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Abstract

Remote ischemic conditioning (RIC) is acutely cardioprotective in ischemia-reperfusion injury. We aimed to evaluate the
effect of RIC on septic cardiomyopathy and associated multi-organ failure in a lipopolysaccharide (LPS)-induced sepsis
mouse model. Balb/c mice were divided into sham, LPS, and LPS + RIC groups. LPS 10 mg/kg or saline control was injected
intraperitoneally. RIC was performed by four cycles of 5 min ischemia and 5 min reperfusion of the left lower limb just before
the LPS injection. Cardiac function on echocardiography, circulating mediators, blood biochemistry, and MAPK signalling
was assessed. Survival 7 days after LPS injection was evaluated in sham-treated, RIC, and daily repeated RIC groups. An
LPS-induced decrease in cardiac output was ameliorated by RIC with preserved left ventricular systolic function. LPS-
induced increases in TNF-a, IL-1f, IL-6, and high-mobility group box 1 protein (HMGB1) were significantly suppressed by
RIC. RIC also suppressed increases in plasma cardiac troponin I, aspartate transaminase, alanine transaminase, blood urea
nitrogen, and creatinine with suppressed ERK and JNK phosphorylation in heart, liver, and kidney tissue. RIC significantly
improved survival rate (p=0.0037). Survival rate in the daily repeated RIC group was 100%, and it was higher than that in
the RIC group (p=0.0088). In summary, RIC reduced circulating and myocardial inflammatory mediators associated with
septic cardiomyopathy, and led to improved ventricular function, cardiac output, and survival. Our data also revealed that
chronic RIC has additional benefit in terms of mortality in sepsis. While further studies are required, RIC may be a clinically
useful tool to ameliorate sepsis-induced cardiomyopathy.

Keywords Remote ischemic conditioningm - Sepsis - Septic cardiomyopathy - Multiple organ failure - High-mobility group
box 1 protein

Introduction

Remote ischemic conditioning (RIC) is a highly cardiopro-
tective phenomenon induced by repeated transient ischemia
of a remote organ or tissue. The use of the technique has
been widely reported since its conceptual description by
Przyklenk et al in 1993 [26]. While early rodent studies
showed that RIC can be induced by transient of, e.g., the
kidney or mesentery, Kharbanda et al. first reported that
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transient limb ischemia can reduce myocardial infarction
size by 50% [14].

RIC has been shown to be effective in multiple preclini-
cal, and proof-of-principle clinical trials [3, 31], and is
subsequently undergoing phase-3 clinical trials in patients
undergoing emergency percutaneous coronary intervention
for myocardial infarction [20]. The effects of RIC are now
known to go beyond immediate cardioprotection via modi-
fication of acute ischemia—reperfusion injury. For example,
Wei et al. subsequently showed that daily RIC delivered for
28 days provided additional benefit by reducing myocardial
inflammatory responses and mitigating adverse ventricular
remodeling in a myocardial infarction model [34].

The underlying mechanisms of RIC have been extensively
investigated, and reviewed [4, 9, 18, 30], and result from a
complex neuro-humoral response to the initial episodes of
transient remote ischemia. In addition to cycles of ischemia
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reperfusion, electrical stimulation, chemical stimulation, and
mechanical trauma can all trigger RIC [16]. The role of neu-
ral pathways in cardioprotection has recently been reviewed
extensively [7]. The involvement of vagus nerve in RIC is
particularly important [8, 19], and it has been reported that
visceral organs innervated by the vagus nerve are a source of
humoral factor(s) such as glucagon-like peptide-1 (GLP-1)
that have cardioprotectant activity [1]. The release of car-
dioprotective factor(s) can also occur through vago-splenic
axis in RIC [8, 19]. Other mediators, such as autacoids,
hormones, cytokines/chemokines, neuro-peptides, amino
acids, nitric oxide/nitrite, RNAs, and micro RNAs, are also
reported to be the possible humoral factor(s) [6, 16]. At the
target level, it is uncertain whether the increase in acetylcho-
line concentration in the myocardium mediates the cardio-
protective effects of RIC [1]. Pathways such as endothelial
nitric oxide synthase/ protein kinase G (eNOS/PKG), rep-
erfusion injury salvage kinases (RISK), and survivor acti-
vating factor enhancement (SAFE) pathways, have all been
reported as potentially important intracellular signal trans-
duction at the target organ following RIC [16]. Although the
precise mechanisms of the cytoprotective effects remain to
be fully elucidated, what is clear is that these effects involve
mitigation of the inflammatory response both in circulat-
ing leukocytes [29, 33, 37], and in the ischemic tissue [27,
33, 37]. This ‘anti-inflammatory’ effect of RIC has led to
its study in other model systems, not involving classical
ischemia—reperfusion pathways. Indeed, several studies have
shown that RIC improved mortality in lipopolysaccharide
(LPS)-induced sepsis [12, 15]. Another study showed that
RIC preserved function in the microcirculation, improved
organ function, and prolonged survival in sepsis induced by
injecting autologous feces [22].

