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Notoginsenoside R1T (NG-R1), a novel phytoestrogen isolated from Panax notoginseng, is believed to have anti-inflammatory,
anti-oxidative and anti-apoptotic properties. However, its cardioprotective properties and underlying mechanisms are largely
unknown. Here we have assessed the contribution of the anti-inflammatory effects of NG-R1 to the amelioration of septic

cardiac dysfunction and inflammation in mice.

EXPERIMENTAL APPROACH

We assessed cardiac function in mice by echocardiography. We studied the protein or mRNA levels of some inflammatory
factors, apoptotic factors and oestrogen receptors (ERs) in heart tissues upon stimulation with bacterial LPS, NG-R1 or some

pharmacological inhibitors.

KEY RESULTS

Six hours after LPS administration (10 mg-kg™, i.p.) cardiac function was decreased, an effect attenuated by NG-R1
pretreatment (25 mg-kg'-d”', i.p.). NG-R1 also improved the imbalance between iNOS and eNOS, prevented activation of
NF-xB and the subsequent myocardial inflammatory and apoptotic responses in endotoxemic mice. The effects of NG-R1
were closely associated with activation of the oestrogen receptor ERo. and of PI3K/PKB (Akt) signalling, as characterized by
NG-R1-induced preservation in ERa, phospho-Akt, phospho-GSK3f and I-xBa, and of cardiac function that was partially
blocked by selective inhibitors of ERo or PI3K. However, NG-R1 had no effect on LPS-activated TLR-4.

CONCLUSIONS AND IMPLICATIONS

NG-R1 is a promising compound for protecting the heart from septic shock, possibly via the activation of ERo. and PI3K/Akt
signalling. This mechanism produces blockade of NF-xB activation and attenuation of the pro-inflammatory state and

apoptotic stress in the myocardium.

Abbreviations

Akt, PKB; EF, ejection fraction; ER, oestrogen receptor; FS, fractional shortening; GSKB, glycogen synthase kinase f;
I-xBa, inhibitory-kBa; LVDd, left ventricular internal diameter at diastolic phase; LVDs, left ventricular internal
diameter at systolic phase; MyD88, myeloid differentiation protein 88; NG-R1, Notoginsenoside R1
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Introduction

Sepsis is a systemic inflammatory response syndrome that
results from the inflammatory response of a host to infection
via the activation of the innate immune system (Merx and
Weber, 2007; Zanotti-Cavazzoni and Hollenberg, 2009).
Sepsis is currently a major cause of mortality in hospitalized
patients (Zanotti-Cavazzoni and Hollenberg, 2009). Sepsis
and septic shock elicit a series of pathophysiological injuries,
among which cardiac dysfunction is the most frequent cause
of high mortality (Merx and Weber, 2007). Accumulating
evidence suggests that the prevention of cardiac dysfunction
can significantly decrease mortality in patients with sepsis
(Merx and Weber, 2007; Zanotti-Cavazzoni and Hollenberg,
2009). Therefore, the search for an effective antagonist to
endotoxemia-induced cardiac dysfunction remains a critical
issue in both clinical and basic research (Court et al., 2002).

LPS from bacterial endotoxin is a major trigger of sepsis
(Rudiger and Singer, 2007). LPS can stimulate multiple cells to
release a large amount of inflammatory cytokines, including
TNF-0, IL-1B, IL-6, the chemokine CCL2 and the cytokine-
inducible NOS (iNOS). Numerous experimental studies have
shown that LPS directly act on cardiomyocytes by binding to
its receptor, Toll-like receptor 4 (TLR-4) (Rudiger and Singer,
2007; Zanotti-Cavazzoni and Hollenberg, 2009; Avlas et al.,
2011; receptor nomenclature follows Alexander et al., 2011).
As a consequence, many signalling pathways, including the
NF-xB pathway are activated. NF-xB is an important signal
integrator that controls the production of many pro-
inflammatory cytokines (Kawai and Akira, 2007; Avlas et al.,
2011). On the other hand, overexpressed TNF-o. can trigger
death receptor-induced apoptotic responses by binding to the
membrane-bound TNF-o receptor 1 (TNF-R1), a well-known
death receptor. The interaction leads to the activation of
caspase-8, -9 and -3, inducing the apoptotic response
(Wencker et al., 2003).

