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Abstract

Hypothermia is a significant sign of sepsis, which is associated with poor prognosis, but

few mechanisms underlying the regulation of hypothermia are known. Inducible nitric

oxide synthase (iNOS) is a key inflammatory mediator of sepsis. However, the

therapeutic benefit of iNOS inhibition in sepsis is still controversial, and requires

elucidation in an accurate model system. In this study, wild-type (WT) mice showed

temperature drops in a biphasic manner at the early and late phase of sepsis, and all

mice died within 48 h of sepsis. In contrast, iNOS-knockout (KO) mice never showed

the second temperature drop and exhibited improved mortality. Plasma nitric oxide

(NO) levels of WT mice increased in the late phase of sepsis and correlated to

hypothermia. The results indicate that iNOS-derived NO during the late phase of sepsis

caused vasodilation-induced hypothermia and a lethal hypodynamic state. The

expression of the iNOS mRNA was high in the lung of WT mice with sepsis, which

reflects the pathology of acute respiratory distress syndrome (ARDS). We obtained the

results in a modified keyhole-type cecal ligation and puncture model of septic shock



induced by minimally invasive surgery. In this accurate and reproducible model system,

we transplanted the bone marrow cells of GFP transgenic mice into WT and iNOS KO

mice, and evaluated the role of increased pulmonary iNOS expression in cell migration

during the late phase of sepsis. We also investigated the quantity and type of bone

marrow-derived cells (BMDCs) in the lung. The number of BMDCs in the lung of

iNOS KO mice was less than that in the lung of WT mice. The major BMDCs

populations were CD11b-positive, iNOS-negative cells in WT mice, and Gr-1-positive

cells in iNOS-KO mice that expressed iNOS. These results suggest that sustained

hypothermia may be a beneficial guide for future iNOS-targeted therapy of sepsis, and

that iNOS modulated the migratory efficiency and cell type of BMDCs in septic ARDS.



Introduction

The definition of sepsis has recently changed from conventional “systemic

inflammatory response to infection” to “life-threatening organ dysfunction caused by a

dysregulated host response to infection” (1, 2). Therefore, we have to improve our

understanding of the mechanism of organ dysfunction to develop an effective therapy

for sepsis. Excessive production of nitric oxide (NO) from inducible nitric oxide

synthase (iNOS) worsens systemic hypotension and organ dysfunction in sepsis (3).

However, some animal studies of sepsis reported that inhibition of iNOS worsened

mortality (4, 5), while others reported that inhibition improved mortality (6, 7). Clinical

studies of sepsis using selective iNOS inhibitors have not been designed yet. Thus, the

therapeutic benefits of iNOS inhibition need to be evaluated in sepsis and septic shock.

Alteration of body temperature is one of the most frequent symptoms in sepsis.

Recently, several studies have shown that hypothermia is associated with organ

dysfunction and causes high mortality (8, 9). However, few mechanisms underlying the

regulation of hypothermia in sepsis are known. Several animal studies have suggested



that iNOS is involved in hypothermia, and iNOS-knockout (KO) mice have improved

hypothermia in a lipopolysaccharide (LPS)-induced sepsis model (10). The authors

suggest that excess NO production from iNOS leads to mitochondrial dysfunction,

decreased ATP production, and decreased thermogenesis. However, another study

reported that iNOS KO mice showed worse hypothermia in LPS-induced sepsis (11).

They suggest a neuroendocrine mechanism in which central NO produced by iNOS

inhibits the release of the endogeneous antipyretic vasopressin. That is, the role of

iNOS-derived NO in thermoregulation during septic shock is still controversial, and

should be elucidated in a more accurate model system.

Furthermore, the role of iNOS-derived NO may vary depending on the organ and cell

type (12). Acute respiratory distress syndrome (ARDS) is a representative pathology of

organ dysfunction accompanied by septic shock, and is characterized by high morbidity

and mortality (13, 14). Many studies have shown that iNOS and NO increased in septic

ARDS (14), but the cell type-specific roles of iNOS have not been fully elucidated.

Several studies have generated reciprocal bone marrow transplanted iNOS chimeric

mice, and examined iNOS activity in two separate pulmonary populations: bone



marrow-derived inflammatory cells, such as macrophages and neutrophils, and

pulmonary parenchymal cells, such as epithelial, smooth muscle, and endothelial cells

(14-17). Most of the increased NO production in septic ARDS was due to parenchymal

cells (17), while pulmonary microvascular protein leak and oxidant stress were due to

bone marrow-derived inflammatory cells (15, 16). However, these studies have not

examined immature bone marrow-derived cells (BMDCs). In particular, the roles of

BMDC:s such as endothelial progenitor cells (18, 19) and mesenchymal stem cells (20),

which play protective roles in septic ARDS, remain unclear.