In the present study, we evaluated the effect of limb RIC
on ventricular function using echocardiography in an LPS-
induced sepsis mouse model. In addition, we assessed circu-
lating inflammatory mediators and local cytokine responses
in the target organs to investigate the mechanisms of RIC’s
effect in sepsis. In addition, we subsequently evaluated the
effect of RIC on prognosis in sepsis. Importantly, we not
only assessed the effect of RIC, but also assessed the effect
of additional daily RIC on mortality in our sepsis model.

Methods

Animals

Male BALB/c mice (8—10 weeks) were obtained from
Charles River Laboratories (Ashland, OH). The experi-

mental protocol was approved by the Animal Care and Use
Committee of Cincinnati Children’s Research Foundation.
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RIC

RIC was induced by 4 cycles of 5 min ischemia (left
hindlimb ischemia using a tourniquet around the upper
thigh) and subsequent 5 min reperfusion without anesthesia
in accordance with the previous reports [14, 34].

Effect of RIC on hemodynamics cardiac function

Sham (n=9), LPS (n=14), and LPS + RIC (n=16) groups
were prepared as mentioned above. The mice received
10 mg/kg LPS intraperitoneal injection, and echocardiog-
raphy was performed 16 h later. Anesthesia was induced
with inhaled isoflurane, chest hair removed with a depila-
tory agent, and the mouse secured with tape to the warmed
imaging platform. Echocardiography was performed using
a Vevo2100 imaging system equipped with a 40 MHz high-
frequency transducer (VisualSonics Inc. Toronto, Canada)
in accordance with the American Society of Echocardiog-
raphy standard views. All images were analyzed by regis-
tered cardiovascular sonographers specializing in animal’s
sonography using the VisualSonics software package. To
minimize bias, the studies were randomly presented to the
measuring sonographer and date/time stamps obscured. All
measurements were in triplicate on three consecutive cardiac
cycles and reported as an averaged value. Left ventricular
ejection fraction and fractional shortening were measured
using M-mode. Cardiac output, stroke volume, left ven-
tricular end-diastolic, and systolic volume were measured
using two-dimensional echo. Longitudinal, radial, and cir-
cumferential strain was measured using speckle-tracking
echocardiography.

Effect of RIC on early and late inflammatory
mediators

Sham, LPS, and LPS + RIC groups were prepared (n=4
mice/each group). Saline or LPS (O111:B4, Sigma-Aldrich)
10 mg/kg was injected intraperitoneally. In the LPS +RIC
group, RIC was performed just before LPS injection. The
mice were euthanized with pentobarbital 1, 2, 4, and 16 h
after the injection, and blood was drawn from inferior vena
cava. The blood samples were collected and centrifuged at
3000 rpm for 15 min, and plasma samples were collected as
the resulting supernatant. Tumor necrosis factor-alfa (TNF-
a), interleukin 1 beta (IL-1p) and IL-6 were measured using
enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems, Inc. Minneapolis, MN). These ELISA kits were
used according to the manufacturer’s instructions.

To evaluate plasma HMGBI level, mice were divided into
sham, LPS and LPS +RIC groups (n=38 mice/each group),
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and the mice were sacrificed 16 h after saline or LPS injec-
tion. We measured plasma high-mobility group box 1 pro-
tein (HMGB1) using western blot as previously reported
[10, 23, 32]. Briefly, an Amicon Ultra-0.5 centrifugal fil-
ter device (MilliporeSigma, Burlington, MA) was used to
remove proteins larger than 100 kDa molecular weight. The
filtrated plasma was loaded on Bolt Bis—Tris gels (Thermo
Fisher Scientific Co., Waltham, MA), and the gels were run
at 100 V constant using MOPS SDS running buffer (Thermo
Fisher Scientific Co.). Proteins were transferred to the mem-
brane, and the membrane was incubated with anti-HMGB1
antibody (ab18256) (Abcam, Cambridge, MA) overnight at
4 °C. The membranes were incubated with anti-rabbit anti-
body (Thermo Fisher Scientific Co.) for 90 min. Develop-
ing reagents (Thermo Fisher Scientific Inc.) was used for
developing membrane. The band intensity was measured
using Image J.