Studies on both humans and animals have implicated the
roles of oestrogen receptors (ERs) in many pathophysiological
processes, including endotoxin-induced cardiac dysfunction
(Hale et al., 1997; Schroder et al., 1998; Wu et al., 2005). Clini-
cal studies on patients with sepsis have revealed that mortal-
ity rates and TNF-a levels are lower in women than in men
(Schroder et al., 1998). Oestrogen replacement reduces both
the myocardial infarct size and ventricular arrhythmias in
rabbits (Hale et al., 1997). 173-Estradiol can reportedly reduce
pathological cardiac hypertrophy and heart failure by
up-regulating the PI3K/PKB (Akt) signalling pathway (Wu
et al., 2005). Thus, ERs and their downstream PI3K/Akt sig-
nalling pathway play important roles in limiting pro-
inflammatory responses during sepsis/septic shock both in
vitro and in vivo.

Panax notoginseng, also known as Sanqji, is a famous tra-
ditional Chinese herb that has long been used to treat
cardiovascular diseases in China (Lei and Chiou, 1986).
Notoginsenoside R1 (NG-R1), a major component and novel
phytoestrogen isolated from P. notoginseng, is known to have
anti-inflammatory, anti-oxidative and anti-apoptotic proper-
ties (Zhang et al., 1997; Zhang and Wang, 2006a; Sun et al.,
2007; Chen et al., 2008; Liu et al., 2010). However, its cardio-
protective properties and underlying mechanisms are largely
undefined. Therefore, in the present study, we evaluated the
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effects of NG-R1 on cardiac dysfunction during sepsis and
septic shock in mice. We observed for the first time, to the
best of our knowledge, that NG-R1 significantly attenuated
cardiac dysfunction in endotoxemic mice. The mechanisms
by which NG-R1 attenuates cardiac dysfunction in endotox-
emia involve a selective induction of ERo and preserved acti-
vation of the PI3K/AKkt signalling pathway.

Methods

Animals and induction of endotoxemia

All animal care and experimental protocols were approved by
the Chinese Academy of Medical Sciences & Peking Union
Medical College. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 60 animals were used in the experi-
ments described here. Male C57BL/6 mice 10-12 weeks old
were randomly assigned to four groups. The control group
(Cont; n = 15), comprised mice injected i.p. with normal
saline (the solvent for LPS and NG-R1). The NG-R1 group (R1;
n = 15) comprised mice treated with NG-R1 at a dose of
25 mg-kg' i.p. every day for a total of three injections. The
LPS group (LPS; n = 15) comprised mice treated with LPS at a
dose of 10 mg-kg™' i.p. for one injection. The LPS dosage was
based on previous reports that showed myocardial dysfunc-
tion without mortality (Niu et al., 2008). The NG-R1 and LPS
co-treatment group (R1 + LPS; n = 15) comprised mice treated
with NG-R1 at a dose of 25 mg-kg™ i.p. every day for a total
of three injections, followed by LPS (10 mg-kg™, i.p.). Endo-
toxemia was induced by LPS as previously described (Niu
et al., 2008). At 6 h post-injection, heart tissues were fixed in
4% buffered paraformaldehyde for histology and immunohis-
tochemistry or frozen in liquid nitrogen for RNA and protein
analyses.

Determination of cardiac dysfunction by
echocardiography

Mice were injected with LPS. In a separate experiment, mice
were pretreated with a non-selective ER antagonist, ICI
182780 (ICI; 2 mg-kg™") (Davis et al., 2008), a selective PI3K
antagonist, wortmannin (1 mg-kg') (Zhou et al., 2011), or a
selective ERo. antagonist, methyl piperidino-pyrazole (MPP;
2 mg-kg™") (Valsecchi et al., 2008) 1 h before LPS administra-
tion (n =15 per group). The PI3K and ER inhibitor doses were
chosen based on the results of previous studies (Davis et al.,
2008; Valsecchi et al., 2008; Zhou et al., 2011). The current
results show no effect on cardiac function (Supporting Infor-
mation Figure S2). About 6h after LPS administration,
cardiac function was examined by echocardiography using
a Vevo 770 micro-ultrasound system (VisualSonics, Toronto,
Ontario, Canada) as described previously (Tarin ef al., 2011).
In brief, an in vivo transthoracic echocardiography of the left
ventricle was performed using a 30 MHz scanhead interfaced
with a Vevo 770. The ultrasound beam was placed on the
heart and near the papillary muscles. High-resolution, two-
dimensional electrocardiogram-based kilohertz visualization
was achieved. B-mode and M-mode images were acquired and
were then used to calculate the left ventricular function
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parameters. A single operator who was unaware of the treat-
ments, performed all echocardiograms. The parameters of
cardiac function were measured digitally on the M-mode
tracings and averaged from three to five cardiac cycles.

Histological and immunohistochemical
analysis

About 6 h after LPS administration, serial sections (4 um) of
the heart tissues were taken for haematoxylin-eosin (H&E)
staining or immunohistochemistry under a light microscope,
as previously described (Tarin et al., 2011). Briefly, myocardial
leucocytes and CD11b-positive cells were counted on nine
random fields on each slide with a magnification of 200x. The
infiltration of myocardial leukocytes or CD11b-positive cells
was expressed as the average number of leukocytes or CD11b-
positive cells per field (n = 15 per group).

