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Abstract

The administration of recombinant human soluble thrombomodulin (rhsTM)
significantly improves liver inflammation and increases the survival rate of
patients with acute liver failure (ALF). However, rhsTM is dose-dependently
correlated to the risk of bleeding. Recently, ultrasound (US) was found to enhance
the effect of various drugs. Thus, the present study aimed to determine the
enhancement effect of US irradiation on rhsTM in ALF. rhsTM (1 mg/kg) and US
(1 MHz, 0.3 W/cm?) were irradiated to the liver of lipopolysaccharide/D-
galactosamine-induced ALF mice model. The post-treatment aspartate
aminotransferase, alanine aminotransferase, and high-mobility group box 1
levels were significantly lower in the rhsTM + US group than in the rhsTM alone
group. Histopathological findings revealed significantly reduced liver injury and
apoptosis in the rhsTM + US group. By contrast, US irradiation had no effect on
rhsTM and TNF-a concentration in the liver tissue. In conclusion, US irradiation
enhanced the effect of rhsTM in the ALF mice model. However, further studies
must be conducted to determine the exact mechanism of such enhancement
effect.
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Introduction

Thrombomodulin is a cell surface-expressed glycoprotein. This glycoprotein is a
cofactor of protein C thrombin-mediated activation. Endothelial cell protein C
receptor amplifies this pathway, thus attributing to a major anticoagulant
mechanism that downregulates thrombin formation and thrombus inhibition.
Recombinant human soluble thrombomodulin (rhsTM) comprises the
extracellular domain of thrombomodulin; thus, it has been used for the treatment
of disseminated intravascular coagulation (DIC). A considerable amount of
studies on the mechanisms underlying the therapeutic efficacy of rhrsTM has been
conducted. Moreover, the D1 domain of rhsTM bounds to the high-mobility group
box 1 (HMGB1), which has potent anti-inflammatory effects via different
molecular mechanisms?3, thereby leading to the suppression of tumor necrosis
factor (TNF-a) via the inhibition of macrophage activation®.

Acute liver failure (ALF) is initiated by the activation of inflammatory cells. It is
known that macrophages release inflammatory cytokines which is a condition
characterized by the rapid deterioration of hepatic cell function®. The overall
survival of patients with ALF is 67%, and approximately 30% of patients with ALF
undergo liver transplantation®. Osumi et al.” have shown that the administration
of rhsTM attenuated liver damage and increased survival rates in an ALF mice
model. However, the dose of rhsTM (100 mg/kg, subcutaneous administration) in
the previous study was significantly higher than that used in clinical settings (0.06
mg/kg). As the administration of rhsTM at a high dose may cause systemic
bleeding complications in actual clinical practice, a method that reduces the
dosage and enhances the effect of rhsTM on the target lesion is urgently needed.

Ultrasound (US) has been widely used as a clinical diagnostic tool. However,
US has been developed not only as an imaging modality but also as a therapeutic
tool in recent years®'2. High frequency US (1-10MHz) and a range of intensities
(0-20 W/cm?) focused on the tissue can increase the cell membrane permeability
of therapeutic drugs. Thus, US can enhance the effect of drugs in a specific
targeted area. US-targeted therapy has applications in gene therapy and
anticancer drug delivery'-15. If US-targeted therapy can be utilised in ALF, such
therapy can be considered a new method to decrease the dose of rhsTM to the
liver, thereby preventing the risk of systemic bleeding complications.



The present study aimed to identify the enhancement effect of US irradiation on
rhsTM in an ALF mice model. Moreover, the liver function, production of
inflammatory mediators and rhsTM levels of the liver in the ALF model were
evaluated to explore the mechanism on how rhsTM and US contribute to the
regulation of liver inflammation.

