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Abstract Tissue factor (TF) is involved in monocrotaline

(MCT)/lipopolysaccharide (LPS) hepatotoxicity. It is not

known whether MCT/LPS can cause renal toxicity and

whether TF is involved in this toxicity. Thus, the present

study was undertaken to investigate the potential renal

toxicity after MCT/LPS co-treatment and the involvement

of TF in this toxicity. MCT was delivered to ND4 male

mice (200 mg/kg) per os followed 4 h later by treatment

with LPS ip (6 mg/kg) to investigate its effect on kidney.

We injected TF antisense oligonucleotide (TF-AS) intra-

venously (i.v) in mice prior to LPS treatment, to block TF,

and measured their blood urea nitrogen (BUN), creatinine

(CRE), alkaline phosphatase (ALP), and potassium. In

MCT/LPS co-treated group, fibrin was detected on the

glomerular capillary lumina, distal tubules of renal cortex,

and the necrotic tubules of renal medulla. An elevation of

BUN, creatinine, and the BUN/creatinine ratio was seen in

mice with MCT/LPS co-treatment, compared to animals

receiving LPS or MCT alone. Simultaneously, an aggres-

sive tubular necrosis was seen in the medullary tubules in

the same group which may account for the oliguria

observed in these animals. Fourfold inductions in the

plasma TF level was detected at 10 h after MCT/LPS

co-treatment which increased to 18-fold at 24 h. Increased

blood level of leptin, interleukin-6 (IL-6) and downregu-

lation of tubular chemokine (C-X-C motif) ligand 16

(CXCL16) are characteristic features in MCT/LPS

co-treated animal. On the other hand, mice injected with

TF-AS in the presence of MCT/LPS co-treatment showed

no elevation of the blood BUN, creatinine, potassium, and

normal levels of the proinflammatory molecules. TF-AS

injection significantly prevented glomerular and tubular

fibrin deposition, tubular necrosis, and improvement of the

animal survivability. Renal toxicity involving TF can be

prevented successfully by the use of TF-AS.
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Introduction

Inflammation, elaboration of cytokines, and activation of

coagulation system are important mechanisms of injury in

different organs (Goodman et al. 1996; Idell 1994; Rinaldo

and Rogers 1982). Coagulation system activation is a part

of the inflammatory response mediated through tissue

factor (TF), a transmembrane glycoprotein that is expres-

sed on the extracellular membrane of various cells, par-

ticularly around blood vessels, to reduce bleeding after

injury (Mackman 2005). It functions as a receptor for the
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coagulation factor VII/VIIa that expressed on vessel walls

or on the cells around the microvascular system (Nemerson

1988). Though normally absent on unstimulated monocytes

or endothelial cells, it can be induced on these cells by

various physiological activation factors in vitro. Expression

of TF on cell surface and its appearance as a soluble

molecule are characteristic features of acute and chronic

inflammation in conditions such as sepsis, atherosclerosis,

Crohn’s disease, systemic lupus erythematosus, and allo-

graft rejection (More et al. 1993; Taylor et al. 1991;

Tremoli Jr. et al. 1999; Wakita et al. 1999; Weinberg et al.

1993). Beside its role in the initiation of homeostasis, TF

has also been identified as a mediator of arteriosclerosis,

tumor metastasis, and angiogenesis (Belting et al. 2004;

Bromberg et al. 1999; Mach et al. 1997).

The renal expression of TF is restricted to the glomer-

ular podocytes, Bowman’s epithelium and, to some extent,

the tubular loop of Henle (Osterholm et al. 2005). TF plays

an important role in the development of renal injury after

ischemia and reperfusion in rats (Ushigome et al. 2002).

Deposited fibrin (in the form of fibrinoid necrosis) is the

end-product of TF activation and is characteristic of severe

acute rejection of renal allografts (Osterholm et al. 2005).

In the healthy body, the natural anticoagulants predominate

and strictly control the activities of the pro-coagulants, thus

maintaining a non-thrombogenic environment. However,

the presence of inflammatory mediators, such as the cyto-

kines TNF-a, IL-1b, and IL-6, has the tendency to shift the

hemostatic balance in favor of coagulation and thrombosis

(Esmon 2003). Lipopolysaccharide (LPS) and certain

cytokines increase TF expression in inflammatory and

endothelial cells, which could activate intravascular coag-

ulation (Bierhaus et al. 1995; Cunningham et al. 1999). TF

is the main initiator of protease coagulation cascade in vivo

(Bazan 1990). Several studies have also described the

proinflammatory and the profibrotic effects of TF (Erlich

et al. 2000; Taylor et al. 1998). The proinflammatory role

of TF has been demonstrated in a number of animal

models, including sepsis (Welty-Wolf et al. 2001), anti-

GBM nephritis (Erlich et al. 1997), and delayed-type

hypersensitivity (Imamura et al. 1993).

