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ORIGINAL ARTICLE



Selective inducible nitric oxide synthase inhibition attenuates organ dysfunction and elevated endothelin levels in LPS-induced DIC model rats H. ASAKURA, R. ASAMURA,* Y. ONTACHI, T. HAYASHI, M. YAMAZAKI, E. MORISHITA, K - I . M I Y A M O T O * and S . N A K A O Department of Internal Medicine (III) and *Department of Hospital Pharmacy, Kanazawa University School of Medicine, Kanazawa, Japan



To cite this article: Asakura H, Asamura R, Ontachi Y, Hayashi T, Yamazaki M, Morishita E, Miyamoto K-I, Nakao S. Selective inducible nitric oxide synthase inhibition attenuates organ dysfunction and elevated endothelin levels in LPS-induced DIC model rats. J Thromb Haemost 2005; 3: 1050–5.



Summary. We examined the role of nitric oxide (NO) produced by an inducible isoform of NO synthase (iNOS) using N[6]-(iminoethyl)-lysine (L-NIL), a selective iNOS inhibitor, in the rat model of lipopolysaccharide (LPS)induced disseminated intravascular coagulation (DIC) and investigated changes in organ function, plasma levels of NOX (metabolites of NO) and endothelin. We induced experimental DIC by the sustained infusion of 30 mg kg)1 LPS for 4 h via the tail vein. We then investigated the eﬀect of L-NIL (6 mg kg)1, from ) 0.5 to 4 h) on LPS-induced DIC. Blood was withdrawn at 4 and 8 h, and all four groups (LPS with or without L-NIL at 4 and 8 h) consisted of eight rats. Three of the animals in the 8-h LPS group died, and we examined blood samples from ﬁve rats in this group. None of the other rats died. The LPS-induced elevation of creatinine, alanine aminotransferase, glomerular ﬁbrin deposition and plasminogen activator inhibitor was signiﬁcantly suppressed by L-NIL coadministration, although L-NIL did not aﬀect the platelet count, ﬁbrinogen concentration or the level of thrombin–antithrombin complex. Moreover, plasma levels of the D-dimer that reﬂect the lysis of cross-linked ﬁbrin were signiﬁcantly increased by L-NIL coadministration in the LPS-induced DIC model. Plasma levels of NOX and endothelin were obviously increased by LPS infusion. However, both levels were signiﬁcantly suppressed in the LPS + L-NIL group, when compared with the LPS group. Although mean arterial pressure (MAP) was signiﬁcantly decreased between 2 and 8 h compared with the control in the LPS group, this depression was signiﬁcantly attenuated in Correspondence: H. Asakura, Department of Internal Medicine (III), Kanazawa University School of Medicine, Takaramachi 13-1, Kanazawa, Ishikawa 920-8641, Japan. Tel.: +81 76 265 2275; fax: + 81 76 234 4252; e-mail: hasakura@ med3.m.kanazawa-u.ac.jp Received 2 September 2004, accepted 4 January 2005