In situ detection of apoptosis in heart tissue
Cell apoptosis in heart tissue was determined by TUNEL assay
using an in situ cell death detection kit and fluorescein (Roche
Applied Science, Quebec, Canada) as previously described
(Xiao et al., 2012).

Western blot analysis

Heart tissues were lysed on ice with T-PER Tissue or Cell
Protein Extraction Reagent (Pierce Chemical Co., Rockford,
IL) containing 0.1 mM dithiothreitol and proteinase inhibi-
tor cocktail. Lysate preparation and Western blot analysis
were performed as previously described (Xiao et al., 2010).
The protein concentration was determined using a Bio-Rad
DC Protein Determination Kit with BSA as the standard. The
immunoblots were developed using an ECL kit. Six mice were
included in each group.

Caspase-3, -8 and -9 activity assay

Caspase-3, -8 and -9 activities were measured using a Fluoro-
metric Assay Kit (BioVision, Mountain View, CA, USA)
according to the manufacturer’s instructions. The samples
were read in a Fluoroskan Ascent FL fluorometer (Thermo
Fisher Scientific, Watham, MA, USA) using 400 nm excitation
and 505 nm emission wavelengths, and the results were
expressed as fold change over the control.

Real-time RT-PCR

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad,
CA). About 2 ng of total RNA was reverse transcribed using
the SuperScript First-Strand Synthesis System (Invitrogen).
cDNA was synthesized from the isolated RNA, and cycle time
values were obtained using real-time RT-PCR with the Power
SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA) as well as iQS5 Real-Time PCR Detection System and
analysis software (Bio-Rad, Hercules, CA, USA) as previously
described (Xiao et al., 2010). The primers were designed using
the Applied Biosystems Primer Express Software (version 2.0)
(shown in Supporting Information Table S1). Six mice were
included in each group.

Biochemical measurements

The TNF-o, IL-1f, IL-6, IFN-y, CCL2 and IL-10 levels were
quantified by eLisa according to the manufacturer’s instruc-
tions (R&D Systems, Wiesbaden, Germany).
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Data analysis

The data are expressed as mean * SE. The significance of the
differences between the means was assessed using the Stu-
dent’s t-test, and P-values less than 0.05 were considered
significant. A one-way ANOvA test with Bonferroni corrections
was used to determine the significance for multiple compari-
sons. The calculations were performed using SPSS (version
11.0) statistical software.

Materials

NG-R1 was purchased from Shanghai Winherb Medical S & T
Development (Shanghai, China). The molecular structure of
NG-R1 is shown in Figure 1A. All tissue culture materials were
from Gibco (Grand Island, NY). All other antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
All chemicals were purchased from Sigma (St. Louis, MO).

Results

Pretreatment with NG-R1 attenuated cardiac
dysfunction following LPS administration
LPS-induced cardiac dysfunction was dose-dependently
improved by NG-R1 treatment. A higher NG-R1 concentra-
tion (up to 50 mg-kg™') showed no additional benefit to
the echocardiographic parameters. Therefore, the 25 mg-kg™!
dose was used in subsequent in vivo experiments (Supporting
Information Figure S1). There was no significant difference in
left ventricular functions between saline-treated and NG-R1-
treated mice (Figure 1B and C). LPS administration signifi-
cantly decreased the cardiac function in mice as shown by the
reduction in ejection fraction (EF), fractional shortening (ES),
left ventricular internal diameter at diastolic phase (LVDd)
and left ventricular internal diameter at systolic phase (LVDs)
compared with saline-treated controls. However, LPS-induced
cardiac dysfunction was attenuated by NG-R1 pretreatment.
Figure 1D shows the treatment scheme for the mice.

Pretreatment with NG-R1 protected against
LPS-induced heart damage

Figure 2A and B show no apparent difference in the cardiac
morphology between saline-treated and NG-R1-treated mice.
However, LPS administration significantly increased erythro-
cyte leakage and leukocyte infiltration into the cardiac inter-
stittum, as observed by using H&E staining (Figure 2A).
Besides, CD11b-positive cells, representing polymorphonu-
clear neutrophils and monocyte/macrophages in an activated
state (Babior, 1999), had increased within the heart after
LPS challenge (Figure 2B). In contrast, NG-R1 pretreat-
ment clearly attenuated LPS-induced neutrophil/leukocyte
infiltration.