It is previously known that ip injection of both MCT and

LPS induces synergistic hepatotoxicity that involves the

activation of the coagulation system (Yee et al. 2000). We

developed a hepatotoxicity model in mice by the admin-

istration of a sub-toxic oral MCT and a sub-toxic ip LPS

and observed oliguria and increased plasma creatinine in

these animals (Abdel-Bakky et al. 2010). To our knowl-

edge, no investigations have been reported on the effect of

MCT/LPS on the kidney. Therefore, a compelling question

arises whether the co-treatment with po MCT/ip LPS

would produce renal toxicity and the possible contribution

of TF in this type of toxicity.

Materials and methods

Antibodies and chemicals

Polyclonal rabbit anti-human fibrin antibody was obtained

from Dako (Carpinteria, CA). Monoclonal anti-mouse

CXCL16 was purchased from R&D (Minneapolis, MN).

Goat anti-mouse Alexa fluor 488 was obtained from

Invitrogen (Carlsbad, TX). Cy3-conjugated goat anti-rabbit

antibody was purchased from Jackson Immunoresearch

(West Grove, PA). 40,60-Diamidino-2-phenylindole (DAPI),

lipopolysaccharide (LPS) and monocrotaline (MCT) were

purchased from Sigma–Aldrich (St. Louis, MO). Rabbit

polyclonal IgG for tissue factor and mouse monoclonal

IgG1 for Wilms’ tumor (WT1) were purchased from Santa

Cruz biotechnology, inc. (Santa Cruz, CA).

Tissue factor oligonucleotides

The oligonucleotides (ODNs) used in these studies were

purchased from integrated DNA technologies (San Diego,

CA). The following sequences of the mouse TF antisense,

sense, and scrambled nucleotides were used:

Antisense TF (TF-AS), 50-CATGGGGATAGCCAT-30;
Sense TF (TF-SE), 50-ATGGCTATCCCCATG-30; Scrambled

TF (TF-SC), 50-TGACGCAGAGTCGTA-30. Both TF-SC and

TF-SE were used as controls.

Animal model

Male ND-4 mice were obtained from Harlan Lab (India-

napolis, IN) at 5 weeks of age and 21–24 g of weight upon

receipt. Prior to the experiment, mice were fasted for 12 h

and randomly assigned into seven groups. Vehicle/vehicle:

saline (po) followed 4 h by saline (ip); MCT/vehicle: MCT

(po) followed 4 h by saline (ip); vehicle/LPS: saline (po)

followed 4 h by LPS (ip); MCT/LPS: MCT (po) followed

4 h by LPS (ip); The other three groups received ODNs

(TF-SC, TF-SE, and TF-AS, 5.6 mg/kg) in MCT/LPS-treated

mice right after MCT administration and 3.5 h before LPS

administration. Following the above-mentioned treatments,

food was made available ad libitum. MCT (200 mg/kg) and

LPS (6 mg/kg) doses were selected for this study based on

our previous work (Abdel-Bakky et al. 2010). TF ODNs

(5.6 mg/kg) i.v. were selected during our preliminary work.

All animal study protocols were approved by the Insti-

tutional Animal Care and Use Committee (IACUC),

University of Mississippi.

Sample collection

After 10, 16, and 24-h posttreatments, blood samples were

collected, and then, the mice were euthanized by CO2
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asphyxiation. Kidney samples were fixed in 10% formalin

and processed by standard histological techniques.

Immunofluorescence analysis on tissue sections

Paraffin tissue sections were deparaffinized in xylene,

rehydrated through a graded ethanol series, and washed in

10 mM phosphate-buffered 150 mM saline, pH 7.4. Anti-

gen retrieval was performed by incubating the tissue sec-

tions for 20 min in 0.01 M sodium citrate buffer, pH 6.0, in

a microwave oven (500 W). To block endogenous perox-

idase, slides were incubated with absolute methanol for

30 min. After incubation with blocking buffer (0.1% Triton

X-100/PBS containing 1% BSA and 10% horse serum) for

1 h, tissue sections were incubated with the first antibodies

(diluted in 1% BSA/10% horse serum/PBS/0.1% Triton

X-100) as required. Following washing, bound antibodies

were detected by goat anti-rabbit Cy3 (Molecular Probes)

or goat anti-mouse Alexa 488 (Invitrogen) secondary

antibodies. Nuclei were stained with DAPI, and slides were

mounted in Fluoromount G (Biozol, Southern Biotech,

Birmingham, AL). Evaluation was performed by fluores-

cence microscopy (Carl Zeiss, CA).

Histopathological evaluation and morphometry

Kidney sections were processed routinely and embedded in

paraffin blocks. Slides were prepared (4 lm) and stained

with hematoxylin (RICCA Chemical Co., Arlington, TX)

and eosin (EMD Chemicals, Gibbstown, NJ). The slides

were observed blinded and analyzed by light microscopy

for renal injury.

Fluorometric analyses

Fluorometric intensity of at least 5–8 low-power micro-

scopic fields (1009) was measured for each tissue section

using ImageJ/NIH software.