A standard animal model of sepsis can be induced by cecal ligation and puncture

(CLP) (21). In the CLP model, it is possible to detect various inflammatory mediators

and reproduce clinical pathology related to sepsis, such as shock, body temperature

changes, and multiple organ failure (22). In the CLP model, the severity of sepsis varies

according to several surgical procedures, such as the length of ligation, needle size, and

number of punctures. To stabilize the severity and enhance reproducibility, we modified

and improved the CLP model, which is characterized by minimally invasive keyhole

surgery in the abdomen (23, 24). In this model, we evaluated the temperature changes



and mortality of wild-type (WT) mice and compared them with that of iNOS KO mice.

We also determined the expression of iNOS mRNA in various organs. Furthermore, to

assess the role of iNOS in cell migration in sepsis, we performed a bone marrow

transplantation (BMT) experiment as previously described (25, 26), which enabled us to

distinguish BMDCs from tissue-resident cells. Our results suggest that iNOS is

associated with hypothermia and immune cell migration of BMDCs in the lung in the

late phase of sepsis.



Materials and Methods

Animals

Male C57BL/6 mice (8-12 weeks old, Nihon Charles River, Tokyo, Japan), male

iNOS KO mice (8-12 weeks old, B6.129P2-Nos2<tmlLau>/J, The Jackson Laboratories,

ME, USA), and GFP transgenic male mice (TgN(B-act-EGFP)Osb) (27) were used.

Mice were housed in a room maintained at 22-24 °C on a 12 h light/12 h dark cycle.

They were provided with food (MF pellet, Oriental Yeast Co. Ltd., Tokyo, Japan) and

water ad libitum. All studies were performed in accordance with the Nagoya University

Guide for the Care and Use of Animals and were approved by the Nagoya University

Care and Use Committee.

Keyhole Cecal ligation and puncture

We performed the “keyhole-type CLP surgery”, in which the skin incision area is

reduced to Smm, according to a previously described protocol (23, 24) with a few

modifications. After mice was anesthetized with isoflurane, a 5 mm paramedian incision



was made through the skin and peritoneum of the left abdomen to expose the cecum.

The cecum was ligated with 4-0 nylon 5 mm from the cecal tip and punctured twice

with a 21-gauge needle. After the operation, the abdomen was closed and the exposed

skin due to the incision was covered with the surrounding abdominal fur. We

subsequently injected 1 mL of pre-warmed 0.9% saline solution subcutaneously with a

25-gauge needle for fluid resuscitation, and mice were put on a heating pad (BWT-100A,

Bio Research Center, Nagoya, Japan) until they recovered from the anesthesia and the

temperature returned to that before the operation. During sham operation, the cecum

was exposed but ligation and puncture were not performed.

Measurement of body temperature

We measured body temperature of all mice involved using a rectal temperature sensor

(BWT-100A, Bio Research Center, Nagoya, Japan) without anesthesia. Measurement

occurred just before and after the surgical procedure, and 6 h and 24 h after the

operation. The temperature of 3 C57BL/6 mice and 3 iNOS KO mice were monitored

every 1 h for 2 days after the operation.
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Administration of a selective INOS inhibitor

N-(3-(aminomethyl) benzyl) acetamidine (1400W), a selective iNOS inhibitor (Wako

Pure Chemical, Osaka, Japan), was dissolved in 0.9% saline before each experiment and

injected at a dose of 0.5 mg/kg into the tail vein during CLP and 6 h later.

Survival analysis

To analyze the survival rate, mice were monitored for 7 days. WT mice subjected to

CLP (WT CLP, n = 11), iNOS KO mice subjected to CLP (iNOS KO CLP, n=9), WT

mice subjected CLP with treatment of 1400W (WT 1400W CLP, n = 10), WT mice that

received 5-fluorouracil (5-FU) and underwent CLP without BMT (WT 5-FU CLP, n =

5), WT mice subjected to CLP after receiving 5-FU and undergoing BMT (WT BMT

CLP, n = 9), iNOS KO mice subjected to CLP and undergoing BMT (iNOS KO BMT

CLP, n =7) were used for analysis.