Methods
Animal model

To induce ALF, male C57BL/6 (8 weeks) mice were injected with
lipopolysaccharide (LPS; Escherichia coli, O111: B4) 4 ug/kg/D-galactosamine
(GalN) 600 mg/kg intraperitoneally’®'”. LPS and GalN were purchased from
Sigma (St. Louis, MO). The mice were randomly assigned into six groups (n=5):
normal, placebo (LPS/GalN injected intraperitoneally and normal saline
intravenously); rhsTM 1 mg/kg (LPS/GalN injected intraperitoneally and rhsTM
intravenously); rhsTM 5 mg/kg; rhsTM 1 mg/kg + US; and rhsTM 5 mg/kg + US
(Table 1). rhsTM was administered 30 min after LPS/GalN injection. rhsTM was
obtained from Asahi Kasei Pharma Co. (Tokyo, Japan). US irradiation was carried
out using the 10-mm diameter transducer (Sonitron 1000, Rich-Mar, USA) after
the removal of hair with electrical clippers and application of Aquasonic 100 US
gel on the abdominal skin. All US irradiations were performed separately at a
frequency of 1 MHz and an intensity of 0.3 W/cm? for 60 s (duty cycle, 50%)
immediately after the administration of rhsTM. Blood samples were collected via
cardiac venipuncture 7 h after LPS/GalN injection. Plasma samples were
obtained via centrifugation of 1 ml of blood at 3000 rpm for 15 min and were
frozen at -80°C until use. The liver tissues of the sacrificed mice were obtained
via laparotomy 7 h after LPS/GalN injection. The liver tissues were homogenised
immediately after dissection from the left lobe of the liver. The time points of
collecting plasma and liver tissue samples were based on a similar experiment
reported by Osumi’. All experiments were approved by the Experimental Animal
Care and Use Committee of Fukuoka University. All methods were performed in
accordance with the Animal Care Guidelines of Fukuoka University.
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Table 1. Detailed model description for each group.

Groups LPS/GalN rhsTM us
Normal - - -
Placebo + - -
rhsTM 1 mg/kg + + -
rhsTM 5 mg/kg + + -
rhsTM 1 mg/kg + US + + +
rhsTM 5 mg/kg + US + + +

LPS: lipopolysaccharide, GalN: D-galactosamine, rhsTM: recombinant
human soluble thrombomodulin, US: ultrasound.

Evaluation of liver enzyme and HMGB1 levels in the plasma

The degree of liver dysfunction was evaluated via the measurement of plasma
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels
(LSI Medience Co., Fukuoka, Japan). The plasma HMGB1 levels were measured
using an enzyme-linked immunosorbent assay (ELISA; Shino-Test Co.,
Kanagawa, Japan) according to the manufacturer’s instructions. Briefly, the
microplates were coated with a purified anti-HMGB1 antibody, which specifically
binds to HMGB1. A diluent buffer (50 pL) was pipetted into the wells of the
microtiter plate; subsequently, 50 uL of the standard, positive control and serum
or plasma samples were added to each well. The plate was covered with an
adhesive foil and incubated at 37°C for 24 h to facilitate the binding of HMGB1 to
the antibodies on the plate. Subsequently, the plate was washed five times and
100 uL of the enzyme conjugate was added. Once again, the plate was sealed
and incubated for 2 h at room temperature. After washing, 100 yL of colour
solution was added and incubated for 30 min at room temperature. Finally, 100
ML of stop solution was added, and the optical density was photometrically
measured at 450 nm. The final concentration values were calculated using the
optimised standard curve (eight-step dilution of 1:2 with an initial concentration of
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20 ng/mL) included in the assay kit'®.

Histopathological assessment

The liver tissue from the left lobe was obtained at the time of sacrifice. The liver
tissue was fixed in 10% buffered formalin (Muto Pure Chemicals Co., Ltd., Japan).
The fixed liver tissues were embedded in paraffin and sectioned into 3-um slices.
The paraffin-embedded sections were stained with hematoxylin and eosin (HE)
for pathological analysis (n=3 in each group). All histological images were
obtained with an optical microscope (BZ-X710, Keyence Corporation).

The HE-stained sections were evaluated for the severity of hepatic injury using
the point-counting method with histological scores reported by Bak et al'®. Briefly,
HE stained sections were graded as follows: grade 0, minimal or no evidence of
injury; grade 1, mild injury consisting of cytoplasmic vacuolation and focal nuclear
pyknosis; grade 2, moderate to severe injury with extensive nuclear pyknosis;
and grade 3, severe necrosis with disintegration of hepatic cords, haemorrhage,
and neutrophil infiltration.

Apoptosis was assessed using the terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labelling (TUNEL) assay Kit (Promega, Tokyo, Japan)
according to the manufacturer’s instructions. The coverslips were mounted using
Vectashield (Vector Laboratories), and the slides were observed under
microscope. Then, three areas of the liver (upper, middle and lower part of the
slide) (scale bar: 100 um) were randomly selected and photographed under a
microscope. The images were processed with NIH Image in a blinded manner for
unbiased counting. The mean number of positively stained cell was calculated
from three microscopic fields in each section of the liver, and the sections were
analysed for each liver (n=3 in each group). Data were expressed as the mean
number of cells per square millimetre.

