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Sepsis causes severe derangements of the coagulation system. However, the signaling mechanisms
regulating sepsis-induced thrombin generation remain elusive. Herein, we hypothesized that Rho-kinase
might be an important regulator of thrombin generation in abdominal sepsis. Abdominal sepsis was
induced by cecal ligation and puncture (CLP) in C57Bl/6 mice. Thrombin generation, coagulation factors,

KeYW"rdS.- lung histology and myeloperoxidase (MPO) activity were determined 6 h and 24 h after induction of CLP.
Coagulation Induction of CLP triggered a systemic inflammatory response characterized by neutrophil accumulation
Inflammation . .. . . . o .

. and tissue injury in the lung as well as thrombocytopenia and leukocytopenia. Administration of Y-
Sepsis : e L. . . .
Thrombin 27632, a Rho-kinase inhibitor, attenuated these markers of systemic inflammation in CLP animals.

Moreover, peak thrombin formation was decreased by 77% and 81% in plasma from mice 6 h and 24 h
after induction of CLP. Total thrombin generation was reduced by 64% and 67% 6 h and 24 h after CLP
induction, respectively. Notably, administration of Y-27632 increased peak formation by 99% and total
thrombin generation by 66% in plasma from septic animals. In addition, CLP markedly decreased plasma
levels of prothrombin, factor V and factor X at 6 h and 24 h. Interestingly, Rho-kinase inhibition
significantly enhanced levels of prothrombin, factor V and factor X in plasma from septic mice. In
addition, inhibition of Rho-kinase decreased CLP-induced elevations of CXCL2 by 36% and interleukin-6
by 38%. These novel findings suggest that sepsis-induced thrombin generation is regulated by Rho-
kinase. Moreover, inhibition of Rho-kinase reverses sepsis-evoked consumption of coagulation factors.
Thus, our results show that targeting Rho-kinase signaling might protect against coagulation dysfunction
in abdominal sepsis.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Abdominal sepsis is a significant cause of mortality rising up to
as high as 35% in the presence of disseminated intravascular
coagulation [1—-3]. Contamination of the abdominal cavity with
bacterial toxins and microbes trigger systemic activation of the
immune system via secretion of pro-inflammatory compounds,
including CXCL2 (macrophage inflammatory protein-2) and
interleukin-6 (IL-6) [4,5]. Microbial products and cytokines pro-
mote tissue factor activation leading to disturbances of hemostasis,
such as an initial hypercoagulable state with impaired anti-
coagulation and fibrinolysis with increased risk of intravascular
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fibrin clot formation and subsequent tissue ischemia and damage
[6—8]. Thrombin is generated by proteolytic cleavage of pro-
thrombin, which is secreted from hepatocytes [9]. Moreover,
thrombin is a potent pro-inflammatory mediator activating
monocytes and endothelial cells via specific protease-activated
receptors [10]. However, the signaling mechanisms underlying
thrombin generation in abdominal sepsis remain elusive.
Antibiotics are the only specific treatment available. It is
therefore interesting to note that statin intake might reduce mor-
tality and progression of microbial infections in septic patients
[11-13]. A protective effect of statins in sepsis is also supported by
experimental data showing that treatment with statins protects the
lungs and increase survival in sepsis [14,15]. Statins reduce
thrombin generation in patients with cardiovascular diseases [16]
and are mainly used to regulate hypercholesterolemia by inhibit-
ing HMG-CoA reductase, which is the rate-limiting enzyme in the
formation of mevalonate [17]. Mevalonate is also a precursor of
farnesyl pyrophosphate and geranylgeranyl pyrophosphate, which
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are critical in protein isoprenylation of regulatory proteins, such as
small G proteins of the Rho family needed for a broad range of
functions, such as cell adhesion, migration, cytoskeletal organiza-
tion, apoptosis, and reactive oxygen species formation [18—21].
Inhibition of Rho-kinase has been shown to protect against endo-
toxemic liver injury [22] and septic lung damage [23]. Nonetheless,
the potential role of Rho-kinase in regulating thrombin generation
and coagulation factor consumption in abdominal sepsis is not
known.

Thus, the aim of this study was to determine the role of Rho-
kinase signaling in sepsis-induced coagulation in vivo. For this
purpose, a model based on ligation and puncture of the cecum in
mice was used.