NO measurement
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Mice receiving isoflurane anesthesia were sacrificed and blood samples were

obtained by cardiac puncture 6 h or 24 h after the operation. Mice were perfused

intracardially with 0.1 M phosphate-buffered saline (PBS); organs were removed,

embedded in Tissue-Tek OCT compound (Sakura Finetek Japan Co. Ltd., Tokyo, Japan),

and stored at -80 °C for biochemical or histological analyses. Heparinized plasma

samples were centrifuged at 7000 x g for 20 minutes at 4 °C with Amicon Ultra-4 (10

kDa cut off) centrifugal filter unit (Millipore Corporation, MA, USA) for

deproteinization. Plasma nitrate and nitrite levels were measured by a fluorescence

method (NO,/NO; Assay kit-CII(Colorimetric), Dojindo Laboratories, Kumamoto,

Japan).

RNA extraction and real-time PCR

Total RNA was extracted from frozen tissue sections of the brain, lung, liver, kidney

of WT mice at 6 h or 24 h after the operation (n = 3, respectively). RNA extraction and

cDNA synthesis were performed as described previously (28). cDNA was amplified and

analyzed with Power SYBR Green PCR Master Mix and QuantStudio 12K Flex
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Real-Time PCR System (Applied Biosystems, Tokyo, Japan). The threshold cycle (CT)

values for iNOS were normalized to that of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). The mean value of brain samples of WT mice that were sacrificed 6 h after

sham operation was set to 1. Primers used were as follows: iNOS (sense primer:

GCAGCTACTGGGTCAAAGACAA, antisense primer:

TCTCTGCCTATCCGTCTCGTC), GAPDH (sense primer:

TGCACCACCAACTGCTTAG, antisense primer: GATGCAGGGATGATGTTC).

Bone marrow transplantation

Many experimental BMT studies have used an irradiation protocol (14, 19). However,

tissue damage and inflammation from irradiation accelerates cell turnover, which could

modify the course of sepsis and the population of immunocompetent cells (29). To

exclude the side effects of irradiation, we adopted a minimally invasive protocol, as

previously described (25, 26), that uses dose de-escalation of 5-FU, which reduces the

number of recipient hematopoietic cells. GFP transgenic mice were used as donors, and

WT mice and iNOS KO mice were used as recipients. Twelve days after BMT, one drop

13



of blood from the tail vein of recipient mice receiving isoflurane anesthesia was taken

. . . . . . T™M
for chimerism analysis. Chimerism was confirmed using a Tali = Image-Based

Cytometer (Thermo Fisher Scientific). The percentage of GFP-positive cells of 6-12 pm

in total cells was calculated. Thirteen days after BMT, chimeric mice underwent sham

or CLP operation.

Immunohistochemical analysis

Chimeric mice were sacrificed 24 h after the sham or CLP operation, perfused with

0.1 M PBS, and the lungs isolated for immunohistochemical analysis. Frozen lung

sections (10 um) were cut using a cryostat microtome (Leica Microsystems K.K., Tokyo,

Japan), transferred to MAS-coated slides (Matsunami Glass Ind., Ltd., Japan), and air

dried. Sections were fixed with 4% paraformaldehyde in PBS at 4 °C for 10 minutes

and treated with 0.1% triton-X for 10 minutes to improve permeability. Double-labeled

sections were stained with rabbit polyclonal antibodies against GFP (598; MBL,

Nagoya, Japan) at a dilution of 1:500 and with rat monoclonal antibodies against CD11b

(70-0112; TONBO biosciences, San Diego, CA), Gr-1 (553123; BD Biosciences, Japan),
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or ER-MP12 (T-2001; BMA, Switzerland) at a dilution of 1:200. The reaction was

visualized with fluorescein isothiocyanate (FITC)-conjugated goat Fab'2 anti-rabbit IgG

(L43001; Caltag) at a dilution of 1:250 and Alexa 546-conjugated anti-rat IgG

(A-11081; Thermo Fisher Scientific) at a dilution of 1:500, and photographed using a

fluorescent microscope (BZ-X700, Keyence Co., Osaka, Japan). The nucleus was

stained using Hoechst 33342 (Thermo Fisher Scientific). Triple-labeled sections were

stained with mouse monoclonal antibodies against iNOS (610328; BD Biosciences,

Japan) at a dilution of 1:250, rabbit polyclonal antibodies against GFP at a dilution of

1:500, and rat monoclonal antibodies against either CD11b, Gr-1, or ER-MP12 at a

dilution of 1:200. The reaction was visualized with Alexa546-conjugated goat

anti-mouse IgG (A21045; Life Technologies) at a dilution of 1:500, FITC-conjugated

goat anti-rabbit IgG at a dilution of 1:250, and Alexa350-conjugated goat anti-rat IgG

(A-21093; Thermo Fisher Scientific) at a dilution of 1:250. Cells in the image were

counted at 200x magnification. To evaluate the percentage of GFP-positive cells, at

least 100 GFP-positive cells in total were captured. For analysis of cell number, the

number of positive cells in each field was counted manually and an average was
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calculated from five randomly chosen fields.