Blood chemistry

Blood samples (100 lL), 10, 16, and 24 h after different

treatments, obtained by venipuncture were analyzed using the

VetScan� Comprehensive Diagnostic Profile reagent rotor

used with the VetScan Chemistry Analyzer (Abaxis Inc.,

Union City, CA). The blood samples were collected in hep-

arinized micropipette and transferred into the reagent rotor

and run within 30 min of collection. A quantitative deter-

minations of albumin (ALB), alkaline phosphatase (ALP),

amylase (AMY) total calcium (Ca??), creatinine (CRE),

globulin (GLOB), glucose (GLU), phosphorus (PHOS),

potassium (K?), sodium (Na?), total bilirubin (TBIL), total

protein (TP), and blood urea nitrogen (BUN) were obtained.

Plasma cytokine measurement

Plasma was analyzed with the Quantibody� Mouse Cyto-

kine Custom Array (Raybiotech, Norcross, GA) for the

following cytokines: Interleukin-1b (IL-1b), interleukin-4

(IL-4), interleukin-6 (IL-6), interleukin-10 (IL-10), inter-

leukin-13 (IL-13), interleukin-12p70 (IL-12p70), kerati-

nocyte-derived chemokine (KC), leptin, tumor necrosis

factor-a (TNF-a), and vascular endothelial growth factor

(VEGF). Slides were incubated with the plasma samples

and analyzed in accordance with the manufacturer’s

instructions.

Tissue factor ELISA

Plasma TF antigen was measured using a monoclonal anti-

body capture system ELISA (IMUBIND tissue factor ELISA

kit; American Diagnostica Inc., Greenwich, CT), following

the procedure according to the vendor’s instructions.

Statistical analysis

Data were analyzed by one-way ANOVA followed by

Tukey’s test for multiple comparisons using Graph Pad

prism 5.0 software (La Jolla, CA). A P value of less than

0.05 was considered to show a significant difference among

the groups.

Results

Renal toxicity developed in mice by (po) MCT/(ip)

LPS co-treatment

Oral administration of 200 mg/kg MCT followed 4 h by ip

6 mg/kg of LPS produced renal dysfunction manifested by

progressive oliguria, rising serum CRE (2.0-fold), BUN

(5.8-fold), BUN/CRE ratio (3.0-fold), PHOS (1.5-fold),

and reduction in the blood ALP (0.45-fold) compared to the

vehicle-treated animals. As seen in Table 1, 24 h after

MCT/LPS administration, blood level of TP, ALB, K?, and

GLU was significantly reduced compared to the vehicle-

treated mice. Animals administered MCT or LPS showed

no change in most of the above parameters (Table 1).

Effect of MCT/LPS co-treatment or TF-ODNs

on the plasma and tissue TF

Plasma TF level in the vehicle, MCT, LPS, and MCT/LPS

co-treated mice at 10 and 24 h after treatment was mea-

sured using TF-specific ELISA. Elevation of TF was only

observed at 24 h after MCT/LPS co-treatment; at this

point, plasma TF was highly elevated (18-fold) compared
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to vehicle group. However, in the MCT/LPS group, treat-

ment with TF-AS, 30 min after MCT administration and

3.5 h before LPS injection, caused a 16-fold reduction in

the plasma TF at 24 h compared to MCT/LPS co-treat-

ment. No significant change in plasma TF was observed in

MCT or LPS-treated groups at 24 h compared to vehicle

(Fig. 1a, b). In addition, tissue TF was highly accumulated

in the tubules and in the glomerular cells of MCT/LPS

co-treated mice compared to vehicle as shown with specific

TF immunofluorescence in renal tissues. On the other hand,

injection of TF-AS in MCT/LPS co-treated mice showed

considerably less accumulation of TF in the tubules and in

the glomeruli compared to MCT/LPS co-treated mice

(Fig. 1c). No changes appeared in plasma or tissue TF in

MCT/LPS-TF-SC-, or MCT/LPS-TF-SE-treated mice

compared to MCT/LPS co-treatment alone.

Effect of TF ODN treatment on the animal survivability

Animals treated with MCT/LPS, MCT/LPS-TF-SC, MCT/

LPS-TF-SE, or MCT/LPS-TF-AS were observed for the

survivability (n = 10). In MCT/LPS-, and MCT/LPS-

TF-SC-treated groups, 60% of mice survived beyond day 4.

Thirty percent of the mice survived in MCT/LPS-TF-SE-

treated group until day 4. However, in the group treated

with TF-AS, 100% survived beyond day 4 (Table 2).

Effect of TF ODNs on the blood chemistry

Blood levels of BUN, creatinine, ALP, TP, ALB, GLOB,

K?, PHOS, Na?, GLU, and Ca?? were measured after

MCT/LPS and/or TF ODNs treatment. Twenty-four h

after MCT/LPS, MCT/LPS-TF-SC, or MCT/LPS-TF-SE

administration, the levels of BUN, CRE, GLOB, and PHOS

were significantly increased. On the other hand, blood

ALP, TP, ALB, K?, and GLU levels were significantly

reduced compared to the vehicle-treated group. Injecting

the animals with TF-AS 30 min after MCT administration

and 3.5 h before LPS clearly prevented the deleterious

effect of MCT/LPS co-treatment. The BUN/CRE ratio was

significantly increased after MCT/LPS, MCT/LPS-TF-SC,

or MCT/LPS-TF-SE administration compared to the vehi-

cle-treated mice. Apparently, TF-AS injection prevented

the elevation of BUN, CRE, and GLOB and also prevented

the reduction in blood ALP and GLU compared to that

observed in mice injected with MCT/LPS-TF-SE

(Table 3).