Pretreatment with NG-R1 inhibits the
LPS-induced production of inflammatory
cytokines by myocardium

There was no significant difference between the mRNA and
protein levels of myocardial TNF-a, IL-1f and IL-6 expression
in saline-treated and NG-R1-treated mice (Figure 2C and D).
However, the levels of myocardial TNF-a, IL-1B and IL-6
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Effects of LPS and NG-R1 on cardiac dysfunction. (A) Molecular structure of NG-R1. (B) Mice were treated with saline or LPS (10 mg-kg™', i.p.)
with or without NG-R1 pretreatment (25 mg-kg™', i.p.). Cardiac function was examined by echocardiography 6 h after LPS administration.
Representative M-mode echocardiography images are shown. (C) Echocardiography values are expressed as mean = SE (n = 15 per group).
(D) Treatment scheme of the mice. *P < 0.05 versus control (Cont); P < 0.05 versus LPS-treated mice.
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Effects of LPS and NG-R1 on neutrophil/leukocyte infiltration and inflammatory cytokines release. (A and B) After 6 h LPS administration, hearts
were collected and sectioned for HE counterstaining (A) or immunohistochemistry (B). Infiltrated leukocytes or CD11b-positive cells were
calculated. Arrowheads in panel A indicate infiltrated leukocytes; arrowheads in panel B indicate CD11b-positive cells. (C) Myocardial TNF-c, IL-18
and IL-6 expression were assayed by quantitative real-time RT-PCR (n = 6 per group). (D) Myocardial TNF-c, IL-18 and IL-6 expression was assayed
by Western blot analysis (n = 6 per group). (E) The serum circulating levels of TNF-a, IL-1B, IL-6, IFN-y, CCL2 and IL-10 were measured by ELISA
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mRNA markedly increased after 6 h of LPS exposure com-
pared with those of saline-treated controls (Figure 2C). This
increase in myocardial TNF-o, IL-18 and IL-6 mRNA was
significantly attenuated in the NG-R1 and LPS co-treatment
group. This pattern of gene expression changes was also seen
at the protein levels (Figure 2D), suggesting that NG-R1 pre-
treatment leads to the suppression of myocardial inflamma-
tory responses during endotoxemia.

The effects of NG-R1 on LPS-induced systemic inflamma-
tory response were measured by the serum levels of circulat-
ing inflammatory cytokines. The levels of TNF-o, IL-1f, IL-6,
[FN-y, CCL2 and IL-10 were elevated in mouse serum after 6 h
of LPS exposure (Figure 2E). In contrast, NG-R1 pretreatment
significantly inhibited the increase in serum TNF-o, IL-1,
IL-6, IFN-y and CCL2 levels caused by LPS exposure. We also
detected a significant stimulatory effect of NG-R1 on IL-10
levels in LPS-treated mouse serum (Figure 2E).

Pretreatment with NG-R1 attenuated the
LPS-induced decrease in eNOS and increase

in iNOS

An imbalance between iNOS and eNOS can contribute to the
systemic hypotension and myocardial dysfunction in sepsis
(Tatsumi et al., 2004; Baumgarten et al., 2006). As shown in
Figure 3A, LPS administration significantly decreased eNOS
levels, compared with those in saline-treated mice. In con-
trast, LPS administration did not significantly decrease eNOS
levels after NG-R1 pretreatment. There was no significant

difference between the protein levels of eNOS in saline-
treated and NG-R1-treated mice. The iNOS levels were almost
undetectable in saline-treated and NG-R1-treated mice
(Figure 3A). LPS increased iNOS levels, compared with saline-
treated controls, and this increase was significantly attenu-
ated by NG-R1 pretreatment.

Pretreatment with NG-R1 attenuated
LPS-induced myocardial NF-xB activation
Myocardial NF-xB is activated after cardiac dysfunction
during sepsis and septic shock (Kawai and Akira, 2007). As
shown in Figure 3B, there was no significant difference
between the phosphorylation of the p65 subunit of NF-xB
and I-xBo in the myocardium of saline-treated and NG-R1-
treated mice. With 1 h LPS treatment, p65 phosphorylation
significantly increased and the protein levels of I-kBo
decreased compared with saline-treated controls. However,
LPS-induced p65 phosphorylation and I-xBo. degradation
were significantly attenuated in the NG-R1 and LPS
co-treatment group.