2. Materials and methods
2.1. Animals

Animals were handled in accordance with the legislation on the
protection of animals and all experiments were approved by the
Regional Ethical Committee for Animal Experimentation at Lund
University, Sweden (application number M310-12, approval date 12
december 2012). Male C57BI/6 mice (20—25 g were housed in a
with 12-12 h light dark cycle at 22 °C, and fed a laboratory diet and
water ad libitum. Animals were anesthetized with 75 mg of keta-
mine hydrochloride (Hoffman—La Roche, Basel, Switzerland) and
25 mg of xylazine (Janssen Pharmaceutica, Beerse, Belgium) per kg.

2.2. Experimental protocol of sepsis

Animals were pretreated with vehicle, i.e. phosphate-buffered
saline (PBS, n = 5) or 0.5, 2.5 and 10 mg/kg of Y-27632 (n = 5)
15 min prior to induction of cecal ligation and puncture (CLP). Y-
27632 selectively targets Rho-kinase with exception of protein ki-
nase C-related protein kinase 2 [24,25]. Previous studies have
shown that 10 mg/kg of Y-27632 exerts a protective effect in models
of abdominal sepsis, cholestasis and colonic ischemia-reperfusion
[23,26,27]. CLP was used to induce polymicrobial sepsis as
described previously [28]. In brief, mice were anesthetized and a
midline incision was made to expose the cecum, which was filled
with feces by milking stool backwards from the ascending colon
and 75% of the cecum was ligated. The cecum was soaked with PBS
and punctured twice (21-gauge needle) on the antimesenteric
border. The cecum was returned into the peritoneal cavity and the
abdominal incision was closed. Sham mice (n = 5) underwent
identical procedures, but the cecum was neither ligated nor
punctured. Animals were re-anesthetized 6 h and 24 h after CLP for
collection of samples for further analysis.

2.3. Histology

Lungs samples were fixed in 4% formaldehyde buffer overnight
and then dehydrated and paraffin-embedded. Six um sections were
stained with hematoxylin and eosin. Lung injury was quantified in a
blinded manner by use of a modified scoring system as previously
described [29], including size of alveolar spaces, thickness of alve-
olar septa, alveolar hemorrhage and neutrophil infiltration graded
on a 0 (absent) to 4 (extensive) scales.

2.4. MPO levels

Lung tissues were snap frozen and lung levels of MPO levels
were assayed according to a standard protocol [29]. Briefly, lung
tissue was thawed and homogenized in 0.02 M PB (pH 7.4). Su-
pernatant was discarded after centrifugation for 10 min at

14,000 rpm and the pellet was dissolved by adding one mL of 0.5%
hexadecyltrimethylammonium bromide. Samples were stored
at —20 °C overnight and then thawed and kept at 60 °C water bath
for 2 h followed by 90 s sonication. Supernatant was collected after
5 min centrifugation at 14,000 rpm and the MPO activity in the
supernatant was determined spectrophotometrically as the MPO-
catalyzed change in absorbance in the redox reaction of H,0;
(450 nm, with a reference filter 540 nm, 25 °C). Values were
expressed as MPO units per g tissue.

2.5. Circulating leukocyte and platelet counts

Tail vein blood was mixed with Turks solution (0.2 mg gentian
violet in 1 mL glacial acetic acid, 6.25% v/v) 1:20 for quantification
of polymorphonuclear (PMNL) and monomorphonuclear (MNL)
cells or with stromatol solution (Mascia Brunelli spa, Viale Monza,
Milan, Italy) 1:500 for identification of platelets in a hematocy-
tometer chamber.

2.6. Enzyme-linked immunosorbent assay

Plasma was collected 6 h and 24 h after induction of CLP.
Commercially available ELISA kits were used to quantify plasma
levels of prothrombin, factor V and factor X (Molecular in-
novations, Peary Ct, Novi, USA and USCN Life Science, Wuhan,
Hubei, PRC) as well as CXCL2 and IL-6 (R & D Systems, Abingdon,
Oxon, UK). Linearity was assessed and confirmed by samples
containing high concentrations of recombinant mouse prothrom-
bin, factor V, factor X, CXCL2 and IL-6 serially diluted with a
calibrator diluent.