TNF-a and rhsTM levels in the liver tissue

The TNF-a and rhsTM levels in the homogenised liver were measured using the
TNF-a ELISA Kit (BioLegend, San Diego, USA) and Human
Thrombomodulin/BDCA-3 Quantikine ELISA Kit (R&D Systems, Minnesota,
USA) according to the manufacturer’s instructions.

Statistical analysis
Data were presented as mean + standard error of the mean (SEM) and were
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analysed using one-way analysis of variance, followed by Tukey’s post hoc test.
A P value < 0.05 was considered statistically significant. All statistical analyses
were conducted on a personal computer with the JMP software version 12 (SAS
Institute, Cary, NC) for Windows.

Results
Evaluation of liver enzyme levels

The AST and ALT levels of the normal, placebo, rhsTM 1 mg/kg, 5 mg/kg, 1
mg/kg + US and 5 mg/kg + US groups were 163 + 37 and 48 + 15 IU/L, 3324 +
394 and 5391 + 796 IU/L, 3047 + 532 and 3841 + 1187 IU/L, 1262 + 408 and
1478 £ 645 IU/L, 955 + 268 and 754 £ 258 IU/L and 783 £+ 284 and 325 + 324
IU/L, respectively (Figure 1). Moreover, the AST and ALT levels of the US alone
group (without the administration of rhsTM) were 4337 + 749 and 4955 + 1152
IU/L. The AST levels were significantly lower in the 5 mg/kg, 1 mg/kg + US, and
5 mg/kg + US rhsTM groups than in the 1 mg/kg rhsTM group (P < 0.05, P < 0.01
and P <0.01). The ALT levels were significantly lower in the 1 mg/kg + US and 5
mg/kg + US rhsTM groups than in the 1 mg/kg rhsTM group (P < 0.05,
respectively). The AST and ALT levels were lower in the 5 mg/kg + US rhsTM
group than in the 5 mg/kg rhsTM group; however, no significant difference was
observed between the 5 mg/kg + US and 5 mg/kg alone groups.

HMGB1 level in the plasma

Figure 2 shows that the plasma HMGB1 level increased in the ALF model
(placebo). The HMGB1 level in the 1 mg/kg rhsTM group did not sufficiently
attenuate the administration of rhsTM. The HMGB1 level in the 1 mg/kg + US
rhsTM group was significantly lower than that in the 1 mg/kg rhsTM group (23
6 vs. 134 + 16 ng/mL; P < 0.05). The HMGB1 levels were lower in the 5 mg/kg
and 5 mg/kg + US rhsTM groups than in the 1 mg/kg rhsTM group; however, no
significant differences were observed among all the groups.

Histopathological assessment

The histopathological findings of the liver in the rhsTM administered and US
irradiated mice are shown in Figure 3A (HE, x60). In the placebo and 1 mg/kg
groups, severe hepatic injury with extravasated red blood cells was observed.
Moreover, lymphocytes were observed in the portal tracts and in the collapsed
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sinusoids. These lesions improved in the 5 mg/kg, 1 mg/kg + US, and 5 mg/kg +
US groups. As shown in Figure 3B, the histological score was calculated to
evaluate the severity of hepatic injury in the ALF model. The histological score
was significantly lower in the 5 mg/kg, 1 mg/kg + US, and 5 mg/kg + US rhsTM
groups than in the 1 mg/kg rhsTM group (1.3 £0.3vs. 3.0+ 0.6; P<0.01,1.3
0.3vs.3.0+0.6; P<0.01,and 0.3 £ 0.3 vs. 3.0 £ 0.6; P < 0.01). Moreover, we
detected apoptosis cells in the liver tissues via TUNNEL staining to assess the
effect of rhsTM administration in the ALF model (Figure 3C). As shown in Figure
3D, the TUNEL-positive cells significantly decreased in the 5 mg/kg, 1 mg/kg +
US, and 5 mg/kg + US rhsTM groups than in the 1 mg/kg rhsTM group.

TNF-a level in the liver tissue

The TNF-a levels in the liver tissue increased in the placebo group (ALF model)
compared to the normal group (Figure 4). The TNF-a levels in the liver were lower
in the 5 mg/kg group than in the 1 mg/kg group. However, no significant difference
was observed. The TNF-a levels in the liver were not suppressed in the US
irradiation groups.

rhsTM levels in the liver tissue

The presence of rhsTM in the liver tissue was not detected in the normal,
placebo groups. The rhsTM levels in the liver were significantly higher in the 5
mg/kg (or +US) group than in the 1 mg/kg (or +US) group [6029 + 1388 (4835 +
465) vs. 2289 + 218 (1250 = 192) pg/mL; P < 0.01, respectively]. However, no
change was observed in the rhsTM concentration in the liver tissue of the US
irradiation group (Figure 5).