the LPS + L-NIL group. Our results suggest that NO induced by iNOS contributes to hypotension (depressed MAP), the progression of hepatic and renal dysfunction, microthrombus deposition and elevated endothelin levels in the rat model of LPS-induced DIC. Keywords: DIC, endothelin, iNOS, L-NIL. Introduction Disseminated intravascular coagulation (DIC) is a critical clinical condition that involves the striking activation of both coagulation and ﬁbrinolysis in circulating blood. It is typically characterized by organ failure and a hemorrhagic tendency. Multiple organ failure (MOF) involves disturbed microcirculation due to the formation of numerous microthrombi in several organs [1–3]. Although enhanced blood coagulation is systemic in all instances of DIC, the degree of activation in the ﬁbrinolytic system varies according to the underlying cause of DIC [4,5]. Fibrinolysis can arise in DIC patients with acute promyelocytic leukemia (APL) [6,7]. On the other hand, ﬁbrinolysis can be decreased in DIC patients with sepsis despite substantially increased hemostatic activation [5,8,9]. Nitric oxide (NO) is a simple messenger that can induce vasodilation and which is produced in normal endothelial cells by the endothelial isoform of NO synthase (eNOS), as well as in cytokine- or lipopolysaccharide (LPS)-stimulated endothelial cells by the inducible isoform, iNOS [10–12]. Although the induction of NO synthesis by iNOS is associated with negative cytotoxicity and septic shock [13], NO also has positive antithrombotic properties, including inhibition of the production of tissue factor (TF) and of plasminogen activator inhibitor (PAI) by endothelial cells, as well as suppression of plateletdependent thrombosis [14–18]. We described the roles of vasoactive NO and endothelin-1 (ET; a potent vasoconstrictor), in the pathophysiology of DIC, using LPS-induced DIC models that have a similar  2005 International Society on Thrombosis and Haemostasis
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pathophysiology to clinical DIC caused by sepsis [19]. Plasma levels of both NOX metabolites of NO and ET were signiﬁcantly increased following LPS infusion in this DIC rat model. Although excess NO production plays an important role in shock and organ failure in septic models, little is understood about the role of NO in the LPS-induced DIC model. Here, we examined the role of NO produced by iNOS using the selective iNOS inhibitor, N (6)-(iminoethyl)-lysine (L-NIL) [20,21], in the rat LPS-induced DIC model and investigated its effects upon organ function, plasma levels of NOX and endothelin. Materials and methods Animals were maintained according to the Standards of Animal Care and Experimentation published by our institution. Male Wistar rats (aged 6–7 weeks and weighing 160–170 g) obtained from Nippon SLC (Hamamatsu, Japan) were acclimatized for at least 3 days in our animal quarters before experimentation. The temperature of the room was maintained at 20 C and the animals received a standard diet (Oriental Yeast Co., Tokyo, Japan) with water ad libitum. All rats were fasted for 12 h before each experiment. General experimental procedures



Blood was withdrawn from the abdominal aorta of rats anesthetized with pentobarbital sodium (Nembutal, 30 mg kg)1 i.p.), into plastic syringes at 4 and 8 h after LPS administration. All samples were diluted (1 : 9 v/v) with 4% sodium citrate. The rats were then immediately sacriﬁced under deep anesthesia, and examined by pathological means. The control group was administered with a sustained 10-mL infusion of physiological saline for 4 h via the tail vein. Blood was withdrawn 4 and 8 h later (n ¼ 8 for both groups). None of the studied parameters signiﬁcantly changed during the study (data not shown). LPS-induced experimental DIC (LPS group)



Lipopolysaccharide (Escherichia coli 055: B5 lipopolysaccharide B; Difco Laboratory, Detroit, MI, USA) was dissolved in physiological saline immediately before use. Experimental DIC was induced by sustained infusion into the tail vein of 30 mg kg)1 LPS diluted in 10 mL of saline for 4 h (n ¼ 8 per group).



L-NIL infusion



The groups receiving L-NIL alone received a sustained infusion of 11 mL of physiological saline for 4.5 h via the tail vein (n ¼ 8 per group). None of the studied parameters had signiﬁcantly changed at 4 and 8 h (data not shown). Parameters



Platelets were counted using an automated device for animals (Celltac, MEK-5128; Nihon Kohden Co., Tokyo, Japan) within 1 h of sampling. Citrated plasma samples obtained by whole blood centrifugation were stored at ) 80 C until assay. Plasma ﬁbrinogen levels were determined by measuring thrombin time. D-dimer levels were determined by the quantitative latex agglutination test (ELPIA ACE DD dimer; Diatron, Tokyo, Japan). Plasma thrombin–antithrombin complex (TAT) levels were determined using a commercial enzymelinked immunosorbent assay (ELISA) kit (Enzygnost TAT; Behringwerke, Marburg, Germany) [22]. PAI activities were determined with a commercial ELISA kit (Spectrolyze PAI; Biopool, Ventura, CA, USA). To determine the extent of organ damage in the rats, we measured plasma levels of creatinine (Cr) and alanine aminotransferase (ALT) by enzymatic (L-type Wako Creatinine F; Wako Junyaku Co., Osaka, Japan) and ultraviolet (Likitec GPT IFCC; Behring Mannheim Co., Tokyo, Japan) determinations, respectively. Plasma levels of NOX (nitrite/nitrate; NO2/NO3), which are the ﬁnal products of NO in vivo, were determined using a colorimetric assay kit (Nitrate/Nitrite assay kit; Cayman Chemical, Ann Arbor, MI, USA) [23]. Plasma levels of ET were determined using a commercial ELISA kit (Endothelin-1 assay kit; Wako, Osaka, Japan) [24]. Pathological examination