Effect of RIC on systemic organs in LPS-induced
experimental endotoxemia

The mice were divided into sham (n=6), LPS (n=7), and
LPS +RIC (n=38) groups, and sacrificed 16 h after 10 mg/
kg LPS intraperitoneal injection. Blood, heart, liver, and
kidney samples were collected. Blood was centrifuged, and
plasma samples were stored. Tissue samples were stored at
— 80 °C until the tissues were subsequently homogenized
with radioimmunoprecipitation assay buffer for western blot-
ting. Plasma cardiac troponin I (cTnl), aspartate transami-
nase (AST), alanine transaminase (ALT), blood urea nitro-
gen (BUN), and creatinine (Cr) were measured using the
plasma samples. Tnl ELISA kit from Life Diagnostics, Inc.
(West Chester, PA), AST and ALT kits from BioLegend (San
Diego, CA), and BUN kit from Thermo Fisher Scientific Co.
were used for their measurements. Every assay kit was used
according to the manufacturers’ instructions.

We also assessed mitogen-activated protein kinases sign-
aling by performing western blot using homogenized tissue
samples from heart, liver, and kidney. Anti-extracellular sig-
nal-regulated kinase (ERK) (#9102), phospho-ERK (#9101),
c-Jun N-terminal kinase (JNK) (#9252), and phospho-JNK
(#4668) antibodies (cell-signaling technology) were used
as the first antibodies. Anti-rabbit antibody (Thermo Fisher
Scientific Co.) was used as the second antibody.

Survival experiment

Non-treated, RIC, and daily repeated RIC groups were
prepared (n =20 mice/each group). In RIC group, RIC was
performed just before LPS injection. In daily repeated RIC
group, RIC was repeated every day for 5 days in addi-
tion to the first RIC. Daily repeated RIC consisted of 4
cycles of 5 min ischemia (left hindlimb ischemia using a

tourniquet around the upper thigh) and subsequent 5 min
reperfusion, the same protocol used for the first RIC proce-
dure performed just before LPS injection. The mice were
assessed every 12 h for 7 days.

Statistical analysis

All data were expressed as mean + SEM. Student’s ¢ test
was used to compare mean values between two groups.
Differences between three groups were determined by
ANOVA. When significant differences were detected by
ANOVA, Bonferroni test was used for post hoc compari-
sons. Gehan—-Breslow—Wilcoxon test was used for survival
analysis. A value of p <0.05 was regarded as a significant
difference. Statistical analyses were performed using the
Prism 6 (GraphPad Software, CA).

Results
RIC improved ventricular function

Ejection fraction was decreased in LPS group compared
with sham group, and it was preserved in LPS + RIC group
(47.8+2.5,32.2+4.2, and 46.9 £3.7% in sham, LPS,
and LPS + RIC group, respectively, p=0.01). Fractional
shortening was also decreased in LPS group, and it was
preserved in LPS + RIC group (23.7+ 1.5, 15.5+2.4, and
23.7 £ 1.5% in sham, LPS, and LPS + RIC group, respec-
tively, p=0.02) (Fig. la—c). Strain analysis showed that
longitudinal strain was worsened in LPS group, and it
was significantly improved by RIC. The same trend was
observed in circumferential and radial strain (Fig. 1d-f).

