Tongji
University (Shanghai, China) and the Southern Medical University
(Guangzhou, China) and were in compliance with the NIH Guide
for the Care and Use of Laboratory Animals. In brief, 4- to 5-
month-old adult C57 mice (both genders) were kept in climate-
controlled cages (22.8 ± 2.0 °C) with a 12/12-h light/dark cycle.
Mice were allowed ad libitum access to food and water. Mice were
challenged with 4 mg/kg Escherichia coli O55:B5 LPS dissolved in
saline intraperitoneally and were then maintained in temperature-
controlled cages for 6 h prior to functional or biochemical
assessments [4]. The choice of 6 h for LPS was made according
to established protocols from our lab and others [13, 25, 28, 29].
Cohorts of mice received CAR treatment (20 mg/kg, p.o.)
immediately prior to LPS challenge or saline.

Echocardiographic assessment
Cardiac function was assessed in anesthetized (ketamine 80mg/
kg and xylazine 12 mg/kg, i.p.) mice using M-mode echocardio-
graphy (Vevo 2100, FUJIFILM Visualsonics, Toronto, ON, Canada)
equipped with a 22–55 MHz transducer (MS550D, FUJIFILM
VisualSonics). Hearts were imaged in 2-D mode in the parasternal
long-axis view prior to M-mode imaging positioned perpendicular
to the interventricular septum and posterior left ventricular (LV)
wall. LV wall thickness and LV end diastolic and end systolic
dimensions (EDD and ESD) were recorded, and fractional short-
ening was calculated using the equation [(EDD-ESD)/EDD] × 100.
Heart rate was measured over 10 consecutive cycles [30].

Histopathological analysis and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining
Hearts were removed and arrested in diastolic phase using KCl
prior to fixation in 10% formalin overnight. The samples were
dehydrated using graded alcohols, cleared in xylenes, and
embedded in paraffin. Serial sections were then cut into 5‐μm
thick sections prior to H&E staining [30]. Masson’s trichrome

staining was employed to assess tissue fibrosis. The percentage of
the light blue-stained area normalized to the entire area was
considered an indicator of fibrosis. TUNEL staining was performed
to assess apoptosis [31].

Isolation of cardiomyocytes and in vitro drug treatment
Isolated hearts were perfused with a modified Tyrode solution via
a thermostat (37 °C) Langendorff system (AD Instruments, Color-
ado Spring, CO, USA) prior to exposure to Liberase Blendzyme 4.
Following digestion, left ventricles were cut and minced into small
pieces prior to resuspension [32]. The cardiomyocyte yield was
~70% and was unaffected by CAR or LPS. To evaluate the roles of
Nrf2 and NFκB in LPS-induced cardiomyocyte anomalies, cardio-
myocytes from C57 mice were challenged with LPS (4 µg/mL) [2]
for 6 h in the absence or presence of CAR (10 μM) [21], the Nrf2
inhibitor ML-385 (20 μM) [33], or the NF-κB activator prostratin
(2 μM) [34] before mechanical evaluation.

Cell shortening/relengthening
The contractile properties of cardiomyocytes were evaluated using
a SoftEdge Myocam (IonOptix, Milton, MA, USA). In brief, cells were
loaded onto a chamber mounted on the stage of an inverted
microscope (Olympus IX-70) and were perfused (~2ml/min at 25 °
C) with Krebs–Henseleit bicarbonate buffer containing 1mM
CaCl2. Cells were field stimulated at a frequency of 0.5 Hz. Cell
shortening was recorded, including peak shortening (PS), time-to-
PS (TPS), time-to-90% relengthening (TR90), and the maximal
velocities of shortening/relengthening (±dL/dt) [32].

Superoxide (O2
−)

Intracellular O2
− was evaluated using fluorescence probe oxida-

tion. In brief, cardiomyocytes were loaded with dihydroethidium
(DHE) (5 μM, Molecular Probes, Eugene, OR, USA) prior to
assessment using an Olympus BX-51 microscope with an Olympus
MagnaFire™ SP digital camera. Fluorescence was quantitated
using a fluorescent microplate reader at an excitation wavelength
of 480 nm and an emission wavelength of 530 nm [35, 36].