Renal tissue specimens, from animals that were sacriﬁced under deep anesthesia immediately after blood sampling, were ﬁxed in formalin. The ratio [%] of glomerular ﬁbrin deposition was determined by microscopy. After staining the specimens with phosphotungstic acid hematoxylin, each sample was histologically examined by a pathologist who was blinded to the sample group [25]. One hundred glomeruli were examined in each sample, and the numbers of thrombi containing ﬁbrin are expressed as percentages. Measurement of mean arterial pressure



LPS and L-NIL infusion (LPS + L-NIL group)



We administered L-NIL (6 mg kg)1) (Sigma-Aldrich Corp., St Louis, MO, USA) to rats at 30 min before LPS infusion and then continued to infuse L-NIL for a further 4 h (n ¼ 8 per group). L-NIL diluted in 1 mL of saline was infused for the ﬁrst 30 min, after which LPS and L-NIL diluted in 10 mL of saline were simultaneously infused for the next 4 h.  2005 International Society on Thrombosis and Haemostasis



Mean arterial pressure (MAP) is equal to the diastolic pressure plus one-third of the pulse pressure, which is the difference between the systolic and diastolic pressure. We measured MAP in the following groups of rats (n ¼ 5 per group): control, LPS, LPS + L-NIL and L-NIL alone. The left common carotid artery was cannulated and connected to a pressure transducer to measure the MAP. Upon completion of the surgery, the
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MAP was allowed to stabilize for 15 min. The baseline MAP was recorded and then the rats were treated with saline, LPS, LPS + L-NIL or L-NIL alone. We measured the MAP at 2, 4, 6 and 8 h later. The MAP values did not signiﬁcantly differ between the control and L-NIL groups (data not shown). Statistical analysis



All data are shown as means ± standard error (SE). Results from the LPS and LPS + L-NIL groups were statistically analyzed using Student’s t-test. Values of MAP between the LPS and control groups and between the LPS + L-NIL and control groups were statistically analyzed using ANOVA, followed by Scheffe´’s post hoc test. Statistical signiﬁcance was established at the P < 0.05 level. Results Tables 1, 2 and 3 and Fig. 1 show changes within the various parameters examined in the LPS and LPS + L-NIL groups. Three of eight rats in the LPS group had died by 8 h and we examined blood from the remaining ﬁve rats in this group. None of the rats in the other groups died. The platelet counts at 4 and 8 h similarly decreased in the LPS and LPS + L-NIL groups with no signiﬁcant differences between them. Plasma levels of ﬁbrinogen signiﬁcantly decreased to the same extent in the two groups. Plasma TAT levels increased sharply at 4 h in both groups, with no signiﬁcant differences between them. Plasma D-dimer levels modestly increased in the LPS group



but were signiﬁcantly higher in the LPS + L-NIL group (P < 0.01 at both 4 and 8 h; Table 1). Plasma PAI activity markedly increased in the LPS group, but was signiﬁcantly suppressed in the LPS + L-NIL group (P < 0.05 at both 4 and 8 h; Table 1). Plasma levels of Cr, an indicator of renal dysfunction, were increased by LPS infusion. However, these levels were signiﬁcantly lower in the LPS + L-NIL than in the LPS group (P < 0.05 and P < 0.01 at 4 and 8 h, respectively). The trend of the plasma levels of ALT, which is an indicator of liver injury, was similar. Plasma ALT levels increased in the LPS group at 4 and 8 h, but these levels were signiﬁcantly suppressed in the LPS + L-NIL group (P < 0.05 and P < 0.05 at 4 and 8 h, respectively, when compared with the LPS group; Table 2). Plasma levels of NOX were obviously increased by LPS. However, these levels were signiﬁcantly suppressed in the LPS + L-NIL group (P < 0.05 and P < 0.01 at 4 and 8 h, respectively, when compared with the LPS group; Fig. 1). Plasma levels of ET were clearly increased by LPS infusion, but were signiﬁcantly suppressed in the LPS + L-NIL group (P < 0.05 and P < 0.01 at 4 and 8 h, respectively, when compared with the LPS group; Fig. 1). Table 2 shows glomerular ﬁbrin deposition. Obvious ﬁbrin deposition that was speciﬁc to the LPS group was signiﬁcantly suppressed in the LPS + L-NIL group (P < 0.01 and P < 0.01 at 4 and 8 h, respectively). All of the rats remained alive while determining MAP. The MAP of the control group did not change throughout the