Microscopic findings of the kidney

Normal mice kidneys showed a low level of fibrin depo-

sition in the glomerular cells (Fig. 2a), the cortical

(Fig. 2b), and the medullary tubules (Fig. 2c). On the other

hand, a significant increase in fibrin deposition in MCT/

LPS-, MCT/LPS-TF-SC-, and MCT/LPS-TF-SE-treated

mice was observed relative to the vehicle-treated group.

This inducible deposition was seen mainly in the cortex on

the apical side of the distal tubules and collecting ducts

(Fig. 2b). In contrast, both the proximal tubules and the

loop of Henle had no fibrin deposition. Figure 2c showed

the deposition of fibrin protein that was restricted only on

the necrotic medullary tubules especially in basolateral side

Table 1 Blood chemistry measurement in vehicle-, MCT-, LPS-, or MCT/LPS-treated mice

Veh. MCT LPS MCT/LPS

BUN (mg/dl) 21.25 ± 0.9 22.75 ± 0.9 47.88 ± 3.5ab 125.3 ± 4.7abc

Creatinine (mg/dl) 0.2063 ± 0.02 0.1938 ± 0.01 0.225 ± 0.02 0.425 ± 0.03abc

BUN/Creatinine ratio 109.8 ± 9.68 122.1 ± 8.426 223.5 ± 14.55ab 303.9 ± 15.76ab

Alkaline phosphatase (U/L) 199.3 ± 4.122 187.8 ± 8.65 147 ± 16.72a 89.88 ± 4.82abc

Total protein (g/dl) 5.3 ± 0.1503 5.27 ± 0.083 5 ± 0.1 4.72 ± 0.052ab

Albumin (g/dl) 3.18 ± 0.10 3.13 ± 0.067 2.91 ± 0.071 2.27 ± 0.11abc

Globulin (g/dl) 2.08 ± 0.09 2.15 ± 0.026 2.17 ± 0.064 2.663 ± 0.11abc

Phosphorus (mg/dl) 10.28 ± 0.63 9.68 ± 0.45 11.38 ± 0.79 15.73 ± 1.56ab

Potassium (mm/L) 8.05 ± 0.20 6.963 ± 0.25a 8.16 ± 0.158b 6.725 ± 0.15ac

Sodium (mm/L) 156 ± 0.81 152.2 ± 0.47 157.8 ± 0.87 158.3 ± 4.4

Glucose (mg/dl) 110.3 ± 15.07 185.6 ± 13.98a 89 ± 3.105b 64.38 ± 8.43ab

Calcium (mg/dl) 10.95 ± 0.19 11.06 ± 0.16 11.1 ± 0.09 11 ± 0.53

Mice (n = 8–20/group) were treated with MCT (200 mg/kg) and LPS (6 mg/kg) or treated with vehicle. Data are shown as mean ± SEM and

analyzed with one-way analysis of variance followed by Tukey’s for multiple comparisons
a Significantly different from vehicle-treated animals
b Significantly different from MCT-treated animals
c Significantly different from LPS-treated animals
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and interstitially between the tubules (the kind of tubules

was difficult to define because of the structural loss). The

glomerular podocytes and the glomerular basement mem-

brane also showed fibrin deposition after MCT/LPS, MCT/

LPS-TF-SC, and MCT/LPS-TF-SE treatment (Fig. 2a). In

contrast, TF-AS injection markedly reduced fibrin

deposition in the glomeruli and tubules both in the cortex

and medulla (Fig. 2a–c). To identify fibrin-expressing cells

in glomeruli of mice, we performed double immunofluo-

rescence analysis in renal sections of MCT/LPS co-treated

mice. As shown in Fig. 2d, fibrin (red) was co-expressed

with WT1 (green), which has been described to be only
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Fig. 1 Effect of different treatments on tissue and plasma TF.

a Plasma TF level of vehicle-, MCT-, or LPS-treated mice was

significantly unchanged. TF levels 24 h after induction of renal

toxicity by MCT/LPS co-treatment were strongly induced (&18-fold)

compared to the vehicle-treated mice. Data present as mean ± SEM.