2.7. Thrombin generation

Mouse blood was collected from the inferior vena cava with 1:10
acid citrate dextrose. As previously described [5], platelet rich
plasma (PRP) was prepared immediately after blood sampling by
centrifugation at 200 x g (3 min). Platelet poor plasma (PPP) was
obtained by a series of centrifugations to remove platelets and cell
fragments: samples were first centrifuged at 2500 x g (15 min), and
then at 10,000 x g (5 min) and finally samples were centrifuged at
19,000 x g (4 min) to obtain PPP. Recombinant mouse tissue factor
(1 pM, R&D Systems, Abingdon, Oxon, UK) was prepared in Hepes-
buffered saline containing 20 mM Hepes, 140 mM NaCl and 5 mg/
mL bovine serum albumin (BSA) and a mixture of fluorogenic
substrate, Z-Gly-Gly-Arg-AMC, (2.5 mM, Bachem, Bubendorf,
Switzerland) and CaCl; (16.6 mM) was freshly prepared in buffer
containing 20 mM Hepes and 60 mg/mL BSA (pH 7.35). To initiate
thrombin generation, 10 puL PRP, 30 pL PPP, 10 pL tissue factor and
10 pL fluorogenic substrate with CaCl, were mixed. The fluores-
cence intensity was measured using a SpectraMax Gemini fluo-
rometer (Sunnyvale, CA, USA) at an excitation wavelength of
390 nm and an emission wavelength of 460 nm. All experiments
were carried out in duplicates and all data presented are individual
biological replicates.

2.8. Statistics

Data are presented as mean values + standard error of the mean
(SEM). Statistical evaluations were performed using the non-
parametric Mann—Whitney test for comparisons between two
groups. P < 0.05 was considered statistically significant and n
represents the number of animals.
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3. Results
3.1. Lung injury and neutrophil infiltration in sepsis

Histological examination showed normal lung structure in sham
mice (Fig. 1A). CLP provoked destruction of the lung tissue micro-
architecture typified by edema formation, capillary congestion and
neutrophil infiltration (Fig. 1B). Quantification of the morphological
changes showed that the lung damage score was increased in CLP
mice (Fig. 1D). Administration of the Rho-kinase inhibitor Y-27632
protected against sepsis-induced pulmonary damage and
decreased the lung injury score by 67% (Fig. 1D). Herein, it was
found that CLP induction significantly enhanced MPO activity in the
lung (Fig. 1E). CLP decreased the number of circulating leukocytes
and platelets (Table 1). Y-27632 decreased pulmonary activity of
MPO (Fig. 1E) as well as reversed the sepsis-induced reduction in
circulating numbers of platelets and leukocytes (Table 1).

3.2. Rho-kinase regulates sepsis-induced thrombin generation

Representative time-dependent curves of thrombin generation
are depicted in Fig. 2A showing that thrombin generation was
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Table 1
Systemic platelet and leukocyte differential counts.

Platelets MNL PMNL Total leukocytes
Sham 6h 1186+22 63+04 19+03 82+03
Sham 24h 1187+40 62+03 18+04 79+03
CLP 6h + PBS 1057 +47 59+03 1.0+02* 69+0.1%
CLP 24h + PBS 651 +33* 13+02° 04+02* 1.7=+02°
CLP 6h + Y-27632 1110 +21° 56 +03° 32+04*" 88+04°
CLP 24h + Y-27632 1084 +41° 6.0+03° 23+03* 83+04°

Blood was collected from sham animals receiving PBS as well as from mice pre-
treated i.p. with vehicle (PBS) or Y-27632 (10 mg/kg) 15 min prior to CLP challenge.
Leukocytes were identified as monomorphonuclear leukocytes (MNL) and poly-
morphonuclear leukocytes (PMNL). Data represents mean + SEM, 106 cells/mL and
n = 5. 2P < 0.05 vs. sham, °P < 0.05 vs. CLP + PBS.

markedly decreased in plasma harvested from animals 6 h and 24 h
after CLP induction. For example, peak formation of thrombin was
reduced by 81% (Fig. 2C) and total thrombin generation was
decreased by 67% in plasma from mice exposed to CLP for 24 h
(Fig. 2D). Time to peak formation of thrombin was only increased
6 h after CLP (Fig. 2B). Administration of Y-27632 dose-dependently
restored thrombin generation in plasma from septic animals
(Fig. 2). For example, injection of 10 mg/kg of Y-27632 increased

Histology score

Shar;l 24h PBS Y-27632

CLP 24h

Fig.1. Systemic inflammation in the CLP model. Representative hematoxylin & eosin sections of lung tissue from A) sham animals and from mice 24 h after CLP induction pretreated
with B) vehicle or C) the Rho-kinase inhibitor Y-27632 (10 mg/kg). Scale bar indicates 100 um. D) Lung injury score was calculated as described in Materials and methods. E) Lung
activity of MPO (U/g tissue) quantified 6 h after CLP induction. Data represent mean + SEM and n = 5. *P < 0.05 vs. Sham and *P < 0.05 vs. PBS + CLP.