Statistical analysis

Values were expressed as mean + SEM. Statistical analyses were performed using

two-tailed Student’s t-test for two-group comparisons, or one-way ANOVA followed by

Tukey’s test for multiple-group comparisons. Pearson correlation analysis was used to

evaluate the correlation between NO concentration and changes in rectal temperature.

Kaplan-Meier survival curves were compared by a log-rank test. P < 0.05 was

considered statistically significant. All statistical analyses were performed using EZR

software (Jichi Medical University, Saitama, Japan), which is a graphical user interface

for R (The R Foundation for Statistical Computing, Vienna, Austria) (30).
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Results

Inhibition of INOS improved hypothermia and mortality

WT mice and iNOS KO mice underwent CLP to induce sepsis. They were monitored

for 7 days after CLP for survival analysis (Figure 1-A) and body temperature (Figure

2-A, 2-B, 2-C, 2-D). All WT CLP group (n = 11) died within 48 h, but approximately

78% of iNOS KO CLP group (n = 9) survived more than 7 days after CLP. When WT

mice were injected intravenously with a selective iNOS inhibitor 1400W (0.5 mg/kg) at

the time of CLP and 6 h later (WT 1400W CLP, n = 10), 40% mice survived for more

than 7 days. These results show that the complete or drug-induced inhibition of iNOS

improved mortality (P < 0.0001, P = 0.00359, respectively). All WT mice and iNOS

KO mice subjected to sham operation survived more than 7 days (data not shown).

For the analysis of body temperature, we measured the rectal temperature of the WT

CLP (n = 11) and the iNOS KO CLP group (n =9) 6 h after CLP, and that of surviving

mice 24 h after CLP (WT CLP: n = 3, iNOS KO CLP: n = 8). Before the analyses, 3

mice were randomly selected from each group and temperature was measured every 1 h
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until 48 h after CLP (Figure 2-A). In both groups, a decrease in body temperature

approximately 3 h after CLP and a subsequent transient state of equilibrium for

approximately 3 h were observed. Afterwards, a progressive decrease in temperature

occurred, with or without a transient recovery phase, and then death in the WT CLP

group. In contrast, temperature increased and recovered to the initial temperature in the

iNOS KO CLP group. The 20 mice (WT CLP: n = 11, iNOS KO CLP: n = 9) were

divided into two groups: the Survive group that survived more than 7 days after CLP,

and the Non-Survive group that died within 7 days (Figure 2-B, 2-C, 2-D). There was

no significant difference in the temperature decrease between the two groups 6 h after

CLP (Survive group: 2.96 + 0.42 °C; Non-Survive group: 4.23 + 0.58 °C, P = 0.1508)

(Figure 2-B). The decrease in temperature 24 h after CLP was significantly attenuated in

the Survive group, compared with that in the Non-Survive group (0.83 £ 0.12 °C; 4.10

+ 1.85 °C, respectively, P = 0.0383) (Figure 2-C). There was recovery from

hypothermia from 6 h to 24 h after CLP in the Survive group, but not in the

Non-Survive group (2.13 + 0.38 °C; -1.15 £ 1.06 °C, respectively, P = 0.0064) (Figure

2-D).
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Next, we evaluated NO production. WT mice and iNOS KO mice underwent CLP or

sham operation, and were sacrificed 6 h or 24 h after CLP (n = 3 or 4, respectively).

Plasma nitrate and nitrite levels were measured to indicate NO production (Figure 3-A).

In the WT CLP group, levels were significantly higher than the sham group 24 h after

CLP (174.25 pM, 59.34 pM, respectively, P < 0.0001), but not 6 h after CLP (105.55

uM, 62.65 uM, P = 0.228). In the WT 1400W CLP group, levels 24 h after CLP

significantly decreased (96.75 uM) compared with the WT CLP group (P = 0.00018). In

the iINOS KO groups with confirmed disruption of the iNOS gene, there were no

significant increases in NO levels. When the correlation between plasma nitrite/nitrate

levels and the temperature of WT CLP or iNOS KO CLP groups was analyzed, there

was a strong correlation at 6 h (r = 0.732, P =0.039) (Figure 3-B) and 24 h (r=0.702, P

=0.052) (Figure 3-C) after CLP.