a significantly different from vehicle-treated animals, b significantly

different from MCT-treated animals, c significantly different from

LPS-treated animals. b MCT/LPS co-treatment elevating plasma TF

level that was lowered significantly by TF-AS injection as measured

by TF-specific ELISA. Data represent mean ± SEM. a significantly

different from vehicle-treated animals, b significantly different from

MCT/LPS co-treated animals, c significantly different from MCT/

LPS-TF-SC-treated animals, d significantly different from MCT/LPS-

TF-SE-treated animals. c Immunofluorescence staining of TF in

kidney sections of animals co-treated with MCT/LPS, showing

increased deposition in the tubular and glomerular cells compared to

vehicle-treated mice 24 h after co-treatment. Similar deposition

pattern of renal TF is seen in MCT/LPS-TF-SC and MCT/LPS-

TF-SE compared to MCT/LPS co-treated mice. Slight deposition of

TF is seen in the renal tubules or glomeruli in TF-AS-injected mice

Table 2 Effect of TF-ODN on the animal survivability

Day 0 (%) Day 1 (%) Day 2 (%) Day 3 (%) Day 4 (%)

MCT/LPS 100 100 70 60 60

MCT/LPS-TF-SC 100 90 60 60 60

MCT/LPS-TF-SE 100 80 40 30 30

MCT/LPS-TF-AS 100 100 100 100 100

Survival of animals was observed daily after MCT/LPS, MCT/LPS-TFSC, MCT/LPS-TFSE, or MCT/LPS-TF-AS treatment and presented here

as percent survival on day 1, 2, 3, and 4. Animals treated with MCT/LPS or MCT/LPS-TF-SC showed 60% survivability at day 4. Sixty percent

and 30% were survived at day 4 after the treatment with MCT/LPS-TF-SC and MCT/LPS-TF-SE, respectively. However, 100% mice receiving

treatment with MCT/LPS-TF-AS survived at day 4
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expressed in the nuclei of glomerular podocytes (Mundlos

et al. 1993). Marked tubular collapse, hemorrhage, and the

necrotic medullary tubules were seen in MCT/LPS-treated

mice analyzed by H&E staining. MCT/LPS-TF-SC

and MCT/LPS-TF-SE showed the same histopathological

features as MCT/LPS co-treated mice. However, the kid-

ney sections of MCT/LPS-TF-AS-injected mice showed

normal structure similar to those of vehicle-treated mice

(Fig. 2e).

TF-AS attenuated renal inflammation and selectively

decreased leptin and interleukin-6 (IL-6) production

In conjunction with modulated blood chemistry, serum TF,

and renal fibrin deposition in mice, TF-AS injection also

significantly diminished blood IL-6 and leptin (inflamma-

tory cytokines) production induced by MCT/LPS in mice.

Ten plasma cytokines were analyzed to determine

the extent of the systemic inflammatory response including

IL-6, interleukin-1b (IL-1b), interleukin-10 (IL-10), tumor

necrosis factor-a (TNF-a), vascular endothelial growth

factor (VEGF), leptin, interleukin-4 (IL-4), interleukin-13

(IL13), interleukin-12p70 (IL-12p70), and keratinocyte-

derived chemokine (KC) at 10, 16, and 24 h after MCT/

LPS co-treatment (data not shown). MCT/LPS co-treat-

ment strongly induced IL-6, IL-1b, IL-10, TNF-a, and

VEGF at 10 h; however, by 24 h, the levels declined, while

leptin, IL-12p70, and KC started to increase at 10 h and the

peak level was at 24 h. As seen in Fig. 3a and c, in MCT/

LPS co-treated mice, the plasma leptin and IL-6 were

significantly increased at 10 h compared to vehicle, MCT,

or LPS-treated mice and the levels remained elevated at

24 h as well. On the other hand, the blocking effect of

TF-AS was obviously seen in leptin and IL-6 levels but not

on the rest of the previously mentioned cytokines. In other

words, leptin (Fig. 3b) and IL-6 (Fig. 3d) were the only

cytokines that were reduced to their basal levels after

TF-AS injection.

TF-AS attenuated renal inflammation and selectively

prevented downregulation of tubular chemokine

(C-X-C motif) ligand 16 (CXCL16) induced

by MCT/LPS

In glomerular podocytes and in the basolateral side of the

distal tubules in vehicle-treated mice, we detected CXCL16

expression by immunofluorescence (green). Treating the

animals with MCT/LPS, MCT/LPS-TF-SC, or MCT/LPS-

TF-SE led to the absence of CXCL16 in the tubules and its

presence in the interstitial space; the interstitial CXCL16

correlated with the presence of migrating leukocyte cells

(blue DAPI fluorescence). The absence of the interstitial

CXCL16 and its presence in the tubular cells were observed

in TF-AS-injected mice (Fig. 3e).