694 Y. Wang et al. / Biochemical and Biophysical Research Communications 460 (2015) 691—696
O Sham
B L. @ CLPeh
2504 Sham 6h @8 CLP24h
Sham 24h .
200 — CLP6h =
i= - >
£ 1501 CLP 24h x
= 21
o
i 100 8
(4 o
50 E
MN’#K)“Q
0 20 40 60 0 0.5 25 10 0_0.5 2.5 10 (mglkg)
time min Y-27632 Y-27632
0O Sham 0O Sham
@ cLPéh D @8 CLP6h
200- @8 CLP24h 4000- - @8 CLP24h
e ol ™ *#
< 150 5 3000 *#
£ ™
= x *#
e * 0 2000 ld
4 1004 * # o 3 1 N
ﬁ * < * * *
& 504 * X % X 1000
0- L] L} _—
0 0.5 2510 0 0.5 2.5 10 (mg/kg) 0 0.5 2510 0 0.5 2.5 10 (mg/kg)
Y-27632 Y-27632 Y-27632 Y-27632

Fig. 2. CLP-induced thrombin generation. Plasma samples were harvested 6 h and 24 h after CLP induction. Animals were pretreated with the Rho-kinase inhibitor Y-27632 (0.5-
10 mg/kg) or vehicle. Sham-operated animals served as negative controls. A) thrombin generation over time, B) time to peak formation, C) peak levels and D) total thrombin
generation were determined as described in Materials and methods. Data represent mean + SEM and n = 5. *P < 0.05 vs. Sham and *P < 0.05 vs. PBS + CLP.

total thrombin generation by 66% and 151% at 6 h and 24 h,
respectively, after CLP (Fig. 2D).

3.3. Rho-kinase regulates consumption of coagulation factors in
sepsis

CLP decreased plasma levels of prothrombin by 73% at 6 h and
by 65% at 24 h (Fig. 3A). In addition, CLP depressed plasma levels of
factor V by 48% at 6h (Fig. 3B). Plasma levels of factor V were not
significantly reduced 24 h after CLP induction (Fig. 3B). CLP reduced
plasma levels of factor X at 6 h and 24 h by 64% and 63%, respec-
tively (Fig. 3C). Administration of Y-27632 increased plasma levels
of prothrombin in CLP animals. For example, Y-27632 enhanced
prothrombin levels in plasma by 37% (Fig. 3A). Moreover, inhibition
of Rho-kinase increased levels of factor V at 6 h and factor X at both
6 h and 24 h after induction of CLP (Fig. 3B and C).

3.4. Rho-kinase regulates secretion of pro-inflammatory
compounds in sepsis

No detectable level of CXCL2 was observed in sham animals
(Fig. 3D). CLP markedly increased plasma levels of CXCL2 (Fig. 3D)
at 6 h and 24 h. Administration of Y-27632 decreased CLP-induced
plasma levels of CXCL2 by 42% at 6 h and by 36% at 24 h (Fig. 3D).
Moreover, plasma IL-6 levels were greatly enhanced 6 h and 24 h
after induction of CLP (Fig. 3E). Inhibition of Rho-kinase decreased
plasma levels of IL-6 by 38% and 43% 6 h and 24 h after CLP in-
duction, respectively (Fig. 3E).

4. Discussion

Sepsis is associated with systemic derangement of the coagu-
lation system, however, the signaling pathways regulating sepsis-
induced coagulopathy remain elusive. Herein, we demonstrate
that the Rho-kinase inhibitor Y-27632 restored thrombin genera-
tion in septic animals. Moreover, Rho-kinase inhibition reversed

sepsis-evoked depletion of major coagulation factors. Thus, these
findings suggest that Rho-kinase regulates significant alterations of
hemostasis observed in abdominal sepsis.