INOS expression in the lung increased continuously

To understand iNOS induction by CLP, we determined iNOS mRNA levels in the

brain, lung, liver, and kidney of WT mice subjected to sham or CLP operation (n = 3 for
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both) via quantitative real-time PCR (Figure 4). The expression level of iNOS mRNA in

the lung increased both 6 h and 24 h after CLP (P = 0.0039, P = 0.0402, respectively),

but there were no significant increases in the other three organs.

iINOS modulated the migratory efficiency and cell type of BMDCs in septic ARDS

In our improved CLP model, we confirmed that septic shock induced overproduction

of NO from iNOS, especially in the lung. Based on these results, we performed a BMT

experiment to elucidate the role of BMDCs in septic ARDS. We transplanted bone

marrow cells of GFP transgenic mice into WT mice and iNOS KO mice, in which 5-FU

had been administered in advance, and performed CLP or sham operation. The

percentage of GFP-positive cells in peripheral blood cells was not significantly different

between WT and iNOS KO mice: 13.3 = 2.3 %, WT mice (n = 13): 14.4 £ 1.2 %, iNOS

KO mice (n = 13) (P = 0.6619).

As shown in Figure 1-B, survival was evaluated after CLP. All WT mice that received

5-FU but did not undergo BMT died within 24 h after CLP (WT 5-FU CLP, n = 5). On

the other hand, two WT mice that received BMT survived more than 48 h after CLP
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(WT BMT CLP, n =9), and five iNOS KO mice that received BMT survived more than

7 days (INOS KO BMT CLP, n = 7). The WT BMT CLP and iNOS KO BMT CLP

groups had significantly improved mortality compared with the WT 5-FU CLP group (P

= 0.00462, P = 0.000918, respectively). The mortality of the WT BMT CLP group

significantly improved compared with the WT CLP group (P = 0.0332), but there was

no significant difference in mortality between the iNOS KO BMT CLP and the iNOS

KO CLP groups (P =0.836) (Figure 1-A).

We subsequently measured NO production of the BMT groups 24 h after sham or

CLP operation (n = 3 for both) (Figure 3-A). The plasma nitrite/nitrate levels of the WT

BMT CLP group were significantly higher than the sham group (WT BMT sham)

(199.18 uM, 71.02 uM, respectively, P < 0.0001), but were not different from that of the

WT CLP group (P = 0.996). The plasma nitrite/nitrate levels of the iNOS KO BMT CLP

group was not significantly different that the sham group (iNOS KO BMT sham)

(110.91 uM, 72.49 uM, respectively), and also not significantly different from the iNOS

KO CLP group.
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Next, we analyzed by immunohistochemistry the lung tissue of chimeric mice 24 h
after sham or CLP operation to evaluate the population of BMDCs that migrated to the
lung. The distribution of BMDCs was evaluated by tracing GFP-positive cells (Figure
5-A). In the iNOS KO BMT CLP group, the number GFP-positive BMDCs that
migrated did not increase significantly compared with the iNOS KO BMT sham group
(7.41 £0.89 cells/mm?, 5.05 = 1.27 cells/mm?, P = 0.929). On the other hand, in the WT
BMT CLP group, the number of BMDCs increased significantly compared with the WT
BMT sham group (118.23 + 5.11 cells/mm?, 10.61 + 1.52 cells/mm?, P < 0.0001), and
also increased compared with the iNOS KO BMT CLP group (P < 0.0001). Next, we
evaluated the cell type of GFP-positive BMDCs (Figure 5-B). The major populations of
BMDCs that increased after CLP were CD11b-positive cells, such as macrophages in
the WT BMT CLP group, and Gr-1-positive cells, such as granulocytes in the iNOS KO
BMT CLP group. ER-MPI12-positive cells, such as murine early stage myeloid
precursor cells and vascular endothelial cells (31, 32), were barely detected. We also
examined iNOS protein expression in GFP-positive BMDCs (Figure 5-C). In the WT

BMT CLP group, a significantly larger proportion of double-positive GFP/CD11b cells
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was iINOS negative compared with the iNOS KO BMT CLP group (% of iNOS-positive

cells: 5.51 £3.01 %, 38.75 £ 9.39 %, respectively, P = 0.028). There was no significant

difference in the proportion of iNOS-positive cells in double-positive GFP/Gr-1 and

GFP/ER-MP12 cells. In the WT BMT sham group and the iNOS KO BMT sham group,

there were no GFP-positive BMDCs that expressed iNOS (data not shown).
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Discussion

In this study, we demonstrated that the inhibition of iNOS improved hypothermia in

the late phase of sepsis and mortality in a modified keyhole-type CLP mouse model,

where all WT mice show hypothermia and die within 48 h. We have previously shown

that the suppression of transcriptional factor nuclear factor-kB activation, which was

associated with the transcription of iNOS, improved pulmonary oxygenation (24, 33)

and mortality (33) in a CLP or LPS model of septic shock. These results are compatible

with that of the present study, indicating that they are reproducible and reliable.

