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Abstract. The aim of the present study was to clarify the 
effect of recombinant human erythropoietin (EPO) and 
low molecular weight heparin (LMWH) on a rat model of 
lipopolysaccharide (LPS)‑induced disseminated intravas‑
cular coagulation (DIC). Experimental DIC was induced by 
sustained infusion of 5 mg/kg LPS for 4 h. EPO or LMWH 
was then administered to the LPS‑induced DIC model. 
LPS‑induced consumption coagulopathy, hemostatic activa‑
tion and plasma TNF elevation remained unaltered in the 
LPS+EPO group, except for the D‑dimer levels, and these 
abnormalities were significantly improved in the LPS+LMWH 
group. Plasma alanine aminotransferase (ALT) levels were 
markedly reduced in the LPS+EPO group, accompanied by 
a significant suppression of hepatocellular apoptosis. In the 
LPS+LMWH group, plasma creatinine levels and glomerular 
fibrin deposition were significantly attenuated, along with 
plasma ALT levels and hepatocellular apoptosis. Thus, a single 
administration of EPO may improve hepatic dysfunction by 
primarily exerting an anti‑apoptotic, not anticoagulant, effect 
in the LPS‑induced DIC model.

Introduction

Disseminated intravascular coagulation (DIC) is a serious 
condition in which coagulation and fibrinolysis in the 

circulating blood are markedly increased. The character‑
istic clinical manifestations of DIC are organ failure and an 
increased tendency of bleeding. DIC can result in multi‑organ 
failure (MOF) due to multiple microthrombi in the microvas‑
culature of multiple organs (1,2).

Lipopolysaccharide (LPS) is frequently used to induce 
DIC in experimental animal models. The pathophysiology of 
LPS‑induced DIC is well documented, and mimics the type of 
DIC observed in patients with sepsis (3,4). The profibrinolytic 
response is almost immediately followed by the suppression of 
fibrinolytic activity. This suppression is induced by a sustained 
increase in the plasma levels of plasminogen activator inhib‑
itor in the LPS‑induced DIC model (5,6). The activation of 
coagulation and impairment of fibrinolysis has been shown to 
be mediated by cytokines, such as TNF, IL‑1 and IL‑6 in the 
LPS‑induced DIC model (7,8).

Erythropoietin (EPO) is a 30,400‑dalton glycoprotein that 
regulates red cell production. In humans, EPO is produced by 
peritubular cells in the kidneys, and causes maturation and 
proliferation of erythroid progenitor cells (9). Recombinant 
human EPO is licensed worldwide for the treatment of anemia 
in patients with chronic renal failure (10,11). EPO protects 
several organs, including the brain, heart, kidneys and liver 
against injury caused by ischemia/reperfusion and exces‑
sive inflammation, and these beneficial effects of EPO are 
associated with reductions in tissue apoptosis secondary to 
prevention of the activation of caspase‑3, ‑8 and ‑9 (12‑14). The 
tissue‑protective effects of EPO following its anti‑apoptotic 
properties have also been reported in rodent models of sepsis, 
using human recombinant EPO and its analogue (15,16). 
Numerous studies have shown that endothelial cells can 
undergo apoptosis in response to polymicrobial endotoxic 
shock (17,18). Endothelial apoptosis enhances exposure of 
negatively charged phospholipids, which are involved in 
factor VIIIa‑ and factor IXa‑dependent activation of factor X 
on endothelial cells (19,20). Encouraged by these studies, it 
was hypothesized that EPO may abrogate LPS‑induced DIC 
with MOF.
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The aim of the present study was to clarify the role of apop‑
tosis in LPS‑induced DIC by investigating the effects of EPO. 
Specifically, whether EPO attenuated organ dysfunction and 
apoptosis in the LPS‑induced rat DIC model was investigated. 
The effects of EPO on LPS‑induced DIC were also compared 
with that of low molecular weight heparin (LMWH). This is 
the first report to investigate the effects of EPO on an animal 
model of DIC, to the best of our knowledge.

Materials and methods

Animals. Animals were maintained according to the 
Standards of Animal Care and Experimentation published by 
Kanazawa University. All animal experiments were approved 
by the Committee on Animal Experimentation at Kanazawa 
University (Kanazawa, Japan; approval no. AP‑183920). 
Male Wistar rats (aged, 6‑7 weeks; body weight, 160‑170 g; 
Nippon SLC) were acclimatized for at least 3 days in the 
animal quarters before experimentation, and maintained with 
a 12‑h light/dark cycle (lights on from between 8:45 a.m. 
and 8:45 p.m.) at a temperature of 24‑26˚C and humidity of 
45‑65%, with free access to water and a regular diet (CRF‑1; 
Charles River Laboratories, Inc.). A total of 126 rats were used 
in the present study.