Discussion

TF is not detectable in the human blood stream, but

expressed on the surface of monocytes and endothelial

Table 3 Blood chemistry measurement in vehicle-, MCT/LPS-, MCT/LPS-TF-SC-, MCT/LPS-TF-SE-, or MCT/LPS-TF-AS-treated mice

Veh. MCT/LPS MCT/LPS-TF-SC MCT/LPS-TF-SE MCT/LPS-TF-AS

BUN (mg/dl) 21.25 ± 0.9 125.3 ± 4.7a 147.9 ± 14.6a 130 ± 7.9a 39.13 ± 9.1bcd

Creatinine (mg/dl) 0.2063 ± 0.02 0.425 ± 0.03a 0.5571 ± 0.08a 0.50 ± 0.05a 0.2625 ± 0.03cd

BUN/Creatinine ratio 109.8 ± 9.68 303.9 ± 15.76a 282.2 ± 20.31a 274 ± 25.11a 147 ± 19.33bcd

Alkaline phosphatase (U/L) 199.3 ± 4.122 89.88 ± 4.82a 89.5 ± 14.77a 56.38 ± 13.85a 133 ± 8.63ad

Total protein (g/dl) 5.3 ± 0.1503 4.72 ± 0.052a 4.657 ± 0.12a 4.58 ± 0.128a 4.629 ± 0.089a

Albumin (g/dl) 3.18 ± 0.10 2.27 ± 0.11a 1.88 ± 0.28a 2 ± 0.1535a 2.6 ± 0.10c

Globulin (g/dl) 2.08 ± 0.09 2.663 ± 0.11a 2.75 ± 0.059a 2.76 ± 0.0375a 2.213 ± 0.061bcd

Phosphorus (mg/dl) 10.28 ± 0.63 15.73 ± 1.56a 15.56 ± 1.15a 15.81 ± 1.565a 12.3 ± 1.26

Potassium (mm/L) 8.05 ± 0.20 6.725 ± 0.15a 6.475 ± 0.23a 6.53 ± 0.2686a 7.213 ± 0.21

Sodium(mm/L) 156 ± 0.81 158.3 ± 4.4 151.7 ± 2.33 153.3 ± 0.7149 151.5 ± 2.26

Glucose (mg/dl) 110.3 ± 15.07 64.38 ± 8.43a 52.88 ± 9.25a 44.75 ± 8.97a 102.9 ± 10.29cd

Calcium (mg/dl) 10.95 ± 0.19 11 ± 0.53 9.088 ± 0.77b 9.05 ± 0.57ab 10.55 ± 0.16

Mice (n = 8–20) were treated with vehicle or treated with MCT (200 mg/kg) and LPS (6 mg/kg) with or without i.v. injection of 5.6 lg/kg from

TF-SC, TF-SE, or TF-AS. Data are shown as mean ? SEM and analyzed with one-way analysis of variance followed by Tukey’s for multiple

comparisons
a Significantly different from vehicle-treated animals
b Significantly different from MCT/LPS co-treated animals
c Significantly different from MCT/LPS-TF-SC-treated animals
d Significantly different from MCT/LPS-TF-SE-treated animals
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Fig. 2 Effect of ODNs treatment on fibrin deposition at 24 h in the

kidneys after MCT/LPS co-treatment. Mice kidney sections were

analyzed for fibrin deposition with immunofluorescence staining

using antibody against fibrin followed by Cy3-coupled secondary

antibody. a Fibrin deposition was absent in the renal glomeruli of the

vehicle-treated mice. Very low deposition of fibrin was seen in the

renal glomeruli of MCT-, or LPS-treated mice. Treating the animals

with MCT/LPS, MCT/LPS-TF-SC or MCT/LPS-TF-SE strongly

induced fibrin deposition in the glomerular capillary lumen. TF-AS

injection prevent fibrin upregulation in the glomeruli. b The cortical

tubules were negative for fibrin in vehicle-, MCT-, and LPS-treated

mice. MCT/LPS, MCT/LPS-TF-SC, and MCT/LPS-TF-SE showed

strong induction in fibrin deposition, mostly in the apical side of the

distal tubules as well as in the collecting ducts (yellow arrow).

No expression was seen in the proximal. In addition, MCT/LPS-TF-

AS-injected mice showed an absence of tubular fibrin deposition.

c Low deposition of fibrin was seen in the medullary tubules in

vehicle, MCT, and LPS. MCT/LPS, MCT/LPS-TF-SC, and MCT/

LPS-TF-SE were strongly induced fibrin especially in the necrotic

medullary tubules (yellow arrows), whereas TF-AS prevents fibrin

deposition. d Paraffin sections of MCT/LPS-treated mice renal tissue

were stained with a polyclonal antibody against fibrin (red, upper left
plate) and monoclonal IgG1 for WT-1 (green, upper right plate).

Double immunofluorescence staining for merged picture (lower right
plate) and surface blot (lower left plate) showing yellow fluorescence

resulting from the co-localization of red fibrin and green WT1

fluorescence. e Histopathological evaluation of kidney sections of

mice after vehicle, MCT/LPS with or without TF ODNs injection

treatment. Remarkable lesions were seen in the MCT/LPS-, MCT/

LPS-TF-SC-, and MCT/LPS-TF-SE-treated groups in the form of

pronounced hemorrhage collapsing and necrotic medullary tubules

(yellow arrows) that are absent in MCT/LPS-TF-AS-injected mice.

Bar: a 10 lm; b and d 25 lm; c and e 100 lm (color figure online)
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Fig. 3 Serum level of leptin, IL-6 and tissue expression of CXCL16

in mice after various treatments. a Serum leptin levels started to

increase 10 h and sustained for 24 h after MCT/LPS co-treatment.