RIC improved hemodynamics

Two-dimensional echo showed that cardiac output was
decreased in LPS group and that it was preserved in
LPS +RIC group (6.0+0.9, 2.8+0.2, and 5.4 +0.9 ml/
min, in sham, LPS, and LPS + RIC group, respectively,
p<0.01) (Fig. 1g). Stroke volume was also decreased in
LPS group, and RIC improved it (16.0+2.1, 9.6 +0.7,
and 15.2+ 1.3 pl, in sham, LPS, and LPS + RIC group,
respectively, p <0.01) (Fig. 1h). There was no difference
in left ventricular end-diastolic volume, whereas left ven-
tricular end-systolic volume was significantly smaller in
LPS + RIC group compared with LPS group (Fig. 1i, j).
LPS injection significantly reduced HR, and RIC tended to
increase it, although there was no statistically significant
difference (Fig. 1k).
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«Fig. 1 RIC improved ventricular function and hemodynamics. Balb/c
mice were divided into sham (n=9), LPS (n=14), and LPS+RIC
(n=16) groups. Echocardiography was performed 16 h after saline or
LPS intraperitoneal injection. Ejection fraction and fractional short-
ening were decreased in LPS group compared with sham group, and
it was preserved in LPS +RIC group (a—c). Longitudinal, circumfer-
ential, and radial strain were worsened in LPS group, and RIC sig-
nificantly improved this parameter (d—f). Cardiac output and stroke
volume were decreased in LPS group, and they were preserved in
LPS+RIC group (g, h). There was no difference in left ventricular
end-diastolic volume; whereas, left ventricular end-systolic volume
was significantly smaller in LPS+RIC group compared with LPS
group (i, j). LPS injection significantly reduced heart rate, and RIC
tended to increase it although there was no statistically significant
difference (k). LPS lipopolysaccharide, RIC remote ischemic con-
ditioning. Data are mean+SEM. *p<0.05; 'p<0.01; ¥p<0.001;
$p<0.0001; vs. LPS group as tested by ANOVA

RIC negatively regulated early and late
inflammatory mediators

RIC reduced the LPS-induced increase of plasma TNF-«
at 1 h (819492 vs. 2184 +89 pg/ml, p <0.0001) and 2 h
(598 +25 vs. 2360 + 167 pg/ml, p <0.0001) after LPS injec-
tion (Fig. 2a). RIC also inhibited spleen TNF-a increase
1 h (194 +24 vs. 301 +22 ng/g protein, p<0.01) and 2 h
(122 +21 vs. 217 +38 ng/g protein, p <0.01) after LPS
injection (Fig. 2b). Plasma IL-1f and IL-6 levels peaked
16 h after LPS injection. In the LPS + RIC group, peak
plasma IL-1p and IL-6 were significantly lower compared
with LPS group (43+5 vs. 516+ 137 pg/ml, p<0.05;
2.0+0.9 vs. 145.7+41.0 ng/ml, p <0.0001) (Fig. 2c, d).
Plasma HMGB1 was almost 6 times lower in LPS 4+ RIC
group compared with LPS group (p <0.05) 16 h after LPS
injection (Fig. 2e).

RIC protected systemic organs

Plasma cTnl level was higher in LPS group compared
with control group, and RIC attenuated the LPS-induced
c¢Tnl increase (0.0+0.0, 0.39+0.16, and 0.03 +0.03 ng/
ml in sham, LPS, and LPS 4+ RIC group, respectively,
p <0.05) (Fig. 3a). In terms of liver function, LPS injec-
tion increased AST, and RIC significantly suppressed its
increase (5.5+0.9,42.5+4.1, and 29.2+2.3 IU/l in sham,
LPS, and LPS +RIC group, respectively, p <0.0001)
(Fig. 3b). ALT was also increased by LPS injection, and
it was suppressed by RIC (4.9+0.5, 78.8+18.7, and
12.1+1.7 TU/1 in sham, LPS, and LPS + RIC group, respec-
tively, p=0.0002) (Fig. 3c). Regarding renal function, LPS
injection increased BUN, and RIC significantly suppressed
its increase (20.4+ 1.4, 72.9+4.6, and 54.6 + 6.6 mg/dl in
sham, LPS, and LPS + RIC group, respectively, p <0.0001)
(Fig. 3d). Cr was also increased by LPS injection, and its
increase was inhibited by RIC (0.16 +£0.03, 0.26 +0.02,

and 0.18 +0.02 mg/dl in sham, LPS, and LPS + RIC group,
respectively, p <0.01) (Fig. 3e).

LPS-induced ERK-signaling activation was inhibited by
RIC in heart, liver, and kidney (Fig. 4a—c). LPS-induced
JNK signaling activation was also inhibited by RIC in heart,
liver, and kidney (Fig. 4d-f).

RIC improved survival rate in LPS-induced
experimental endotoxemia

In the non-treated group, the first death was observed within
12 h after LPS injection, and the 7-day survival rate was
35%. In the RIC group, the first death was observed 24 h
after LPS injection, and the 7-day survival rate was 70%,
which was significantly higher than that in non-treated group
(p=0.0037) (Fig. 5). Remarkably, all the mice in the daily
repeated RIC group survived, which was significantly higher
than those in RIC group (p =0.0088).