Hypothermia is a significant sign in sepsis (8, 9), but little is known about its

mechanism. We hypothesized that overproduction of NO derived from iNOS during the

late phase of sepsis induced vasodilation, which then caused persistent heat loss. To

examine this possibility, we monitored the rectal temperature of mice every 1 h after

CLP (Figure 2-A). However, isoflurane anesthesia may result in the reduction of the

initial temperature. To exclude the influence of anesthesia, we kept mice on a heating

pad after the operation until they could maintain their original temperature and awaken
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from the anesthesia. Therefore, observed temperature changes after CLP was considered

to result mainly from sepsis. In WT mice, temperature changes may be divided into

three consecutive phases: phase of initial temperature drop, plateau phase, and phase of

secondary temperature drop. Changes in the initial temperature drop and subsequent

plateau phase, which represent the early phase of sepsis, were also observed in iNOS

KO mice. These changes resemble the three phases of development of core hypothermia

during general anesthesia (34): an initial decrease in temperature resulting from

core-to-peripheral redistribution of body heat, then a slow and linear decrease caused by

total body heat loss, and finally a temperature plateau accompanied by metabolic heat

production and vasoconstriction. Given that sepsis is one of the most common

pathologies of distributive shock, the temperature drop in the early phase may result

from the redistribution of body heat induced by several vasodilator mediators.

Importantly, the second drop in temperature, which represents the late phase of sepsis,

was never observed in iNOS KO mice, which indicates that iNOS plays a key role in

hypothermia in the late phase of sepsis. The contribution of iNOS in the decrease of

core temperature in the late phase is supported by the increase in NO production in WT
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mice, not at 6 h, but at 24 h after CLP (Figure 3-A). Changes in WT mice may reflect

the classic two phases in sepsis: a hyperdynamic state in early sepsis, and a

hypodynamic state in late sepsis (22). That is, core hypothermia during hyperdynamic

state could evolve into lethal hypothermia during hypodynamic state by the

overproduction of NO via iNOS. This hypothesis agrees with the result that there was a

correlation between poor outcomes and hypothermia during the late phase, but not the

early phase (Figure 2-B, 2-C, 2-D). Temperature studies in human sepsis have shown

that hypothermia in sepsis is a transient and self-limiting phenomenon, and is rarely

observed in the moments preceding death (35). Further analyses of sepsis-associated

hypothermia are necessary to connect experimental and clinical evidence.

Sustained iNOS gene expression after CLP was strongly observed in the lung (Figure

4), which might relate to the pathology of ARDS (14). The result that iNOS gene

expression increased only in the lung when sepsis caused multiple organ dysfunction

may be correlated with the results of previous studies showing that low levels of iNOS

is expressed constitutively in the lung, especially in the type Il alveolar cells, whereas

iNOS is not expressed in the normal state in other organs (36, 37). This may suggest
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that iNOS expression is easily induced in such pulmonary cells, which leads to the

production of a large amount of NO in response to stimulation such as sepsis. In

addition, the NO levels in blood significantly increased 24 h after CLP as shown in

Figure 3-A. These results suggest that NO derived from lung cells is released in the

bloodstream, which might cause multiple organ failure as a secondary effect. Thus, we

considered the lung as a strong target of sepsis in our CLP model. To assess the

contribution of migrating cells in septic ARDS, we performed BMT and examined the

cellular source and role of iNOS in the lung. In WT mice, NO production in the WT

BMT CLP group was not significantly different from that of the WT CLP group (Figure