Experimental procedure. Rats were anesthetized with isoflu‑
rane (3%, 0.3 l/min, inhaled). Blood was withdrawn from the 
abdominal aorta into plastic syringes at 4, 8 and 12 h after the 
start of LPS administration. All samples were diluted (1:9 v/v) 
with 4% sodium citrate. Rats were sacrificed by death from 
exsanguination due to blood sampling from the abdominal 
aorta under deep anesthesia with isoflurane (3%, 0.3 l/min, 
inhaled).

The control groups were administered a sustained infusion 
of 10 ml physiological saline for 4 h via the tail vein in the 
first experiment. Blood was withdrawn 4, 8 and 12 h after this 
infusion (n=7 for each control group).

LPS (Escherichia coli 055: B5 lipopolysaccharide; 
Sigma‑Aldrich; Merck KGaA) was freshly dissolved in physi‑
ological saline before each experiment. Experimental DIC was 
induced by sustained infusion of 5 mg/kg LPS diluted in 10 ml 
saline into the tail vein over 4 h (n=7) (LPS group). Blood was 
withdrawn 4, 8 and 12 h after the start of LPS administration.

EPO (Epoetin α, 10,000 IU/kg; Kyowa Hakko Kirin Co.) 
was administered to rats from 0.5 h before LPS infusion until 
LPS infusion was started (n=7 per group) (LPS+EPO groups). 
EPO diluted in 1.25 ml saline was infused over the first 0.5 h, 
after which LPS diluted in 10 ml saline was infused over the 
next 4 h. Blood was withdrawn 4, 8 and 12 h after the start 
of LPS administration. The above administration schedule 
of EPO was used as pretreatment as it was the primary form 
of EPO administration used in previous studies investigating 
the effects of EPO on animal models of sepsis (15,16), and 
because plasma concentrations of EPO were reportedly highly 
maintained 12 h after the intravenous administration of EPO 
in healthy rats (21). In the EPO‑only groups (without LPS), 
1.25 ml physiological saline with EPO was infused over the 
first 0.5 h, after which 10 ml physiological saline was infused 
over the next 4 h via the tail vein. Blood was withdrawn 
4, 8 and 12 h after the start of physiological saline.

Infusion of LMWH (400 IU/kg) (Kissei Pharmaceutical 
Co.) was started from 0.5 h prior to LPS infusion. LMWH 
was administered for 4.5 h until LPS infusion was finished 
(n=7 per group) (LPS+LMWH group). LMWH diluted in 
1.25 ml saline was infused over the first 0.5 h, after which 
LPS and LMWH diluted in 10 ml saline were simultaneously 
infused over the next 4 h. Blood was withdrawn 4, 8 and 12 h 
after starting LPS administration. The above administration 
schedule of LMWH was used as plasma levels of D‑dimer, 
fibrinogen, and thrombin‑antithrombin complex were signifi‑
cantly suppressed by this administration schedule of LMWH 
in previous investigations on LPS‑induced DIC in rats (22,23). 
In the LMWH groups (without LPS), 1.25 ml physiological 
saline with LMWH were simultaneously infused over the first 
0.5 h, after which 10 ml physiological saline with LMWH 
was infused over the next 4 h via the tail vein. Blood was 
withdrawn 4, 8 and 12 h after the start of physiological saline 
administration.

Parameters. Platelets were counted using an automated device 
for animals (cat. no. MEK‑6558; Celltac α; Nihon Kohden Co.) 
within 1 h of sampling. Citrated plasma samples obtained by 
whole‑blood centrifugation were stored at ‑80˚C until required. 
Fibrinogen concentration and prothrombin time (PT) were 
determined using a clotting assays according to the manufac‑
turer's protocol (Fibrinogen determination and Thromborel S; 
Sysmex Co.). D‑dimer levels were determined using a 
quantitative latex agglutination test according to the manu‑
facturer's protocol (ELPIA ACE DD dimer; LSI Medience). 
Plasma levels of TNF were measured using a rat ELISA kit 
(cat. no. MBS2507393; BioSource). To determine the extent 
of organ dysfunction in rats, the plasma levels of creatinine 
and alanine aminotransferase (ALT) were determined using 
enzymatic (PureautoS CRE‑L; cat. no. 20800AMZ10178000; 
Sekisui Medical Co.) and ultraviolet (Ltypewako ALT J2; 
FUJIFILM Wako Pure Chemical Corporation) determinations 
according to the manufacturer's protocol, respectively.