Pretreatment with NG-R1 attenuated the
LPS-induced increase in myocardial VCAM-1
and ICAM-1

As shown in Figure 3C, there was no significant difference
between the levels of both VCAM-1 and ICAM-1 in saline-
treated and NG-R1-treated mice. However, LPS administra-
tion significantly up-regulated the protein levels of VCAM-1
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Figure 4

Effects of LPS and NG-R1 on apoptotic damage and apoptosis-related gene expression in heart tissues. (A) TUNEL assay of heart tissues (A, scale
bar = 50 um). Yellow circles in the photgraphs indicate the nuclei of apoptotic cells. The TUNEL apoptotic index was determined by calculating
the ratio of TUNEL-positive cells to total cells. (B) Cleaved caspase-3, cleaved PARP, p53, Bcl-2 and t-Bid protein levels in heart tissues were
determined by Western blot analysis (n = 6 per group). (C) The activities of caspase-8, -9 and -3 were measured using a fluorometric assay and
expressed as the fold change over the control. (D) mRNA levels of p53, TNFR1 and Fas were determined by real-time RT-PCR (n = 6 per group).
The levels of mMRNA were normalized to that of GAPDH. Relative mRNA levels are shown using arbitrary units, and the value of the control group
(Cont) is defined as 1. *P < 0.05 versus Cont; #P < 0.05 versus LPS-treated mice.

and ICAM-1, respectively, compared with saline-treated con-
trols. The increased protein levels of both VCAM-1 and
ICAM-1 were attenuated in NG-R1 and LPS co-treated mice
compared with LPS-treated mice.

Pretreatment with NG-R1 inhibits
LPS-induced apoptosis and regulates
apoptosis-related gene expression in

the myocardium

Apoptotic damage has been implicated in cardiac dysfunc-
tion during sepsis/septic shock (Narula et al., 2000). To deter-
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mine whether the observed cardioprotection of NG-R1
against endotoxin-induced cardiac dysfunction was associ-
ated with apoptosis, the apoptotic index of mouse heart
tissues were assessed (Figure 4A). A much larger number
of TUNEL-positive cells, mainly inflammatory cells, were
observed in cardiac sections from LPS-treated mice than in
those from NG-R1 and LPS co-treated mice.

The activation of caspase-3, which results in the cleavage
of PARP, is one of the key processes involved in apoptosis and
contributes to myocardial dysfunction during sepsis/septic
shock (Li et al., 2009). Figure 4B shows that compared with



LPS-treated mice, myocardial caspase-3 activation was
reduced in NG-R1 and LPS co-treated mice, as shown by the
cleavage of caspase-3 and increased caspase-3 activity
(Figure 4B and C). This change was also manifested by the
reduced PARP cleavage in myocardium of NG-R1 and LPS
co-treated mice (Figure 4B). LPS exposure also increased the
levels of the pro-apoptotic proteins p53 and tBid, and
reduced the levels of the anti-apoptotic protein Bcl-2, respec-
tively, which was attenuated by NG-R1 pretreatment
(Figure 4B). Figure 4C and D show that apoptotic damage was
activated in the myocardium of LPS-treated mice, as evi-
denced by elevated caspase-8, -9 and -3 activities (Figure 4C),
as well as increased mRNA levels in p53, TNF-R1 and Fas,
which was attenuated by NG-R1 pretreatment (Figure 4D).

Pretreatment with NG-R1 attenuated the
LPS-induced decrease in myocardial ERo,
phospho-Akt and phospho-GSK33

The molecular structure of NG-R1 is similar to that of oestro-
gens; thus, we determined whether NG-R1 pretreatment
affects ERs. As shown in Figure 5A, NG-R1 selectively induced
myocardial ERo expression but had no obvious effect on the
ERB levels. However, this selective induction of ERa was par-
tially blocked by ICI 182780 (a non-selective ER antagonist)
(Figure 5B). The PI3K signalling pathway, a survival regula-
tion pathway that elicits protein kinase cascades downstream
of ER activation, is also reported to play a key role in cardiac
dysfunction during sepsis and septic shock (Murphy, 2011).
As is shown in Figure SA, LPS administration significantly
decreased the levels of phospho-Akt, phospho-GSK3B and
I-kBo. compared with saline-treated controls. The levels of
phospho-Akt, phospho-GSK3p and I[-kBo. were preserved in
NG-R1 and LPS co-treated mice compared with LPS-treated
mice. NG-Rl-preserved expression of phospho-Akt and
phospho-GSK3p was also partially blocked by ICI 182780
(Figure 5B); whereas the NG-R1-preserved expression of ERo
was not inhibited by wortmannin, suggesting that PI3K/Akt
may be downstream regulators of ERo in this pathophysi-
ological process. Also, both ERo and PI3K inhibition leads to
increased I-kBoa. degradation, suggesting that NG-R1 may
attenuate LPS-induced NF-xB activation and inflammation
response partially through ERo and PI3K signalling. On the
other hand, NG-R1 had no obvious effect on the LPS-induced
up-regulation of TLR-4. There was also no significant differ-
ence between the levels of all aforementioned genes in saline-
treated and NG-R1-treated mice.