MCT or LPS by 24 h showed low leptin level compared to vehicle-

treated mice. b Plasma leptin 24 h after MCT/LPS-, MCT/LPS-

TF-SC-, and MCT/LPS-TF-SE-treated mice showed significant leptin

elevation that returned to the initial value in MCT/LPS co-treated

animals injected with TF-AS. c Similarly, IL-6 level increased 10 h

after MCT/LPS co-treatment and remained elevated at 16 and 24 h.

No significant change was seen in IL-6 in MCT or LPS alone except

in LPS at 10 h. d Plasma IL-6 remained elevated 24 h after treatment

with MCT/LPS, MCT/LPS-TF-SC, and MCT/LPS-TF-SE but

retained toward initial values in MCT/LPS animals treated injected

with TF-AS. e CXCL16 expression in vehicle-treated kidney section

was in the basolateral side in distal and collecting ducts in cortical

tubules (yellow arrows). Treating the animals with MCT/LPS, MCT/

LPS-TF-SC, or MCT/LPS-TF-SE reduced the tubular CXCL16

expression, and its presence (positive green fluorescence) in the

tubular interstitial space (yellow arrows) correlated with the presence

of migrating immune cells (blue DAPI fluorescence). Data represent

mean ± SEM and were analyzed by one-way ANOVA with Tukey’s

test for multiple comparisons. a and c: a significantly different from

vehicle-treated animals, b significantly different from MCT-treated

animals, c significantly different from LPS-treated animals. For b and

d: a significantly different from vehicle-treated animals, b signifi-

cantly different from MCT/LPS-treated animals, c significantly

different from MCT/LPS-TF-SC-treated animals, d significantly

different from MCT/LPS-TF-SE-treated animals (color figure online)
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cells in a number of pathological conditions. Unstable

angina pectoris, endotoxemia with or without disseminated

intravenous coagulation (DIC), some malignancies, and

certain immunological diseases have been suggested to be

associated with increased monocytic TF levels (Edgington

et al. 1992; Rothberger et al. 1984). In the extrinsic path-

way, when factor VIIa is bound to its cofactor, TF can

activate factor X directly. The activation of factor X leads

to thrombin generation, fibrin formation, and platelets

activation. Local fibrin deposition is frequently observed in

many diseases (Dorfleutner et al. 2004). In the kidney, TF

expression is restricted to the glomerular podocytes, bow-

man epithelium, and the tubular loop of Henle (Belting

et al. 2004; Bromberg et al. 1999; Mach et al. 1997). The

present report showed that co-treatment with sub-toxic

doses of oral MCT and ip LPS did induce renal injury,

whereas the individual treatments did not. The toxicity was

confirmed with elevation of the renal toxicity markers

including blood BUN, creatinine, BUN/creatinine ratio,

K?, and ALP. Since oliguria was a characteristic feature in

the animals after the co-treatment with MCT/LPS, it was

difficult to collect urine for urinalysis. We have docu-

mented upregulation of the serum TF level at 10 h and a

progressive increase in its level up to 24 h after MCT/LPS

co-treatment. Similarly, renal TF protein was upregulated

at 24 h after MCT/LPS co-treatment. These data are sim-

ilar to those shown earlier (Frank et al. 2005) where

upregulation of TF mRNA was reported in renal ischemia

reperfusion (I/R) murine model. After prolonged renal

ischemia and contralateral nephrectomy in a rat model, TF

was upregulated in the kidney with increased TF staining in

glomeruli, blood vessels, and stimulated monocytes

(Ushigome et al. 2002). The same study, using a less severe

model, has subsequently shown protection from tubular

necrosis by the use of TF antisense oligonucleotides

(Matsuyama et al. 2003). The mechanism underlying

TF-mediated injury was not explored, although it was

postulated that necrosis was caused by microcirculatory

incompetence and microthrombus formation. An important

therapeutic concept in support of anti-TF strategies to tar-

get many toxicity types involves the known cross talk

between coagulation and inflammation through TF-VIIa

complex, factor Xa, thrombin, and fibrin (Cirino et al.

1997; Cunningham et al. 1999; Johnson et al. 1998; Shin

et al. 1999). TF-VIIa has intracellular calcium-dependent

signaling functions (Rottingen et al. 1995) and perhaps

other intracellular signaling effects via phosphorylation of

mitogen activated protein kinases (Poulsen et al. 1998;

Sorensen et al. 1999). These effects enhance cytokine

production (Camerer et al. 2000) and inflammation, and

may alter endothelial permeability. Factor Xa and thrombin

also have potent proinflammatory effects, mediated in part

by nuclear factor-b activation (Shapiro et al. 1996; Shin

et al. 1999; Stankova et al. 1995). In the present study, the

glomerular capillary lumens, glomerular podocytes, distal

tubular epithelial cells in the cortical region, and the

necrotic tubules in the medullary area showed extensive

deposition of fibrin in MCT/LPS co-treated mice kidney.