Pathological examination. Renal tissue specimens were 
obtained from animals sacrificed immediately after blood 
sampling, only at 8 h after starting LPS or saline infusion, as 
in our previous study it was shown that fibrin deposition in 
glomeruli could be assessed 8 h after starting LPS administra‑
tion (22), and then fixed in formalin. The ratio (as a percentage) 
of glomerular fibrin deposition (GFD) was determined by 
microscopy. After staining specimens with phosphotungstic 
acid hematoxylin (12‑24 h), each sample was histologically 
examined by a pathologist who was blinded to sample group 
allocations. A total of 100 glomeruli were examined in each 
sample, and the numbers of thrombi containing fibrin was 
expressed as a percentage.

Hepatic tissue specimens were fixed in formalin. The apop‑
totic index (AI) was determined by microscopy. After staining 
of hepatic tissue specimens using a TUNEL assay according 
to the manufacturer's protocol (in situ Apoptosis Detection 
kit; Takara Bio Inc.), each sample was histologically exam‑
ined by a pathologist blinded to the sample groups. Apoptotic 
cells were countered in 10 random fields of view using a light 
microscope (magnification, x200) (24). The AI per sample 
was calculated as follows: AI=(number of apoptotic cells/total 
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number of cells) x100 (%) (25). AI was evaluated 12 h after 
LPS infusion, as no significant hepatocellular apoptosis was 
observed until at least 8 h in the pilot experiments (data not 
shown), although hepatocellular apoptosis was only slightly 
even then, and therefore evaluation of hepatocyte AI was most 
appropriate after 12 h, when marked hepatocellular apoptosis 
was observed in rat models of LPS‑induced DIC.

Statistical analysis. All data are presented as the mean ± the 
standard error of the mean. Results were statistically analyzed 
using a Student's t‑test. For multiple comparisons, P‑values 
were adjusted using the Holm's method. P<0.05 was consid‑
ered to indicate a statistically significant difference.

Results

Changes in hemostatic parameters, TNF levels, organ function 
and AI in hepatocytes are shown in Figs. 1‑4. No significant 
changes were observed in any of the parameters examined 
in rats treated with physiological saline and EPO or LMWH 

at 4, 8 and 12 h after the start of physiological saline adminis‑
tration (data not shown).

Hemostatic parameters. Platelet counts fell in the LPS groups, 
and were unimproved in the LPS+EPO groups, while a signifi‑
cant increase was observed in the LPS+LMWH group at 4 h 
(P<0.01; Fig. 1A). Plasma levels of fibrinogen decreased mark‑
edly to the point of being undetectable in the LPS and LPS+EPO 
groups, and this decrease was attenuated in the LPS+LMWH 
groups at 4 and 8 h (P<0.05 and P<0.01, respectively; Fig. 1B). 
PT was prolonged in the LPS and LPS+EPO groups, and this 
prolongation was attenuated in the LPS+LMWH groups at all 
three timepoints (all P<0.01; Fig. 1C). Significant suppression of 
LPS‑induced D‑dimer elevation was observed in the LPS+EPO 
group at 4 h (P<0.01; Fig. 1D), and in the LPS+LMWH groups 
after 4 and 8 h (both P<0.01; Fig. 1D). Plasma levels of TNF 
were markedly increased after 4 h in the LPS group, followed 
by an early decline. The elevation of plasma TNF was not atten‑
uated in the LPS+EPO groups, but was significantly suppressed 
in the LPS+LMWH groups at 4 and 8 h (P<0.01 each; Fig. 1E).

Figure 1. Changes in plasma levels of (A) platelets, (B) fibrinogen, (C) PT, (D) D‑dimer and (E) TNF 4, 8 and 12 h after the start of LPS administration in the 
LPS‑induced DIC model. n=7. *P<0.05, **P<0.01 vs. LPS group. LPS, lipopolysaccharide (5 mg/kg/4 h); LPS+EPO, LPS + erythropoietin (10,000 IU/kg/0.5 h); 
LPS+LMWH, LPS + low molecular weight heparin, (400 IU/kg/4.5 h); PT, prothrombin time; DIC, disseminated intravascular coagulation.
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Organ function. Plasma levels of creatinine, as an indicator 
of renal dysfunction, were increased during LPS infusion 
and increased further after infusion in the LPS groups. This 
elevation of plasma creatinine was not modulated in the 
LPS+EPO groups, but was significantly suppressed in the 
LPS+LMWH groups after 4 and 8 h (P<0.01 and P<0.05, 
respectively; Fig. 2A). Plasma ALT levels, as an indicator of 
liver injury, were increased in the LPS groups after 8 and 12 h, 
but were significantly suppressed in the LPS+EPO group 
after 8 h (P<0.05; Fig. 2B) and in the LPS+LMWH group after 
8 and 12 h (P<0.05 and P<0.01, respectively; Fig. 2B). In the 
LPS+EPO group, elevation of ALT levels was not significantly 
attenuated after 12 h, although a suppressive tendency was still 
observed (P=0.062; Fig. 2B). GFD, presented as % GFD, after 
8 h is shown in Figs. 2C and 3. Significant fibrin deposition 
was found in the LPS groups, and was not suppressed in the 
LPS+EPO groups, but a significant suppression of % GFD was 
observed in the LPS+LMWH groups (P<0.01; Fig. 2C). The 
AI in hepatocytes is shown in Fig. 4. Marked hepatocellular 
apoptosis was observed in the LPS groups. In the LPS+EPO 
and LPS+LMWH groups, AI was significantly reduced 
(P<0.05 each; Fig. 4).