ERo or PI3K inhibition abolished the
protective effect of NG-R1 on LPS-induced
cardiac dysfunction

To assess further whether ERa and/or PI3K signalling was
associated with the cardioprotective properties of NG-R1, we
evaluated cardiac function in mice by echocardiography
upon stimulation with LPS, NG-R1 or some pharmacological
inhibitors. Figure SC and D show that either non-selective
(ICI 182780) or selective (MPP) antagonism of ERo, as well as
selective antagonism (wortmannin) of PI3K, decreased EF, FS,
LVDd and LVDs in NG-R1 and LPS co-treated mice. Im-
portantly, these pharmacological inhibitors abolished the
beneficial effect of NG-R1 on the cardiac dysfunction in
LPS-induced sepsis.

NG-R1 inhibits septic myocardial dysfunction

Discussion and conclusions

NG-R1, a major and novel phytoestrogen isolated from
P. notoginseng, is believed to have anti-inflammatory, anti-
oxidative and anti-apoptotic properties (Zhang et al., 1997;
Zhang and Wang, 2006a; Sun et al., 2007; Chen et al., 2008;
Liu et al., 2010). However, its cardioprotective properties and
underlying mechanisms are largely unknown. In this study, a
series of experiments was designed to clarify whether the
anti-inflammatory potency of NG-R1 contributed to the
amelioration of septic cardiac dysfunction and inflammation
in mice. The pivotal findings in the present study are as
follows. (i) We observed for the first time, to the best of our
knowledge, that NG-R1 significantly attenuated cardiac dys-
function in endotoxemic mice. (ii) We also observed that
NG-R1 significantly inhibited LPS-induced neutrophil/
leukocyte infiltration into the myocardium. (iii) Further
studies indicated that NG-R1 improved the imbalance
between iNOS and eNOS, reduced the VCAM-1/ICAM-1
levels, as well as preventing NF-xB activation and the subse-
quent myocardial inflammatory and apoptotic responses. (iv)
Most importantly, the cardioprotective effects depended on
the activation of ERo. and pro-survival kinase PI3K.
Neutrophil/leukocyte infiltration contributes to cardiac
dysfunction during sepsis/septic shock (Davani et al., 2006;
Muller, 2009). During this pathological process, a series of
pro-inflammatory cytokines, particularly TNF-o, IL-18, IL-6
and CCL2, is released. These cytokines are the major triggers
of endotoxin-induced cardiac dysfunction (Davani et al.,
2006). The present study showed that LPS administration
significantly deteriorated myocardial contractile function
and increased neutrophil/leukocyte infiltration in the
myocardium. These phenomena were accompanied by
the elevated myocardial expression of a series of pro-
inflammatory cytokines such as TNF-o, IL-1f, IL-6, IFN-y and
CCL2. Mast cell activation is also involved in cardiac dysfunc-
tion during sepsis and septic shock (Supporting Information
Figure S4). In addition, mast cells can release injurious mol-
ecules during infection or ischemia-reperfusion to induce
damaging processes in the heart (Jolly et al., 1982; Frango-
giannis et al., 1998; Hara et al., 1999; Mallen-St Clair et al.,
2004). On the other hand, NG-R1 inhibited all abovemen-
tioned activities induced by the LPS challenge. Our data
also show that the release of anti-inflammatory IL-10 was
enhanced by NG-R1 pretreatment (Figure 2). IL-10 has a
crucial function in limiting inflammatory responses and pre-
venting host damage and enhancement of IL-10 production
is effective in the clinical treatment of septic shock (Saraiva
and O’Garra, 2010). We also observed increased protein levels
of VCAM-1 and ICAM-1 in the myocardium following LPS
challenge, consistent with previous studies indicating that
the LPS-increased binding of ICAM-1/VCAM-1 to the cell
surface results in neutrophil/leukocyte transmigration and
infiltration into the myocardium (Muller, 2009). These events
lead to the increased heterogeneity of intracellular Ca?
release and decreased cardiomyocyte contractility (Davani
etal., 2006). LPS and pro-inflammatory cytokines can
up-regulate iNOS activity in cardiomyocytes and transgenic
mice with the overexpression of eNOS showing a reduction in
LPS-induced mortality (Yamashita et al., 2000). The present
study also showed that LPS administration caused an imbal-
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ance between eNOS and iNOS in the myocardium. This
imbalance may be triggered by LPS challenge and/or pro-
inflammatory cytokine overproduction (Tatsumi et al., 2004),
which was significantly inhibited by NG-R1 pretreatment.
LPS induces myocardial inflammation and dysfunction by
interacting with its ligand TLR-4, thus triggering the activa-
tion of several signalling pathways, including the NF-xB
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pathway (Baumgarten et al., 2006; Kawai and Akira, 2007;
Avlas et al., 2011). NF-xB activation is an important signal
integrator controlling the production of many pro-
inflammatory cytokines (Kawai and Akira, 2007). Our data
confirmed that the role of myocardial inflammatory activa-
tion on myocardial dysfunction after LPS challenge was ini-
tiated by the activation of cardiac NF-kB, as demonstrated by
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the phosphorylation of the p65 subunit of NF-kB and IxB-o
degradation. Subsequently, the expression of its downstream
pro-inflammatory genes such as TNF-o, IL-1B and IL-6 was
enhanced. Importantly, NG-R1 pretreatment significantly
inhibited these activities, similar to a previous report on the
limited activation of NF-«xB and its pro-inflammatory media-
tor cascade in mice following overexpression of gene encod-
ing CCL2 (Niu et al., 2011). Although the protein levels of
TLR-4 were increased after LPS challenge, the up-regulated
TLR-4 was not attenuated by NG-R1 pretreatment (Figure 5A).
Hence, the NG-Rl-induced deactivation of NF-xB and
decreased inflammatory cytokine release may not be directly
mediated by TLR-4.