Western blot analysis
Tissue homogenates were resolved using SDS-polyacrylamide
gels, and proteins were transferred onto nitrocellulose mem-
branes prior to an overnight incubation with primary antibodies at
4 °C. The membranes were treated with a horseradish peroxidase-
coupled secondary antibody, and the density was measured using
a Bio-Rad calibrated densitometer. To reprobe the loading control
GAPDH, membranes were stripped with 50 mM Tris-HCl, 2% SDS,
and 0.1 M β-mercaptoethanol. The following antibodies were used
for immunoblotting: IL-1β [Santa Cruz Biotechnology (SCBT), Santa
Cruz, CA, USA, catalog# sc-7884], Bax (Cell Signaling, Danvers, MA,
USA, catalog# 2772), Bcl-2 (Cell Signaling, catalog# 2876S),
Caspase-3 (Cell Signaling, catalog# 9662), cleaved Caspase-3
(SCBT, catalog# sc-7272), SOD1 (Cell Signaling, catalog# 4266),
Nrf2 (Cell Signaling, catalog# 12721), Catalase (Cell Signaling,
catalog# 14097), TNF-α (Cell Signaling, catalog# 3707), IL-6 (Cell
Signaling, catalog# 12912), and GAPDH (Cell Signaling, catalog#
2118L) [25].

qRT-PCR
Total RNA was extracted using TRIzol reagent. RNA was reverse
transcribed into complementary DNA using stem-loop reverse
transcription primers [37]. First-strand mRNAs were produced
using a HiScript II Q RT SuperMix for qPCR (Vazyme Biotech Co,
Ltd), and quantitative real-time PCR analysis (qRT-PCR) was
conducted using ChamQTM Universal SYBR qPCR Master Mix
(Vazyme Biotech Co., Ltd) on a Bio-Rad CFX96TM Real-Time PCR
machine (Bio-Rad) [38]. The levels of genes were quantified using
the comparative ΔΔCt method with normalization to MeEF1a. The
Vazyme cycling conditions were 95 °C for 30 s, followed by 39
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cycles at 95 °C for 10 s and 60 °C for 30 s. Melting curve analysis
was performed by increasing the temperature 0.5 °C from 65 to
95 °C for 15 min. The PCR primers were synthesized by Sangon
Biotech (Shanghai, China) with primer sequences for SOD1
(forward, 5′-GTCGGCTTCTCGTCTTGCTCTC-3′; reverse, 5′-TTCACCG
CTTGCCTTCTGCTC-3′), Gpx1 (forward, 5′-TGGCATTGGCTTGGTGA
TTACTGG-3′; reverse, 5′-GGTGGAAAGGCATCGGGAATGG-3′), cata-
lase (forward, 5′-GCTCTCACATGGCTGCGAAGG-3′; reverse, 5′-TCC
TCAGGCTCGGCTTCACG-3′), and GAPDH (forward, 5′-GGTTGTCTCC
TGCGACTTCA-3′; reverse, 5′-TGGTCCAGGGTTTCTTACTCC-3′). GAP
DH was used as a loading control.

Data analysis
Data are shown as the mean ± SEM. Statistical analysis was
performed with GraphPad Prism 4.0 software (GraphPad, San
Diego, CA) with the significance level set at P < 0.05 using
multianalysis of variance followed by Tukey’s post hoc test.

RESULTS
Effect of CAR on LPS-induced changes in echocardiographic
function and morphology
Our results revealed that LPS challenge failed to overtly impact
body or heart weights. The echocardiographic examination
showed that LPS overtly increased LV end systolic diameter
(LVESD), decreased fractional shortening, and had little effect on
LV wall thickness, LV end diastolic diameter (LVEDD), and LV mass,

consistent with our earlier findings [3, 28]. Although CAR failed to
affect the echocardiographic indices tested, it overtly attenuated
or nullified the LPS-induced echocardiographic changes. LV wall
thickness, LVEDD, LV mass, and heart rate were not overtly
affected by LPS challenge, CAR treatment, or both (Fig. 1).
Assessment of myocardial morphology using H&E staining or
Masson’s trichrome staining indicated that neither cardiomyocyte
cross-sectional area nor interstitial fibrosis was overtly affected by
LPS challenge, CAR treatment, or both (Fig. 2). No remarkable
gender difference was noted for either LPS challenge or CAR
treatment (data not shown).