Discussion

Recombinant human EPO and its analogue exert beneficial 
effects on organ dysfunction in several rodent models of 
sepsis (14‑16). As severe sepsis often causes MOF due to 
DIC (26), the organ‑protective effect of EPO apparent in animal 
models of sepsis has been hypothesized to be attributable, 

at least in part, to improvement of sepsis‑induced DIC. The 
primary purpose of the present study was to investigate the 
effects of anti‑apoptotic therapy on the pathophysiology of 
sepsis‑induced DIC, using human recombinant EPO in the 
LPS‑induced DIC model.

Reduced platelet counts and fibrinogen levels were unim‑
proved by EPO, while elevations of plasma D‑dimer levels 

Figure 2. Changes in the plasma levels of (A) creatinine and (B) ALT 4, 8 and 12 h after the start of LPS administration, and the percentage of (C) glomerular 
fibrin deposition after 8 h in the LPS‑induced DIC model. n=7. *P<0.05, **P<0.01 vs. LPS group. LPS; #P=0.062 vs. LPS group. ALT, alanine aminotransferase; 
DIC, disseminated intravascular coagulation; LPS, lipopolysaccharide (5 mg/kg/4 h); LPS+EPO, LPS + erythropoietin (10,000 IU/kg/0.5 h); LPS+LMWH, 
LPS + low molecular weight heparin, (400 IU/kg/4.5 h).

Figure 3. Effects of EPO or LMWH treatment on microthrombi formation in 
glomeruli 8 h after the start of LPS administration in the LPS‑induced DIC 
model. Saline, physiological saline; LPS, lipopolysaccharide (5 mg/kg/4 h); 
LPS+EPO, LPS + erythropoietin (10,000 IU/kg/0.5 h); LPS+LMWH, 
LPS + low molecular weight heparin, (400 IU/kg/4.5 h); DIC, disseminated 
intravascular coagulation.
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were significantly suppressed. Although EPO administration 
did not notably improve reduced platelet counts and fibrinogen 
levels, a decrease in plasma D‑dimer levels may suggest that 
thrombus caused by LPS stimulation was improved by EPO 
administration. In addition, as discussed in greater detail later, 
the liver dysfunction developed by thrombus in the LPS model 
was significantly improved by EPO administration (signifi‑
cantly lower ALT in the LPS+EPO groups). This result also 
suggested that EPO treatment improved the thrombus forma‑
tion that caused liver dysfunction, resulting in decreased levels 
of D‑dimer in the LPS+EPO groups. Inflammatory cytokines, 
such as TNF and IL‑6 are systemically upregulated, and play 
an important role in initiating and accelerating hemostatic 
activation in the rat DIC model (27,28). In the present study, 
plasma TNF elevation remained unattenuated by EPO. The 
anti‑inflammatory effects of EPO on sepsis‑induced systemic 
inflammation have been examined previously, but the results 
have varied according to the methods of sepsis induction (15). 
The LPS‑induced DIC model used in the present study seemed 
to present a severe septic pathophysiology, as the rat model 
of sepsis was caused by intravenous administration of high 
doses of LPS (5 mg/kg). Accordingly, EPO failed to exert 
any appreciable anti‑inflammatory (anti‑cytokine) effect on 
LPS‑induced systemic inflammation in the present study.