ERs and the PI3K/Akt pathway are involved in many
pathophysiological processes and play a central role in cellu-
lar survival in a variety of cell types (Schroder et al., 1998; Wu
et al., 2005; Murphy, 2011; Xi et al., 2012). The nuclear locali-
zation and activity of phospho-Akt in the myocardium is
higher in females than in age-matched men (Camper-Kirby
etal., 2001). 17B-Oestradiol can activate Akt, resulting in

reduced pathological cardiac hypertrophy and heart failure
(Wu etal.,, 2005). Our present study revealed a selective
induction of ERo as well as elevated protein levels of
phospho-Akt and phospho-GSK3p in the myocardium fol-
lowing NG-R1 treatment during sepsis and septic shock. More
specifically, NG-R1 activated ERa and the downstream PI3K/
Akt signalling pathway, which may have negatively regulated
the LPS-induced, NF-xB-dependent inflammatory responses
(Figure 6). These findings were supported by the pharmaco-
logical inhibition of ERo (by ICI 182780 or MPP) or PI3K (by
wortmannin) resulting in the loss of the protective effects of
NG-R1 against LPS-induced cardiac dysfunction, as well as
the NG-R1-preserved phospho-Akt, phospho-GSK-3f and
IxB-o following LPS challenge. The data suggest that NG-R1,
as a novel phytoestrogen, promotes ERo. expression via an
unknown mechanism (Figure 6). Collectively, the activation
of ERa and the PI3K/Akt signalling pathway may play roles
in limiting the LPS-induced inflammatory and apoptotic
responses, ultimately suppressing the development of septic
cardiac dysfunction. The effects of NG-R1 may not be limited
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to its oestrogenic properties and PI3K/Akt signalling. Our
results (Supporting Information Figure S3) show that NG-R1
pretreatment can also act on the ERK1/2 MAPK pathway. This
result is consistent with those of previous reports, which
show that NG-R1 can act on the ROS/ERK pathway and
directly scavenge ROS (Zhang and Wang, 2006b).

Pretreatment with NG-R1 also prevented apoptotic
damage in the myocardium. Apoptosis is recognized as a
major contributor to endotoxin-induced myocardial dysfunc-
tion (Davies, 1997; McDonald et al., 2000). In the present
study, the increased caspase-3/-8/-9 activities and caspase-3-
activated PARP cleavage observed in the LPS-treated hearts
were attenuated by NG-R1. This finding can be attributed to
the reduction in the myocardial inflammatory cytokines
TNF-q, IL-1B, IL-6 and NO, which are believed to be critical
for caspase activation in endotoxemic models (Tatsumi et al.,
2004; Carlson et al., 2005). Our data also revealed that NG-R1
inhibited the LPS-induced expression of pro-apoptotic media-
tors, p53, tBid, TNF-R1 and Fas, as well as maintaining the
expression of the anti-apoptotic mediator, Bcl-2. Hence,
NG-R1 mediates cardiomyocyte survival by maintaining the
balance between pro-apoptotic and anti-apoptotic mediators
following LPS challenge. This finding is supported by the
lower amount of TUNEL-positive cells, mainly inflammatory
cells, in the hearts of LPS and NG-R1 co-treated mice, than in
those of LPS-treated mice.