CAR nullifies LPS-induced cardiomyocyte contractile defects
In line with the echocardiographic observation, LPS overtly
inhibited the mechanical properties of cardiomyocytes, as
evidenced by the lower PS and ±dL/dt as well as the prolonged
TR90, and led to slight changes in resting cell length and TPS. CAR
treatment significantly alleviated LPS-induced cardiomyocyte
contractile defects without eliciting any effect itself (Fig. 3).

CAR ameliorates LPS-induced apoptosis and oxidative stress (O2
−

production)
Evaluation of cardiomyocyte apoptosis using TUNEL staining
revealed that LPS promoted apoptosis, the effect of which was
mitigated by CAR. CAR did not elicit any effect in the control
group (Fig. 4). In addition, LPS increased O2

− production, as
evidenced by DHE staining, the effect of which was nullified by

Fig. 1 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced echocardiographic responses.
a Representative echocardiographic images from all four mouse groups; b body weight; c heart rate; d LV posterior wall thickness in diastole
(LVPWd); e LV posterior wall thickness in systole (LVPWs); f LV end diastolic diameter (LVEDD); g LV end systolic diameter (LVESD); h fractional
shortening; and i septal thickness; mean ± SEM; n= 9 mice/group, *P < 0.05 vs the control group; #P < 0.05 vs the LPS group.
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CAR, with little effect from CAR itself (Fig. 5). Further assessment of
apoptosis using Western blot analysis suggested that LPS
challenge upregulated the protein markers Bax and Caspase-3
as well as downregulated the antiapoptotic protein Bcl-2.

Although CAR treatment did not alter the levels of these apoptotic
proteins, it ablated the LPS-induced changes in Bax, Caspase-3,
and Bcl-2 (Fig. 6a–d). In an effort to consolidate the effect of LPS
and CAR on oxidative stress, we evaluated the levels of the

Fig. 2 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced changes in cardiomyocyte cross-
sectional area and interstitial fibrosis using H&E and Masson’s trichrome staining, respectively. a Representative micrographs depicting
H&E staining; b representative micrographs depicting Masson’s trichrome staining; c pooled data of cardiomyocyte cross-sectional area; and d
pooled data of myocardial fibrosis; mean±SEM; n= 5 mice/group.

Fig. 3 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced changes in cardiomyocyte contractile
properties. a Resting cell length; b peak shortening (PS); cmaximal velocity of shortening (+dL/dt); dmaximal velocity of relengthening (−dL/
dt); e time-to-PS (TPS); and f time-to-90% relengthening (TR90). Mean ± SEM, n= 78–79 cells from four mice per group. *P < 0.05 vs the control
group, #P < 0.05 vs the LPS group.
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antioxidants catalase, glutathione peroxidase 1 (GPx1) and Cu-Zn
superoxide dismutase (SOD1). Our results revealed that LPS
challenge significantly downregulated the levels (protein and
mRNA) of catalase, GPx1 and SOD1, and that the effects were
nullified by CAR, with little effect from CAR itself (Fig. 6e–k).

CAR ameliorates LPS-induced inflammation, Nrf2 signaling, and
NF-κB activation
To determine the possible mechanism(s) underlying the CAR-
offered protection against LPS-induced cardiac damage, we
evaluated the protein levels of proinflammatory markers. Our
data suggested that LPS overtly upregulated the levels of
proinflammatory TNF-α, IL-1β, and IL-6, the effects of which were
nullified by CAR. CAR did not elicit any effect in the control group
(Fig. 7a–d). To determine the possible mechanism behind the LPS-
and CAR-induced effects on apoptosis and oxidative stress, the
level of the antioxidative transcriptional factor Nrf2 was examined.
The data shown in Fig. 7e–g revealed that LPS challenge overtly
triggered cytosolic translocation of Nrf2, the effect of which was
nullified by CAR, with little effect from CAR itself. Our data further
suggested that LPS challenge significantly activated NF-κB
phosphorylation (absolute and normalized) without affecting
pan NF-κB expression. Although CAR treatment did not affect
NF-κB phosphorylation, it ablated LPS-induced NF-κB phosphor-
ylation. Along the same line, LPS challenge overtly increased the

phosphorylation of the NF-κB inhibitory IκBα, which prevented the
suppression of IκBα on NF-κB phosphorylation. Although CAR
treatment did not affect IκBα phosphorylation, it overtly
suppressed LPS-induced IκBα phosphorylation, with little effect
itself (Fig. 8).