3-A). Moreover, the major population of BMDCs in WT mice subjected to CLP was

CD11b-positive cells, which is expressed in immunocompetent cells like macrophages,

but most of these did not express iNOS (Figure 5-B, 5-C). The results suggest that

lung-resident cells were mainly responsible for sustained iNOS expression, consistent

with previous reports (17). Gr-1-positive cells, such as neutrophils, were a minor

population. This result may be related to previous reports indicating that in severe sepsis,

iNOS-derived NO reduced expression of CXCR2, B2 integrins, and other adhesion
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molecules on the surface of neutrophils, inhibiting their migration (38, 39). However,

these results cannot explain the improvement in mortality in the WT BMT CLP group

compared with the WT CLP group (Figure 1-A, 1-B). Myeloid-derived suppressor cells,

which express both CD11b and Gr-1, but were not identified in the present study, may

have a protective role in sepsis (40-42). Although a direct protective contribution from

immature BMDCs was not confirmed in this study, several studies have reported that

immature BMDCs attenuate inflammation in septic ARDS (18-20). In addition to a

diverse macrophage population (29), another newly identified population, called the

segregated-nucleus-containing atypical monocyte, which has the characteristics of both

monocytes and granulocytes, has been recently reported to be important for the

development of bleomycin-induced lung fibrosis (43). Thus, further analysis and

identification of diverse populations of BMDCs are necessary for the pathologic

clarification of septic ARDS.

In the iNOS KO BMT CLP group, migration of GFP-positive BMDCs was

significantly suppressed compared with that of the WT BMT CLP group (Figure 5-A,

5-B). This suggests that iNOS-derived NO in the target organ may be the essential
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driving signal for BMDCs migration, or that inflammation of the lung was attenuated in

iINOS KO mice. The result is compatible with those of the report showing that NO

induces the migration of CD34-positive cells such as bone marrow-derived progenitor

cells via up-regulation of the expression of cell surface CXCR4 (44). Moreover, this

result may also explain no significant difference in survival between the iNOS KO

BMT CLP and the iNOS KO CLP groups (Figure 1-A, 1-B). As we shown in Figure 5-B

and 5-C, the percentage of Gr-1-positive cells significantly increased after CLP, and

they partially expressed iNOS in the iNOS KO BMT CLP group. In contrast, the

number of Gr-1-positive cells was not significantly different between the WT BMT

CLP group and iNOS KO BMT CLP group, whereas that of CDI11b-positive cells

decreased significantly in the iNOS KO BMT group than in the WT BMT CLP group.

This suggests that the decrease in the number of CDI11b-positive cells or other

populations in the iNOS KO BMT group may be related to the relative increase in the

percentage of Gr-1-positive cells after CLP.

In summary, we established an iNOS-dependent sepsis model via modified

keyhole-type CLP, and prevention of iNOS improved mortality and hypothermia in the
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late phase of sepsis, which was significantly related to iNOS-derived NO. Sustained

hypothermia may indicate overproduction of NO from iNOS and evolution of septic

shock, and may be a beneficial guide for future iNOS-targeted therapies. Moreover,

iNOS was involved in the pathology of septic ARDS, and modulated the migration and

populations of BMDCs. There are few therapies for sepsis at present and we should

re-consider iNOS as a potential therapeutic target. In addition, we should develop organ

and cell type-specific analyses of iNOS, and validate them in clinical research using

selective iNOS inhibitors.
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Figures legends
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Figure 1. Complete or drug-induced inhibition of iINOS and the mortality. (A)

Survival of WT mice subjected to CLP (WT CLP, n = 11), iNOS KO mice subjected to

CLP (iNOS KO CLP, n = 9), and WT mice subjected to CLP with treatment of a

selective iNOS inhibitor, 1400W (0.5 mg/kg) (WT 1400W CLP, n = 10). 1400W was

administered twice — at the time of CLP and 6 h later. **P < 0.01, ****P < 0.0001,

compared with WT CLP (log-rank test).

(B) Survival of WT mice that received 5-FU and underwent CLP without BMT (WT

5-FU CLP, n=5), WT mice subjected to CLP after receiving 5-FU and undergoing

BMT (WT BMT CLP, n =9), iNOS KO mice subjected to CLP and undergoing BMT

(INOS KO BMT CLP, n=7). **P <0.01, ***P <0.001, compared with WT 5-FU CLP

(log-rank test).