Blocking of TF by TF-AS ODNs led to decreased renal

injury, fibrin deposition, plasma leptin level, and loss of

tubular CXCL16 induced by MCT/LPS. These results

provided direct evidence that TF is the principal initiator of

fibrin deposition which means that the extrinsic pathway of

coagulation cascade is the main contributor to the current

model of renal toxicity. Also, TF blockade would inhibit

downstream activation of factor X and generation of

thrombin and fibrin, all of which have potential proin-

flammatory actions that could be important in producing

tissue injury. This may offer an advantage over other

therapeutic strategies targeting steps in the coagulation

cascade downstream to TF that show limited ability to

hamper subsequent TF-dependent coagulation. Synthetic

TF ODN is thought to prolong organ allograft survival by

blocking the expression of specific targeted proteins or

mRNA, arresting translation, inhibiting processing, or

degrading the targeted RNA (Akhtar et al. 1991; Crooke

1992; Hoke et al. 1991; Milligan et al. 1993). Nakamura

et al. (2002) demonstrated that use of AS ODNs method

could be effective in protecting the liver from I/R injury. In

preclinical studies, it could be effective in protecting the

kidney and prolong the animal survivability from I/R injury

(Matsuyama et al. 2003). In our study, we found also that

TF-AS did prolong the animal survival rate of MCT/LPS

co-treated mice, indicating the effectiveness of AS method

in the prevention of renal toxicity in our model.

Leptin, a peptide hormone of the long-chain helical

cytokine family, is predominantly produced by white adi-

pose cells (Zhang et al. 1994). Leptin has been reported to

have direct pathological effects on renal resident cells. It

was also reported that leptin could stimulate cellular pro-

liferation in vitro, TGF-b1 synthesis, and type IV collagen

production (Wolf et al. 1999). Moreover, an increase in

glomerular TGF-b activation after leptin infusion was seen

signifying a close regulatory connection of leptin and the

TGF-b axis (Gunduz et al. 2005). Kumpers et al. (2007),

demonstrated that leptin deficiency leads to significantly

less inflammation, tissue damage, fibrotic changes, and

matrix accumulation in ob/ob mice after unilateral ureteral

obstruction (UUO) compared to db/db mice and respective

controls. Similarly, Guagnano et al. (2003) showed a sig-

nificant positive correlation between leptin and FVIIa in

obese women. In the present report, leptin plasma level was

increased after MCT/LPS co-treatment but was decreased

almost to the basal level after AS-TF ODN injection

indicating that leptin could be a downstream event to the

coagulation system activated by MCT/LPS co-treatment.
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To our knowledge, this is the first report to exhibit a

relation between plasma leptin level and TF activation in

the renal injury induced by MCT/LPS.

Interleukin (IL)-6 is a pleiotropic cytokine that has many

biological properties. It is primarily involved in the regu-

lation of immune and inflammatory responses. IL-6 can

induce a prothrombotic state by increasing expression of

fibrinogen, tissue factor, factor VIII, and von Willebrand

factor, as well as by activating endothelial cells and

increasing platelet production (Kerr et al. 2001). In the

intestine, increased expression of IL-6 contributes to gut

I/R injury (Cuzzocrea et al. 1999). Similarly in renal I/R

injury, a significant and sustained increase in the expres-

sion of the IL-6 gene was reported (Takada et al. 1997). In

our study, the increase in IL-6 level caused by MCT/LPS

was prevented by injection of TF-AS, whereas injection of

TF-SC or TF-SE did not prevent its increase. It appears that

elevation of leptin and IL-6 in renal injury induced by

MCT/LPS is a TF-dependent process.

The role of CXCL16, a transmembrane chemokine, in

the progression of kidney diseases has been recently

described. So far, in humans, an important role of CXCL16

has only been suggested in lupus patients and in kidney

transplanted patients with the diagnosis of acute interstitial

rejection (Schramme et al. 2008). In the present report, we

found that reduced expression of CXCL16 in the tubular

cells after MCT/LPS co-treatment correlated with the

presence of migrated leukocytes. We hypothesize that this

finding may be due to increased proteinase(s) responsible

for the CXCL16 shedding, consequently converting

CXCL16 from the membrane into the soluble chemoat-

tractant form, which may function to recruit leukocytes

into the site of renal injury. Further work is needed to

confirm this hypothesis. Finally, it is possible that MCT/

LPS induces the expression of TF through a loop involving

proinflammatory molecules such as leptin, IL-6, and

CXCL16, initiating blood coagulation on glomerular

endothelial or distal tubular cells that are efficiently

blocked by TF-AS injection. These investigations support

the feasibility of using TF-AS ODNs as a new approach for

some inflammation-induced xenobiotic toxicity in kidney.

In summary, this is the first report that shows induction

of renal injury by sub-toxic doses of oral MCT and ip LPS

in a mouse model and that this injury is mediated by TF. In

addition, TF-AS ODNs ameliorated renal damage by

inhibiting TF overexpression, suggesting that renal toxicity

mediated by TF can be prevented successfully by the use of

TF-AS.
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