Roles of Nrf2 and NF-κB in the CAR-offered benefits on LPS-
induced mechanical defects
An in vitro experiment was conducted to consolidate the cause-
effect relationship of Nrf2 and/or NF-κB signaling in LPS- and CAR-
elicited cardiomyocyte contractile responses. LPS challenge
in vitro significantly decreased PS, ±dL/dt, and prolonged TR90
without affecting TPS in cardiomyocytes, the effects of which were
nullified by CAR. Interestingly, the beneficial response of CAR was
effectively nullified by the Nrf2 inhibitor ML-385 or the NF-κB
activator prostratin. Both pharmacological modulators failed to
exert any mechanical effects themselves (Fig. 9). These data
suggest obligatory roles for Nrf2 and NF-κB in LPS- and CAR-
induced cardiac contractile responses.

DISCUSSION
The salient findings from our current study reveal that the
medicinal compound CAR effectively protects against LPS-induced
cardiac mechanical dysfunction, oxidative stress, inflammation,

Fig. 4 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced changes in TUNEL apoptosis.
a Representative images depicting TUNEL-positive nuclei as visualized with fluorescein (green) in the myocardium (×400) from respective
mouse groups; b quantitative analysis of TUNEL-positive cells (% of total cell number). Mean ± SEM, n= 17–18 fields from 5–6 mice per group.
*P < 0.05 vs the control group, #P < 0.05 vs the LPS group.

Fig. 5 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced O2
− production. a Representative images

depicting cardiomyocyte DHE staining from the respective mouse groups; b quantitative analysis of the O2
− levels. Mean ± SEM, n= 7 images

from three mice per group, *P < 0.05 vs the WT group; #P < 0.05 vs the WT-LPS group.
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and apoptosis. These findings are in line with notion reported in
earlier reports with regard to the anti-inflammatory and antiox-
idant properties of CAR [17–19]. Moreover, our findings support
the previously reported benefits of CAR in LPS-induced septic lung
injury through inhibition of inflammation and endothelial barrier
dysfunction [20, 21]. Taken together, our findings depict a
favorable role for CAR in therapy against LPS-induced cardiac
contractile anomalies.
Unfavorable changes are evident in endotoxemic hearts, as

manifested by reduced cardiac contractile function [4, 39–41]. In
our current experimental setting, LPS compromised myocardial
contractile function, as evidenced by poor fractional shortening,
enlarged LVESD, and decreased cardiomyocyte contractile capa-
city with unchanged LVEDD, heart rate, LV wall thickness,
cardiomyocyte cross-sectional area, and myocardial fibrosis. The
lack of change in cardiac morphology (i.e., cross-sectional area and
fibrosis) may be simply due to the relatively short duration of LPS
challenge (6 h). These LPS-induced detrimental functional altera-
tions in the heart are consistent with pronounced apoptosis (Bax,
Bcl-2, and cleaved Caspase-3), compromised antioxidant defense
(both the protein and mRNA levels of catalase, GPx1 and SOD1),
O2

− accumulation and inflammation (IL-1β, IL-6, and TNF-α) in
septic hearts. Interestingly, CAR treatment is capable of countering
LPS-induced mechanical anomalies and oxidative stress (e.g.,
intracellular O2

−, antioxidant enzymes SOD1, catalase, and GPx1,
as well as proapoptotic Bax and cleaved Caspase-3 and
antiapoptotic Bcl-2). These findings support likely roles for
oxidative stress and antioxidant defense in the CAR-offered
beneficial mechanical and apoptotic responses in the face of
LPS challenge.

Similar to our earlier report [13], data from our present study
revealed overt inflammatory, apoptotic, and prooxidant responses
in LPS-challenged hearts. In our hands, LPS challenge overtly
upregulated the levels of IL-1β and IL-6, the effects of which were
negated by CAR. These observations are in line with our earlier
report with regard to the benefit of the anti-inflammation
maneuver in septic cardiomyopathy [4, 25], in accordance with
our reported improved mechanical and apoptotic profiles in LPS-
challenged mice treated with CAR. LPS is perceived to turn on
innate immune responses to release proinflammatory cytokines
(e.g., interleukins) [42, 43]. Our current findings suggest that CAR
may suppress cardiac cardiomyopathy triggered by sepsis,
possibly by mitigating the inflammatory response and oxidative
stress. The anti-inflammatory and antioxidant mechanisms of
CAR (at both the protein and mRNA levels) might be related to
the induction of heme oxygenase-1 (HO-1) expression and the
inhibition of the NLRP3 inflammasome, iNOS expression, and the
NF-κB and mitogen-activated protein kinase signaling cascades
[17, 21]. These findings favor a concerted therapeutic benefit of
CAR in the management of multiple stresses in the septic heart.
The transcription factor NF-κB functions as an essential factor in