Table 1 Changes in hemostatic parameters in lipopolysaccharide (LPS)-induced disseminated intravascular coagulation (DIC) models with or without L-NIL in rats 4h



8h



Parameter



Pre (n ¼ 8)



LPS (n ¼ 8)



LPS + L-NIL (n ¼ 8)



LPS (n ¼ 5)



LPS + L-NIL (n ¼ 8)



PLT ( · 103 lL)1) Fibrinogen (mg dL)1) D-dimer (lg mL)1) TAT (ng mL)1) PAI (U mL)1)



672 ± 35 220.7 ± 6.6 < 0.06 2.9 ± 1.1 11.9 ± 5.3



215 ± 10 < 50.0 1.84 ± 0.34 75.6 ± 9.3 137.7 ± 17.1



198 ± 11 < 50.0 2.97 ± 0.35** 72.1 ± 2.7 76.6 ± 8.9*



228 ± 9 < 50.0 1.02 ± 0.14 49.7 ± 1.8 195.3 ± 23.8



186 ± 12 < 50.0 2.63 ± 0.58** 51.2 ± 3.5 127.2 ± 17.8*



Parameters were measured in ﬁve rats in the LPS group at 8 h, because three of eight rats died in this group. PLT, Platelet count; TAT, thrombin– antithrombin complex; PAI, plasminogen activator inhibitor; Pre, no infusion; LPS, lipopolysaccharide (30 mg kg)1 per 4 h); LPS + L-NIL, LPS with L-NIL (6 mg kg)1 per 4.5 h). **P < 0.01 compared with the LPS group; *P < 0.05 compared with the LPS group.



Table 2 Changes in creatinine, alanine aminotransferase levels and glomerular ﬁbrin deposition (GFD) in lipopolysaccharide (LPS)-induced disseminated intravascular coagulation (DIC) rat models with or without L-NIL 4h



8h



Parameter



Pre (n ¼ 8)



LPS (n ¼ 8)



LPS + L-NIL (n ¼ 8)



LPS (n ¼ 5)



LPS + L-NIL (n ¼ 8)



Cr (mg dL)1) ALT (U L)1) GFD (%)



0.17 ± 0.01 54.3 ± 4.7 0.0 ± 0.0



0.50 ± 0.04 82.9 ± 12.4 88.9 ± 3.6



0.37 ± 0.02* 62.5 ± 5.6* 41.8 ± 8.7**



0.88 ± 0.08 267.1 ± 32.8 78.4 ± 1.9



0.49 ± 0.04** 174.3 ± 28.7* 38.2 ± 4.1**



Parameters measured in ﬁve rats in the LPS group at 8 h, because three of eight rats died in this group. Cr, Creatinine; ALT, alanine aminotransferase; Pre, no infusion; LPS, lipopolysaccharide (30 mg kg)1 per 4 h); LPS + L-NIL, LPS with L-NIL (6 mg kg)1 per 4.5 h). *P < 0.05 and **P < 0.01 compared with the LPS group.  2005 International Society on Thrombosis and Haemostasis



Eﬀects of iNOS inhibitor on LPS-induced DIC model 1053 Table 3 Changes in mean arterial pressure (MAP) in control rats and lipopolysaccharide (LPS)-induced disseminated intravascular coagulation (DIC) rat models with or without L-NIL Time (h)



Control (n ¼ 5)



LPS (n ¼ 5)



LPS + L-NIL (n ¼ 5)



LPS vs. LPS + L-NIL



0 2 4 6 8



96 102 106 102 105



98 67 84 88 71



95 88 102 103 104



NS P< P< P< P 
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