Discussion

Recent clinical studies have shown that the administration of rhsTM can reduce
mortality by improving organ dysfunction??2'. In addition, the use of rhsTM was
approved for the treatment of not only septic DIC but also for cancer, which is
particularly important due to the expectation that the number of cancer cases will
increase by more than 20% in 2020%2. rhsTM has anticoagulant and anti-
inflammatory effects. Therefore, such drug can be widely used for various
diseases’2324. Moreover, it is available as a novel analgesic for the treatment of
HMGB1-mediated inflammatory pain as peripheral HMGB1 plays important roles
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in the development of inflammatory hyperalgesia?%-?7.

The present study first evaluated the effects of rhsTM in an ALF model. Based
on this study, compared with an rhsTM dose of 1 mg/kg, a dose of 5 mg/kg
significantly reduced the plasma AST levels and liver injury as well as apoptosis
based on a histopathological assessment. This result could validate the findings
of the previous study of Osumi et al.” Nakamura et al.?* have also reported that
rhsTM dose-dependently ameliorated cerebral ischaemia injury via the HMGB1
inhibitory mechanism in mice. Therefore, the administration of rhsTM at high
dosages is more effective in treating severe liver inflammation.

rhsTM is currently administered at a dose of 0.06 mg/kg (380 U/kg) in clinical
settings?8. In case of renal failure, the administration of rhsTM is often decreased
to 0.02 mg/kg (130 U/kg). The clinical doses of rhsTM are significantly lower than
those reported in other animal models. Saito has shown that the incidence of
bleeding-related adverse events in clinical settings was significantly lower in the
rhsTM-treated group than in the heparin-treated group [50/116 patients (43.1%)
vs. 65/115 patients (56.5%); P=0.0487]%. This result indicated that rhsTM may
have a wider safety margin than other anticoagulants. However, the percentage
of bleeding-related adverse events was 43.1% in the rhsTM-treated group. In
addition, in the rhsTM-treated group, the percentage of bleeding-related adverse
events that lead to discontinuation of treatment was 1.7%28. rhsTM is associated
with a risk of bleeding?®. In addition, some studies have concluded that the risk of
bleeding is dependent on the dose of rhsTM. Thus, the administration of rhsTM
at higher doses should be avoided due to the risk of bleeding. An alternative
therapy is required to enhance the effect of rhsTM to a specific organ, particularly
in the liver, without increasing the dosage.

Previously, irradiation via low-intensity US was found to generate small transient
holes in the cell membrane and to increase the cell membrane permeability. This
phenomenon is referred to as sonoporation. Some studies have shown that
sonoporation increases the efficacy of anticancer drugs and gene delivery3'-33,
Sonoporation, which is a new method used for targeted drug delivery and non-
viral gene transfection, has several advantages.

The present study aimed to evaluate the possible enhancement effects of US
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irradiation on rhsTM in the ALF model. The AST and ALT levels did not change in
the US irradiation alone mice and had no effects on the liver, US irradiation after
the administration of 1 mg/kg of rhsTM significantly decreased the plasma AST,
ALT and HMGBH1 levels. By contrast, rhsTM at a dose of 5 mg/kg in combination
with US decreased the plasma AST and ALT levels compared to 5 mg/kg alone
in the treated mice. Although the results were not statistically significant, US
irradiation after the administration of rhsTM was not considered completely
ineffective. As the plasma AST and ALT levels of the rhsTM 5 mg/kg group
decreased sufficiently, the statistical power was not enough between the 5 mg/kg
and 5 mg/kg + US groups.

Our results showed that the histological score and number of TUNEL-positive
cells were significantly lower in the 1 mg/kg + US group than in the 1 mg/kg group.
To support the enhancement effect of rhsTM via US irradiation, US irradiation
after the administration of rhsTM revealed improvement of liver injury and
apoptosis according to the histopathological assessment. Therefore, these
observations indicated that US irradiation enhanced the effect of rhsTM.