the regulation of inflammatory mediators and is activated by
phosphorylation of NF-κB inhibitory IκBα. NF-κB closely regulates
the production of proinflammatory cytokines. As another essential
regulator of inflammation and oxidative responses, Nrf2 increases
the levels of antioxidants and cytoprotective genes, triggering an
anti-inflammatory defense profile in an effort to restore oxidative
homeostasis [44]. Nrf2 is known to inhibit the activation of
proinflammatory genes [45], consistent with findings from our
current study. Nrf2 has been shown to protect against chronic

Fig. 6 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced changes in apoptotic and antioxidant
proteins and mRNA. a Representative gel blots depicting the levels of BAX, Bcl-2, and Caspase-3 (GAPDH was used as a loading control); b
BAX levels; c: Bcl-2 levels; d Caspase-3 levels; e representative gel blots depicting the levels of catalase, GPx1 and SOD1 (GAPDH was used as a
loading control); f catalase protein levels; g GPx1 protein levels; h SOD1 protein levels. h catalase transcription levels; i GPx1 transcription
levels; and j SOD1 transcription levels. Mean ± SEM, n= 5–9 mice per group, *P < 0.05 vs the control group, #P < 0.05 vs the LPS group.
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pathological conditions, such as cardiovascular and neurodegen-
erative diseases [46, 47]. Our present experimental findings
showed increased cytosolic translocation of Nrf2, the effect of
which was abolished by CAR, denoting a likely role for Nrf2
translocation in the CAR-offered cardiac benefit against septic
cardiomyopathy. De novo synthesized Nrf2 is stabilized in the
nucleus and induces the expression of cytoprotective target genes
to execute its beneficial roles in detoxification, antioxidation, and
metabolism [48]. To this end, activation of the Nrf2 pathway and
inhibition of NF-κB might represent a promising strategy for the
management of septic cardiomyopathy. This speculation received

support from an in vitro mechanical study in which the inhibition
of Nrf2 using ML-385 and the activation of NF-κB using prostratin
nullified the CAR-offered benefits against LPS-induced cardiomyo-
cyte anomalies. ML-385, a specific Nrf2 inhibitor, suppresses Nrf2
transcriptional activity through binding to Neh1, the Cap ‘N’ Collar
Basic Leucine Zipper domain of Nrf2, thus interfering with the
binding of the V-Maf Avian Musculoaponeurotic Fibrosarcoma
Oncogene Homolog G-NRF2 protein complex to regulatory DNA
sequences [49]. Prostratin, a nontumorigenic phorbol ester,
promotes phosphorylation and degradation of the NF-κB inhibitor
IκBα and increases the level of deubiquitinase A20, a negative

Fig. 7 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced changes in proinflammatory proteins
and Nrf2 nuclear translocation. a Representative gel blots depicting the levels of proinflammatory markers, including IL-1β, IL-6, TNF-α, as
well as cytosolic and nuclear Nrf2 (GAPDH was used as a loading control, with Lamin B used as loading control for the nucleus); b IL-1β; c IL-6;
d TNF-α; e cytosolic Nrf2 levels; and f nuclear Nrf2 levels. Mean ± SEM, n= 5–7 mice per group, *P < 0.05 vs the control group; #P< 0.05 vs the
LPS group.

Fig. 8 Effect of CAR treatment (20 mg/kg, p.o.) on LPS challenge (4 mg/kg, i.p., for 6 h)-induced changes in phosphorylation of NF-κB
and IκBα. a Representative blots depicting the levels of pan and phosphorylated NF-κB (GAPDH as loading control); b pNF-κB levels; c NF-κB
levels; d pNF-κB-to-NF-κB ratio; e representative blots depicting the levels of pan and phosphorylated IκBα (GAPDH as loading control); f pIκBα
levels; g IκBα levels; and h pIκBα-to-IκBα ratio. Mean ± SEM, n= 5–7 mice per group, *P < 0.05 vs the control group; #P < 0.05 vs the LPS group.
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feedback regulator in NF-κB signaling [34]. These findings suggest
a role for the Nrf2-NF-κB signaling cascade in the governance of
inflammation and oxidative stress in septic cardiomyopathy. It
may be speculated that CAR attenuates the phosphorylation of
NF-κB and cytosolic translocation of the transcriptional factor Nrf2,
leading to suppression of proinflammatory cytokines (TNF-α, IL-1β,
and IL-6) and increased expression of antioxidants, including
catalase, GPx1 and SOD1 (protein and mRNA levels).
The Keap1/Nrf2-antioxidant response element (ARE) signaling