Discussion

The cardioprotective effect of RIC after myocardial infarc-
tion has been reported in many previous preclinical and
clinical studies [3, 14, 20, 26, 31]. The potentially benefi-
cial effects of RIC extend beyond acute cardioprotection,
however. RIC has also been shown to protect other organs,
such as liver, kidney, and brain, from ischemia-reperfusion
injury [9]. Although the mechanism of RIC has not been
fully elucidated, there is extensive evidence that the effects
of RIC go beyond induction of classic cytoprotective sign-
aling pathways. Several groups have shown an important
anti-inflammatory effect of RIC. Konstantinov et al. showed
that RIC negatively regulates inflammatory gene expression
[17], and Shimizu et al. subsequently demonstrated that RIC
suppresses human neutrophil adhesion and phagocytosis
[29]. While this ‘anti-inflammatory’ effect of RIC may con-
tribute to the reduction in post-MI remodeling [34], there
may be other beneficial effects. Indeed, Orbegozo Cortés
et al. recently reported that RIC, induced by balloon occlu-
sion of the aortic bifurcation, improved hemodynamics,
preserved tissue perfusion, and leads to better survival in
bacteria-induced septic sheep [22]. Furthermore, Kim et al.
also reported that RIC improved inflammatory responses and
survival in the LPS-induced sepsis mouse model [15], but
myocardial effects were not examined.

We used a similar LPS-induced sepsis model to evalu-
ate the effect of RIC on ventricular function and hemody-
namics using echocardiography. As expected, LPS injec-
tion decreased EF and FS consistent with previous reports
[21, 35]. Longitudinal, radial, and circumferential strain
were also reduced by LPS, which supports the notion that
LPS-induced sepsis reduces ventricular systolic function
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Fig.2 RIC negatively regulated early and late inflammatory media-
tors. Balb/c mice were divided into sham, LPS, and LPS+RIC
groups were prepared (n=4 mice/each group). Saline or LPS
(O111:B4) 10 mg/kg was injected intraperitoneally, and RIC was
performed just before LPS injection. Plasma TNF-a, IL-1f, and
IL-6 were measured using ELISA 1, 2, 4, and 16 h after the injec-
tion. RIC reduced the LPS-induced increase of plasma and spleen
TNF-a at 1 h and 2 h after LPS injection (a, b). In the RIC group,
peak plasma IL-1f and IL-6 were significantly lower compared with

(septic cardiomyopathy). The impact of RIC on these
adverse effects, or their hemodynamic consequences, has
not been examined in detail; however, all of the adversely
affected echocardiographic parameters were improved by
RIC. Furthermore, by two-dimensional echo, stroke volume
and cardiac output were decreased by LPS administration
and improved by RIC.

Sepsis is a systemic inflammatory response syndrome
caused by infection and can be a life-threatening patho-
physiological condition. Septic cardiomyopathy is tran-
sient or fatal myocardial dysfunction caused by inflamma-
tory cytokines such as TNF-a, IL-1f, and IL-6 released by
inflammatory cells in sepsis [13]. HMGB1, which is one
of the damage-associated molecular patterns (DAMPs),
is known as a late mediator of lethality in sepsis [32] and
is also a trigger of septic cardiomyopathy [13]. Sepsis-
induced myocardial dysfunction decreases systemic organ
blood perfusion, further increases the release of DAMPs,

@ Springer
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LPS group. ¢, d Sham, LPS and LPS +RIC groups (n=8 mice/each
group) mice were prepared, and plasma HMGB1 was measured using
western blot 16 h after saline or LPS injection. Plasma HMGB1 was
5.9 times lower in LPS+RIC group compared with LPS group (e).
HMGBI high-mobility group box 1 protein, /L-1/ interleukin 1 beta,
IL-6 interleukin 6, LPS lipopolysaccharide, RIC remote ischemic con-
ditioning, TNF-a tumor necrosis factor-alfa. Data are mean+SEM of
6-8 mice per group. *p<0.05; 'p<0.01; ¥p <0.001; 5p <0.0001; vs.
LPS group as tested by Student’s test

accelerates systemic inflammation in systemic organs, and
consequently leads to MOF [13]. Therapeutic intervention to
reduce sepsis-induced inflammatory cytokines and the sub-
sequent myocardial dysfunction they induce may, therefore,
improve the incidence of multiple organ failure (MOF) and
mortality in sepsis. We hypothesized that RIC suppresses
inflammatory cytokines and HMGB, attenuates septic car-
diomyopathy, protects systemic organs, and improves mor-
tality in sepsis.