Although NG-R1 pretreatment significantly inhibited the
LPS-induced cardiac dysfunction and inflammatory reactions
in mice, the results cannot be translated to patients with
sepsis admitted to a hospital, primarily because the current
study used pre-treatment. In addition, the duration of the
experiment was only 6 h, and NG-R1 did not completely
prevent the adverse events associated with endotoxemia.
Thus, the therapeutic functions of NG-R1 on sepsis-related
mortality have yet to be determined. Several studies have also
suggested the potential of NG-R1 as a treatment for cardiac
dysfunction in sepsis. A previous study showed that NG-R1
reduces LPS-related lethality in mice in vivo (Zhang et al.,
1997). In this study, half of the total NG-R1 dosage was
administered 1 h before the LPS, whereas the other half was
administered simultaneously with LPS. In addition, NG-R1
has potential therapeutic functions because it is purified from
the Chinese herb P. notoginseng, which has been used by tra-
ditional Chinese doctors for thousands of years as a drug to
treat cardiovascular diseases and to relieve blood stasis and
pain. P. notoginseng treatment reduced inflammatory reac-
tions in patients and animal models and reduced the symp-
toms of experimental disseminated intravascular coagulation
(DIC), which is a leading cause of sepsis-related mortality in
hospitalized patients (Wei, 1982; Kubo et al., 1984; Hao and
Yang, 1986; Chen, 1987).

The effect of NG-R1 on coagulation disorders following an
LPS challenge has also been studied. NG-R1 blocked the
induction of plasminogen activator inhibitor 1 (PAI-1) and
tissue factor (TF) following LPS, which lead to thrombogenic
changes in the fibrinolytic and coagulation systems of
endothelial cells that contributed to the pathogenesis of DIC
after septicemia (Zhang et al., 1997). Studies also showed that
NG-R1 not only inhibited PAI-1 and TF induction by LPS in
endothelial cells and TNF-o. generation in a human whole-
blood assay, but also ameliorated the LPS-induced PAI-1

1768 British Journal of Pharmacology (2013) 168 1758-1770

response and reduced LPS-related lethality in a mouse LPS
shock model (Zhang et al., 1997). Thus, NG-R1 can attenuate
the LPS-induced activation of the coagulation system, reduce
the fibrinolytic capacity, inhibit the neutrophil/leukocyte
infiltration and inflammatory reactions and prevent myocar-
dial dysfunction during sepsis.

In summary, the present study showed that pretreatment
with NG-R1 attenuated LPS-induced myocardial inflamma-
tory cytokine production, imbalance between iNOS and
eNOS, and NF-xB activation, as well as improved myocardial
dysfunction during endotoxemia. The mechanisms by which
NG-R1 attenuated cardiac dysfunction involve the preserved
activation of ERa and the PI3K/Akt signalling pathway. These
findings demonstrate the potential of NG-R1 for the treat-
ment of endotoxin-induced cardiac dysfunction. If the thera-
peutic roles of NG-R1 are fully explored in patients and
animal models, NG-R1 treatment could be a promising strat-
egy for reducing the high mortality of hospitalized patients
with sepsis.
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Figure S1 Dose-dependent effects of NG-R1 on cardiac dys-
function. Mice were treated with saline or LPS (10 mg-kg!,
i.p.) with or without NG-R1 pretreatment (0 to 100 mg-kg™,
i.p.). Cardiac function was examined by echocardiography
6 h after LPS administration. Echocardiography values are
expressed as the mean = SE (n = 15 per group). *P < 0.05
versus control (Cont); *P < 0.05 versus LPS-treated mice.
Figure S2 Effects of three inhibitors, ICI 182780, wortman-
nin and MPP, on cardiac dimensions and function without
NG-R1. Mice were pretreated with a nonselective ER antago-
nist, ICI 182780 (ICL; 2 mg-kg™' body weight), a selective PI3K
antagonist wortmannin (WM; 1 mg-kg™' body weight) or a
selective ERor antagonist methyl piperidino-pyrazole (MPP;
2 mg-kg' body weight) 1h before LPS administration.
Cardiac function was examined by echocardiography 6 h
after LPS administration. Echocardiography values are
expressed as the mean = SE (n = 15 per group). *P < 0.05
versus saline; *P < 0.05 versus LPS-treated mice.

Figure S3 Protein levels of phospho-ERK1/2, ERK1/2,
phospho-Stat3 and Stat3 in the myocardium, as determined
by Western blot analysis.

Figure $4 Effects of LPS and NG-R1 on the mast cell number.
Toluidine blue-positive mast cells were counted. The abscissa
represents the time after LPS infusion. Quantification of the
total mast cell number includes both degranulated and non-
degranulated mast cells. Results are expressesd as the mean =
SE (n =15 per group). *P < 0.05 versus Cont; “P < 0.05 versus
LPS-treated mice.

Table S1 Primers used for real-time RT-PCRs.