A significant increase of TNF-a level in the liver has been previously observed 1
h after LPS/GalN injection343°, Furthermore, TNF-a levels in the liver showed an
early peak at 1 h and then decreased’. In this study, the liver samples were
obtained 7 h after LPS/GalN injection according to the previous study’. The liver
TNF-a levels were lower in the 5 mg/kg group than in the 1 mg/kg group. However,
no significant difference was observed. This result has inadequate statistical
power to detect significant differences in the dose-dependently effect between
the 1 mg/kg and 5 mg/kg groups. Moreover, we evaluated the TNF-a levels in the
liver to elucidate the enhancement effect of rhsTM via US irradiation. No
significant differences in the TNF-a level in the liver were observed between the
1 mg/kg and 1 mg/kg + US groups as well as in the 5 mg/kg and 5 mg/kg + US
groups. In other words, the enhancement effect of US irradiation was not detected
based on the TNF-a levels in the liver tissue. Although increased levels of rhsTM
in the liver via US irradiation were expected due to the possible mechanism of
sonoporation, US irradiation may not have affected the increase in rhsTM
concentration in the liver. Thus, US irradiation enhanced the effect of rhsTM in
the plasma based on the histopathological assessment; however, the mechanism
of sonoporation could not be clearly proven in our study.
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The cell membrane consists of a lipid bilayer with embedded proteins.
Phosphatidylserine (PS) is a phospholipid and is a component of the cell
membrane. PS is normally confined to the inner leaflet; however, it is transferred
to the outer leaflet via the activity of the scramblase enzymes?6. This mechanism
is known as PS externalization, which facilitates coagulation. Moreover, PS
externalisation is involved in the recognition of apoptotic cells3”-38. Ruijssevelt has
reported that the mechanism of the enhancement effect of US irradiation was not
correlated to sonoporation and was dependent on regulated PS externalisation
in vitro3°. As our results revealed that rhsTM levels in the liver did not increase in
vivo, it is consistent with the previous study of regulated PS externalization.
However, this hypothesis cannot be completely proven in this limited evaluation.
Multiple drug concentration measurements should be conducted at various time
points to fully understand the pharmakinetics within the liver tissue after US
irradiation.

The limitation of the present study can be summarized as follows. Firstly, pro-
inflammatory cytokines should have been measured to assess the mechanism of
rhsTM and US irradiation in more detail. Secondly, the optimal timing of rhsTM
administration is unknown. It is estimated from a previous study that the level of
pro-inflammatory cytokines started to increase 1 h after LPS/GalN injection”.
Therefore, we administered rhsTM 30 min after LPS/GalN injection in our
experiments. Thirdly, although rhsTM doses of 1 mg/kg or 5 mg/kg used in our
experiment is based on previously reported rhsTM studies, it is uncertain if these
dosages have clinical relevance. Anti-inflammatory effects of rhsTM at these
dosages had a significant effect on the prevention of lung injury in a rat model
with LPS-induced systemic inflammation*?. In a mouse heat stroke model,
significant amelioration of liver injury was observed with the administration of 1
mg/kg of rhsTM*'. The same dosages were applied to ameliorated cerebral
ischaemic injury model without haemorrhagic complications in mice?*. However,
all the above doses of rhsTM were significantly higher than that used in clinical
settings (0.06 mg/kg). Nevertheless, further studies should be performed to
evaluate on these above limitations if our method were to be used for patients.

Conclusions
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After the administration of rhsTM, low-intensity US irradiation reduced liver
enzyme levels, HMGB1 level as well as liver injury and apoptosis in the ALF
model. This result indicated that US irradiation enhances the effect of rhsTM.
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Figure legends

Figure 1. Plasma AST and ALT levels in the rhsTM and US irradiation groups 7 h
after LPS/GalN injection (n=5). Values were expressed as mean + SEM. The
Tukey’s test was performed without normal and placebo groups. TP < 0.05, t1P
<0.01.

Figure 2. Plasma HMGB1 levels in the rhsTM and US irradiation groups 7 h after
LPS/GalN injection (n=5). Values were expressed as mean + SEM. Tukey’s test
was performed without normal and placebo groups. 1P < 0.05.

Figure 3. Panel A shows the representative HE-stained images (x60) in the left
lobe of the liver in the rhsTM and US irradiation groups. Panel B indicates the
histological score for evaluating the severity of hepatic injury (n=3). Panel C
shows the representative images of fluorescent double staining of terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL). Panel
D shows the mean TUNEL-positive cell count in the three areas of the liver to
evaluate for apoptosis (n=3). Values were expressed as mean + SEM. Tukey’s
test was performed without normal and placebo groups. 1P < 0.01.

Figure 4. TNF-a levels in the liver of the rhsTM and US irradiation groups 7 h after
LPS/GalN injection (n=5). Values were expressed as mean + SEM. Tukey’s test
was performed without normal and placebo groups.

Figure 5. rhsTM levels in the liver of the rhsTM and US irradiation groups 7 h after
LPS/GalN injection (n=5). Values were expressed as mean + SEM. Tukey’s test
was performed without normal and placebo groups. 1P < 0.05, t1P < 0.01.
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