Figure 2. INOS KO mice attenuated hypothermia in the late phase of sepsis and

improved mortality after CLP. (A) Time course of hypothermia in WT mice (WT 1,

WT 2, WT 3) and iNOS KO mice (iNOS KO 1, iNOS KO 2, iNOS KO 3) after CLP.
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Arrows represent death. (B) Correlation between survival and rectal temperature 6 h

after CLP in WT mice (n = 11) and iNOS KO mice (n =9). These 20 mice were divided

into two groups: the Survive group (n = 7) that survived more than 7 days after CLP,

and the Non-Survive group (n = 13) that died within 7 days. Body temperatures were

compared between the two groups. (C) Correlation between survival and rectal

temperature 24 h after CLP in WT mice (n = 3) and iNOS KO mice (n = 8). These 11

mice are divided into the Survive group (n = 7) and the Non-Survive group (n = 4), and

the temperatures were compared. (D) Correlation between survival and changes in

rectal temperature from 6 h to 24 h after CLP in WT mice (n = 3) and iNOS KO mice (n

= 8). These 11 mice were divided into the Survive group (n = 7) and the Non-Survive

group (n = 4), and the temperatures were compared. *P < 0.05, **P < 0.01, NS: Not

significant. (2-tailed t-test). Error bars represent the mean + SEM.

Figure 3. Plasma nitrite/nitrate levels were related to decrease in temperature. (A)

Comparison of plasma nitrite/nitrate levels in WT and iNOS KO mice: WT mice

subjected to sham/CLP and sacrificed 6 h or 24 h after the operation (WT sham 6 h, WT
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CLP 6 h, WT sham 24 h, WT CLP 24 h); iNOS KO mice subjected to sham/CLP and

sacrificed 6 h or 24 h after the operation (iNOS KO sham 6 h, iNOS KO CLP 6 h, iNOS

KO sham 24 h, iNOS KO CLP 24 h); WT mice subjected to CLP with treatment of a

selective iNOS inhibitor, 1400W (WT 1400W CLP 24 h); WT mice subjected to

sham/CLP after BMT and sacrificed 24 h after the operation (WT BMT sham 24 h, WT

BMT CLP 24 h); iNOS KO mice subjected to sham/CLP after BMT and sacrificed 24 h

after the operation (iNOS KO BMT sham 24 h, iNOS KO BMT CLP 24 h). n =3 to 4.

Error bars represent the mean + SEM. **P < 0.01, ***P < 0.001, ****P <(.0001, NS:

Not significant (one-way ANOVA followed by Tukey’s test). (B, C) Correlation

between plasma nitrite/nitrate levels and rectal temperature 6 h (B) and 24 h (C) after

CLP. n =4. 1, correlation coefficient (Pearson correlation analysis).

Figure 4. iINOS gene expression in the early and late phase of sepsis. iNOS mRNA

levels in the brain, lung, liver, and kidney of WT mice via quantitative real-time PCR (n

= 3). WT sham 6 h: WT mice sacrificed 6 h after sham operation, WT CLP 6 h: WT

mice sacrificed 6 h after CLP operation, WT sham 24 h: WT mice sacrificed 24 h after
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sham operation, WT CLP24 h: WT mice sacrificed 24 h after CLP. Error bars represent

the mean = SEM. The CT values for iNOS were normalized to that of GAPDH. The

mean value of brain samples of WT sham 6 h was set to 1. *P < 0.05, **P < 0.01,

compared with sham group (2-tailed t-test).

Figure 5. iINOS modulated the migratory efficiency and cell type of BMDCs in

septic ARDS. (A) GFP-positive BMDCs migrated to the lung in WT and iNOS KO

chimeric mice subjected to sham/CLP after BMT and sacrificed 24 h after the operation.

Color staining: GFP, green. Nucleus is stained with Hoechst 33342. Scale bar, 50 pum.

GFP-positive cells are counted (one-way ANOVA followed by Tukey’s test). (B)

Characteristics of GFP-positive BMDCs that migrated to the lung in WT and iNOS KO

chimeric mice. Color staining: GFP, green; CD11b, Gr-1, or ER-MP12, red. Nucleus is

stained with Hoechst 33342. Scale bar, 20 um. Double-positive GFP/CD11b, GFP/Gr-1,

and GFP/ER-MP12 cells are counted (one-way ANOVA followed by Tukey’s test). (C)

Expression of iNOS in GFP-positive BMDCs that migrated to the lung in WT and iNOS

KO chimeric mice. Color staining: GFP, green; iNOS, red; CDI11b, Gr-1, or ER-MP12,
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blue. Scale bar, 20 um. GFP-positive cells are counted (2-tailed t-test for the

comparison of the percentage of cells, one-way ANOVA followed by Tukey’s test for

the comparison of cell number). To evaluate the percentage of GFP-positive cells, at

least 100 GFP-positive cells in total were counted. An average was calculated from cells

counted in five fields chosen at random. Error bars represent the mean = SEM. (n = 3)

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS: Not significant.
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