cascade participates in oxidative stress and inflammation and
serves as a novel pharmacological target for many chronic
diseases, including cardiovascular and inflammatory bowel
diseases [50, 51]. Natural and synthetic compounds may both
regulate the Keap1/Nrf2-ARE signaling cascade [52]. Nrf2 is
typically activated by electrophilic activators (modifications of
Keap1 cysteine residues) or nonelectrophilic activators (the
protein–protein interface of Keap1/Nrf2) [52, 53]. A number of
compounds, including heavy metals, phenols, and ROS, may turn
on Nrf2 [54]. CDDO-Im (the imidazolide derivative of the
triterpenoid CDDO) is one of the most potent Nrf2 activators at
nanomolar concentrations. However, CDDO-Im may activate
additional signals at micromolar levels [55, 56]. The regulation of
Nrf2 by CDDO-Im is also cell type dependent. CDDO-Im inhibits
NF-κB DNA binding and early IFNγ and TNF-α production in an
Nrf2-dependent manner [57]. Although CDDO-Im and CAR have
been shown to turn on Nrf2 through the modification of essential
cysteine residues on Keap1, they exhibit distinct potency
differences (e.g., 10–100 µM CAR vs 0.001–0.1 µM CDDO-Im
employed in respective experiments) [57, 58]. In addition, CAR
not only inhibits Nrf2 degradation by reducing Keap1 levels but
also increases Nrf2 levels, both of which facilitate the activation of
Nrf2-ARE signaling [58]. Data from our study suggest that CAR may
promote the nuclear translocation of Nrf2, along with increased
antioxidant defense (catalase, GPx1 and SOD1). These findings are

in line with a previous study in which the treatment of PC12 cells
with CAR promoted Nrf2 nuclear translocation and upregulated
the levels of GSH, HO-1, NQO1, Trx1, TrxR1, GCLC, and glutamate-
cysteine ligase modifier (GCLM) [59]. These authors also revealed
that Nrf2 knockdown abolished the neuroprotective effects of
CAR, indicating an obligatory role for Nrf2 in CAR-evoked
neuroprotection [59]. Along the same line, CAR drastically
inhibited oxidative stress, apoptosis, and the inflammatory
response in doxorubicin-challenged hearts by activating the
Nrf2-related cytoprotective system, eventually improving cardiac
function [58].
In summary, the salient findings from our study suggest that

CAR effectively rescues LPS-induced cardiac injury through an
Nrf2-NF-κB-mediated mechanism. These findings should allow a
better understanding of the therapeutic value of CAR in the
management of septic cardiomyopathy. CAR is expected to
protect against LPS-induced cardiac anomalies through activation
of Nrf2 and suppression of NF-κB-mediated oxidative stress and
apoptosis, en route to the alleviation of septic cardiac dysfunction.
The findings of this study indicate the therapeutic value of CAR for
treating endotoxemia-induced cardiac anomalies.
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Fig. 9 Role of Nrf2 and NF-κB signals in CAR-offered protection against LPS-induced cardiomyocyte contractile dysfunction. Mouse
cardiomyocytes from adult C57BL/6 mice were exposed to LPS (4 μg/mL) for 6 h in the absence or presence of CAR (10 µM), the Nrf2 inhibitor
ML-385 (20 μM), or the NF-κB activator prostratin (2 μM). a resting cell length; b peak shortening (PS); c maximal velocity of shortening (+dL/
dt); d maximal velocity of relengthening (−dL/dt); e time-to-peak shortening (TPS); and f time-to-90% relengthening (TR90). Mean ± SEM, n=
30 cells from three mice per group, *P < 0.05 vs the control group, #P < 0.05 vs the LPS group, †P < 0.05 vs the LPS-CAR group.
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