In the LPS+LMWH groups, abnormalities in hemostatic 
parameters, such as platelet counts, fibrinogen levels, PT 
and plasma D‑dimer levels were significantly improved. 
Elevation of plasma TNF was also notably suppressed by 

the administration of LMWH. In our previous studies it was 
reported that LMWH had several beneficial effects, such as 
improvement of hemostatic markers and organ dysfunction, 
against LPS‑induced DIC (22,23). The improvement of renal 
and hepatic dysfunction at 8 h was hypothesized to be due to 
the strong inhibition of thrombus formation by LMWH at an 
early stage. Since single administration of EPO did not improve 
LPS‑induced hemostatic abnormalities, except in the D‑dimer 
levels, modification of hemostatic abnormalities and suppres‑
sion of plasma TNF elevation in the LPS+LMWH group was 
attributed to the anticoagulant and anti‑inflammatory effects 
of LMWH (22).

Protective effects of EPO against sepsis‑induced renal 
dysfunction have been reported previously, with EPO signifi‑
cantly attenuating renal dysfunction and ameliorating kidney 
histopathological changes in experimental mice (29). The 
difference in results between the previous and the present 
study may be due to the different animals used, and the 
severity of septic pathophysiology resulting from differences 
in the methods of inducing sepsis. On the other hand, hepatic 
dysfunction was significantly attenuated in the LPS+EPO 
group, as indicated by the suppression of plasma ALT eleva‑
tions caused by LPS, accompanied by significant suppression 
of LPS‑induced hepatocellular apoptosis. Although hepato‑
protective effects of darbepoetin‑α, a long‑acting analogue 
of EPO, were reported in another study using a different 
mouse model of septic acute liver injury (30), the results of the 
present study clarified that EPO was effective against hepatic 
dysfunction induced by high doses of LPS, further mimicking 
the hepatic pathophysiology of sepsis‑induced DIC. In the 
LPS+LMWH groups, plasma ALT elevation, PT prolonga‑
tion and the AI were suppressed compared with those in the 
LPS groups. Previously, the LMWH derivative certoparin 
was reported to suppress Adriamycin‑induced DNA frag‑
mentation, a significant biochemical indicator of apoptotic 
cell death, in heart and kidney tissues from a rat model of 
Adriamycin‑induced oxidative cytotoxicity (31). The results of 
the present study suggested that LMWH may also be protec‑
tive against sepsis‑induced apoptosis, at least in hepatocytes, 
indicating a novel effect of heparinoids against LPS‑induced 
DIC, in addition to the well‑known anti‑coagulant effects. 
From the results of the present study, a single administration of 
EPO was considered to improve hepatic dysfunction primarily 
through the exertion of anti‑apoptotic effects. Administration 
of EPO with co‑administration of LMWH may thus be more 
effective against LPS‑induced organ dysfunctions, as both 
anticoagulant and anti‑inflammatory effects are offered 
by co‑administration of LMWH, in addition to the potent 
anti‑apoptotic effects of EPO.

Several limitations should be considered when examining 
the results of the present study. First, TNF was the only 
measure of inflammatory status used. Although the results 
for TNF after 12 h in the LPS+LMWH group suggested that 
inflammation had disappeared, inflammatory status cannot 
be considered to have been accurately assessed, since other 
proinflammatory cytokines, including IL‑1 and IL‑6, were 
not measured. This issue thus needs to be clarified in future 
studies. Similarly, apoptosis requires multidimensional evalu‑
ations (32,33), and evaluations using cell viability, DRAQ7 or 
caspase expression should be performed in the future. Finally, 

Figure 4. Effect of EPO or LMWH on hepatocyte apoptosis. Microscopy 
images showing apoptosis in hepatic tissue specimens 12 h after the start of 
LPS administration using TUNEL staining. The bar graph shows the change 
in the AI of hepatocytes after 12 h Results are presented as the mean ± the 
standard error of the mean. n=7. *P<0.05 vs. LPS group. AI, apoptotic 
index; saline, physiological saline; LPS, lipopolysaccharide (5 mg/kg/4 h); 
LPS+EPO, LPS + erythropoietin (10,000 IU/kg/0.5 h); LPS+LMWH, 
LPS + low molecular weight heparin, (400 IU/kg/4.5 h).
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creatinine and GFD were used as markers of renal function 
in the present study, but measurement of urinary protein and 
pathological examinations may also be warranted to evaluate 
renal function more accurately.

The present study is the first to examine the effects 
of EPO on the pathophysiology of DIC, to the best of our 
knowledge. Although administration of EPO was ineffective 
against hemostatic abnormalities and systemic inflammation 
in LPS‑induced DIC, hepatic dysfunction was significantly 
improved following suppression of hepatocellular apoptosis. 
This study also clarified that LMWH exhibited anti‑apoptotic 
properties in LPS‑induced DIC. Anti‑apoptotic therapy may 
thus be beneficial in patients with sepsis accompanied by DIC.
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