Systemic inflammatory response syndrome triggers complex
changes in the coagulation system. The current concept is that
patients with sepsis undergo dynamic changes typified by an early
hypercoagulable state followed by a subsequent hypocoagulable
phase [30]. The knowledge about the coagulant response to severe
infections has been limited by traditional methods to monitor
coagulation status by quantification of individual elements in the
coagulation cascade, such as coagulation factors and inhibitors,
which may not capture the global effect on hemostasis. More
recently, global hemostasis assays, such as the thrombin generation
test and thromboelastometry have been developed to obtain a
more comprehensive and biologically relevant evaluation of he-
mostasis. Multiple studies have shown the usefulness of thrombin
generation in various conditions, including chronic liver disease
[31], trauma-induced coagulopathy [32] and sepsis [5]. However,
up to date, the knowledge about regulatory signaling pathways in
sepsis-induced thrombin generation is limited. Herein, we found
that inhibition of Rho-kinase significantly reversed the sepsis-
induced depression of thrombin generation. This is the first study
showing that Rho-kinase activity regulates thrombin generation
in vivo. In this context, it is interesting to note that platelets have
been reported to control thrombin generation in sepsis [33] and
that Rho proteins are known to regulate numerous features of
platelet physiology, including aggregation, granule secretion, filo-
podia formation and clot retraction [34]. Thus, it is possible that
Rho-kinase in platelets is the target of Y-27632, which will be
addressed in future studies. Nonetheless, considering the potent
pro-inflammatory and pro-coagulative effects of thrombin [35],
this inhibitory effect of Y-27632 might help explain the protective
effect of targeting Rho-kinase signaling in abdominal sepsis [23].
Notably, recent studies have reported that statins, such simvastatin,
reduce thrombin generation in different conditions, such as acute
ST-segment  elevation myocardial infarction [36] and
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Fig. 3. CLP-induced depletion of coagulation factors. Plasma samples were harvested 6 h and 24 h after CLP induction. Animals were pretreated with the Rho-kinase inhibitor Y-
27632 (10 mg/kg) or vehicle. Sham-operated animals served as negative controls. Plasma levels of A) prothrombin, B) factor V, C) factor X, D) CXCL2 and E) IL-6 were determined by
use of ELISA. Data represent mean + SEM and n = 5. *P < 0.05 vs. Sham and #P < 0.05 vs. PBS + CLP.

hypercholesterolemia [37]. Considering that statins prevent iso-
prenylation of small guanosine triphosphatases, such as Rac1 and
Rho, which are necessary for their function [38], our current results
showing that Rho-kinase plays an important role in regulating
thrombin generation might help explain the beneficial impact of
statins on the coagulation system.

Secretion of pro-inflammatory cytokines is considered to drive
inflammation-induced activation of the coagulation system. Cyto-
kines stimulates tissue factor expression on monocytes, which
binds to activated factor VII and this complex catalyzes the for-
mation of activated factor X. Factor V, prothrombin, calcium and
activated factor X constitute the prothrombinase complex, which is
the rate-limiting step in thrombin generation [39]. For example, IL-
6 is a pro-inflammatory cytokine that can induce a prothrombotic
state by increasing platelet production and reactivity as well as
promoting expression of tissue factor and coagulation factors [39].
Indeed, one recent study has demonstrated that IL-6 can increase
thrombin generation [39]. In the present study, it was found that
CLP triggered increased plasma levels of IL-6 and that administra-
tion of Y-27632 abolished the sepsis-induced increase in IL-6 pro-
duction. Moreover, we observed that CLP markedly decreased
plasma levels of prothrombin, factor V and factor X, suggesting a
substantial consumption of these coagulation factors in abdominal
sepsis. A similar decrease in plasma levels of prothrombin, factor V

and factor X has been observed in patients with sepsis [40]. Inter-
estingly, administration of Y-27632 reversed the sepsis-induced
reduction in prothrombin, factor X at 6h and 24h as well as factor
V at 6h, indicating that Rho-kinase signaling is important for
inflammation-driven activation and consumption of coagulation
factors in abdominal sepsis. As shown before [23], we found that Y-
27632 inhibited sepsis-evoked neutrophil recruitment and lung
damage as well as thrombocytopenia and leukocytopenia, sup-
porting a broad and potent anti-inflammatory impact exerted by Y-
27632 in abdominal sepsis. We found that Y-27632 significantly
decreased CXCL2 formation, which is a powerful stimulator of
neutrophils. This inhibitory effect of Y-27632 on CXCL2 formation
might help explain the inhibitory effect of Y-27632 on neutrophil
accumulation in the lung as suggested previously [23]. In this
context, considering the important role of Rho-kinase in both
thrombin generation and neutrophil recruitment it could be sug-
gested that Rho-kinase might be a key link in the crosstalk between
inflammation and coagulation in sepsis. Future studies will be
performed to identify potential immune cells involved in the Rho-
kinase-dependent regulation of sepsis-driven coagulation.

Taken together, these results suggest that Rho-kinase signaling
is an important component in sepsis-associated thrombin genera-
tion and coagulation factor consumption. These potent anti-
coagulative effects of targeting Rho-kinase activity not only help
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explaining the central role of Rho-kinase signaling in abdominal
sepsis but also suggest that inhibition of Rho-kinase might be a
useful way to improve the coagulative status in patients with
sepsis.
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