The peak plasma TNF-a level in our animals was sig-
nificantly suppressed by RIC, compatible with the previous
report by Kim et al. [15]. The spleen is an important source
of TNF-a production [11], and it was recently reported that
the activation of a vago-splenic axis may be causally associ-
ated with RIC’s cardioprotective effect [8, 19]. In addition,
TNF-a production in spleen is reportedly reduced by vagus
nerve stimulation via cholinergic anti-inflammatory pathway
[2]. Our results demonstrated that the increase of splenic
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Fig.3 RIC protected heart, liver, and kidney. Balb/c mice were
divided into sham (n=6), LPS (n=7), and LPS +RIC (n=38) groups,
and sacrificed 16 h after LPS intraperitoneal injection. Blood sam-
ples were collected, and plasma cTnl, AST, ALT, BUN, and Cr were
measured using each assay kit. Compared with control group, cTnl,
AST. ALT, BUN, and Cr were higher in LPS group, and RIC attenu-

TNF-a was also suppressed by RIC, indicating the possibil-
ity that spleen plays an important role in RIC’s anti-inflam-
matory effect in this sepsis model. RIC also suppressed the
release of other circulating inflammatory cytokines such as
IL-1p and IL-6 in LPS-induced sepsis, suggesting a broad
anti-inflammatory effect of this strategy. This reduction in
the systemic inflammatory response was associated with
improved myocardial function.

We subsequently investigated the effect of RIC on LPS-
induced myocardial tissue damage and inflammatory cell-
signaling activation. RIC significantly reduced the LPS-
induced increase in cTnl, suggesting that RIC suppresses
myocardial tissue damage and protects the heart. At the
cellular level, LPS itself acts on pattern recognition recep-
tors such as toll-like receptors and stimulates intracellular
inflammatory signaling including ERK and JNK [5]. TNF-
a, IL-1p, IL-6, and HMGBI1 are known to act on toll-like

ated the LPS-induced their increases (a—e). AST aspartate transami-
nase, ALT alanine transaminase, BUN blood urea nitrogen, Cr cre-
atinine, c¢Tn/ cardiac troponin I, LPS lipopolysaccharide, RIC remote
ischemic conditioning. Data are mean+SEM. *p<0.05; 'p<0.01;
£ <0.001; ®p <0.0001; vs. LPS group as tested by ANOVA

receptors to stimulate these inflammatory signaling [28, 35].
The results of the current studies showed that ERK and JNK
were activated by LPS administration and that RIC dramati-
cally suppressed the activation of ERK, JNK accompanied
with decreased TNF-a, IL-1f, IL-6, and HMGB1. HMGB1
is a mediator that has been shown to influence significantly
the prognosis in sepsis [32]. In animal sepsis models, plasma
HMGBI levels peak 16-24 h after the onset, and, several
studies have reported the efficacy of HMGB1 antibody on
sepsis [32, 36]. Moreover, HMGB1 has a direct cardio-sup-
pressant effect function [13, 35]. Our novel finding of an
almost sixfold reduction in plasma HMGBI1 levels is pos-
sibly one of the more important effects RIC, in terms of
preservation of cardiac function and improving prognosis
in sepsis.

That said, it was clear that RIC also mitigated LPS-
induced MOF. Blood chemistry tests revealed that AST,
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Fig.4 RIC suppressed MAPK signal activation in systemic organs.
Balb/c mice were divided into sham (rn=6), LPS (n=7), and
LPS+RIC (n=28) groups. The mice were sacrificed, and heart, liver,
kidney samples were collected 16 h after LPS intraperitoneal injec-
tion, and homogenized. Using the homogenized tissue, MAPK sign-
aling was assessed by performing western blot. LPS-induced ERK-
signaling activation was inhibited by RIC in heart, liver, and kidney

ALT, BUN, and Cr were all worsened by administration of
LPS, and RIC significantly improved circulating levels. This
might be via direct, cytoprotective, pathways or via second-
ary effects resulting from improved myocardial performance.
Maintenance of cardiac output by RIC may clearly contrib-
ute to the protection of liver and kidney, but we also dem-
onstrated that intracellular inflammatory signaling such as
ERK and JNK was significantly suppressed in the liver and

@ Springer

(a—c). LPS-induced JNK signaling activation was also inhibited by
RIC in heart, liver, and kidney (d—f). ERK extracellular signal-regu-
lated kinase, JNK c-Jun N-terminal kinase, LPS lipopolysaccharide,
MAPK mitogen-activated protein kinase. Data are mean+SEM.
*p<0.05; Tp<0.01; ¥p<0.001; p<0.0001; vs. LPS group as tested
by ANOVA

kidney by RIC. Therefore, inhibiting the increases of circu-
lating inflammatory mediators and suppressing subsequent
intracellular inflammatory signaling may also contribute to
the protection of liver and kidney by RIC in LPS-induced
sepsis.

We also examined the effect of a single administration
of RIC on mortality in our LPS-induced sepsis model. In
the RIC group, the survival rate was significantly higher
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Fig.5 Acute and chronic RIC improved mortality in LPS-induced
sepsis. Non-treated, RIC, and daily repeated RIC groups were pre-
pared (n=20/each group). In RIC group, RIC was performed just
before LPS injection. In daily repeated RIC group, RIC was repeated
every day for 5 days in addition to the initial RIC. The mice were
assessed every 12 h for 7 days. In the non-treated group, the 7-day
survival rate was 35%. In the RIC group, the 7-day survival rate was
70%, which was significantly higher than that in non-treated group
(p=0.0037). Remarkably, all the mice in the daily repeated RIC
group survived. The survival rate in this group was significantly
higher than that in RIC group (p=0.0088). LPS lipopolysaccharide,
RIC remote ischemic conditioning. Gehan—Breslow—Wilcoxon test
was used for statistical analysis

than that of LPS group, which is compatible with that of
previous reports [12, 15]. Unlike prior studies, we also
examined the effect of repeated episodes of RIC on out-
come. Reports on the effect of chronically repeated RIC
have recently increased. Wei et al. were the first to report
that the RIC performed daily for a month after myocardial
infarction reduced the peri-infarct inflammatory reaction,
inhibited myocardial fibrosis, and leads to improved car-
diac functional recovery and survival [34]. More recently,
Pryds et al. reported that daily RIC reduced plasma NT-pro
BNP and promoted fibrinolysis in chronic ischemic heart
failure patients [24, 25]. Consistent with these therapeutic
effects of daily RIC, remarkably all mice survived when
subjected to daily repeated RIC, indicating that chronic
RIC has a potentially important additional effect in terms
of mortality in sepsis. However, it is worth noting that we
did not evaluate the effect of additional repeated RIC on
inflammatory mediators or systemic organs damage in this
proof-of-principle experiment. The mechanisms of daily
repeated RIC’s therapeutic remain unsolved both in the
previous reports and our study, and therefore, future study
is needed to determine the mechanisms of this additional
benefit.

Limitations

The LPS-induced sepsis model is clearly different from
clinical sepsis in that there is no infectious source; however,
the LPS model has the advantage of having been extensively
used for preclinical testing of potential clinical therapies.
Nonetheless, although RIC exerted an anti-inflammatory
effect in this experiment, and prior studies have demon-
strated direct effects on neutrophil activity in humans, these
effects may ultimately be adverse by suppressing appropriate
responses to bacterial infection. Consequently, prior to clini-
cal application, it will be necessary to verify our findings
with a sepsis model using live bacteria. Finally, in clini-
cal practice, it is obviously impossible to perform RIC on
patients prior to the development of clinical sepsis (unless
administered prior to a procedure associated with a risk of
systemic sepsis). Our data, however, support the perfor-
mance of future studies, in which the effect of RIC initiated
after the onset of sepsis on sepsis-induced cardiomyopathy,
MOF, and mortality should be evaluated.

Conclusion

In conclusion, RIC reduced circulating inflammatory medi-
ators associated with septic cardiomyopathy, suppressed
inflammatory signaling pathways in heart tissue, reduced
cardiac damage, and consequently preserved ventricular
function in LPS-induced septic cardiomyopathy. RIC also
preserved hepatic and renal function, and improved mortal-
ity in our LPS-induced sepsis mouse model. Although addi-
tional repeated RIC further improved mortality in sepsis,
further studies are needed to fully understand the mecha-
nisms of its benefit.
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