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ABSTRACT—Neurotropin is a non-protein extract from the dermis of rabbits inoculated with vaccinia virus

and has been clinically used as an analgesic in Japan. We present in the current report evidence for its poten-

tial therapeutic value against endotoxin shock. Administration of this compound prior to lipopolysaccharide

(LPS) challenge resulted in a reversal of a decrease of the mean arterial pressure in rats and also amelioration

of lethality in mice. Anti-inducible nitric oxide synthase (iNOS) Western blotting of tissue extracts from

LPS-treated mice revealed almost complete suppression of iNOS induction by Neurotropin. The findings in

vivo were reproduced in in vitro experiments in which cultured human umbilical vascular endothelial cells

were challenged with LPS. Simultaneous treatment of the cells with Neurotropin resulted in complete sup-

pression of iNOS induction and significant reduction of cell death. These results suggested a therapeutic

value of Neurotropin in the treatment of endotoxin shock that was linked, at least in part, to suppression of

iNOS induction and reduced cell damage in vascular endothelial cells.
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Several lines of evidence indicated that excess release

of nitric oxide (NO) by vascular endothelial cells is the

primary mechanism responsible for systemic hypotension

in septic shock and that the excess release is caused prima-

rily, if not exclusively, by lipopolysaccharide (LPS) that

resides in the outer membrane of bacteria (1 – 4). Release

of NO and its stable derivatives, nitrites and nitrates, is

enhanced in rats treated with LPS and also in patients

with septic shock (5 – 7). As in immunocytes, LPS induces

expression of inducible NO synthase (iNOS) in vascular

endothelial cells (1, 8, 9). As a consequence, arteries from

LPS-treated animals contained a high concentration of

cGMP and showed diminished contractile responses to

norepinephrine and other vasocontrictors (4, 10). This

hyporeactivity of the vessels was abolished in animals

treated with antisense oligonucleotides against iNOS prior

to LPS challenge (11). Accordingly, iNOS gene knockout

mice were resistant to LPS-induced mortality (12).

Depending on these observations, NOS inhibitors NG-

monomethyl-L-arginine (L-NMMA) or NG-nitro-L-arginine

methyl ester (L-NAME) have been tested both in animal

models of septic shock (1) and in patients (13, 14) and

shown to have protective effects against systemic hypoten-

sion. These drugs, however, are at present still in the phase

of clinical trial.

Neurotropin is a non-protein extract from the dermis of

rabbits inoculated with vaccinia virus. Neurotropin exerts

immunomodulatory effects in several animal models with

compromised immune functions (15 – 18). It also has anti-

neuropain effects (19 – 22) and has been used clinically

as an anti-allergic and analgesic drug (23). The analgesic

effect of this compound, however, cannot be explained by

its effect on the immune system alone. We demonstrated

previously that in patients with Fabry disease, Neurotropin

caused a strong and selective improvement of blood flow

to painful extremities and decreased local levels of hypo-

xanthine (24). Restoration of the hypoxic state of extremi-

ties in this disease suggested its potential effect on the

vascular endothelial cells. In support of this idea, Neuro-

tropin has been shown to modulate the binding and meta-

bolism of Factor XII and kininogen in cultured vascular

endothelial cells (25).

The hypothesis to be addressed is that Neurotropin, with

its potential effects on vascular endothelial cells, may have

a therapeutic value in septic shock. To test the hypothesis,
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we examined the effects of Neurotropin against LPS toxic-

ity in three experimental models: hypotension in anesthe-

sized rats, lethality and iNOS induction in mice, and cell

death of cultured human umbilical vascular endothelial

cells (HUVEC).

MATERIALS AND METHODS

Materials

Male Fisher rats (230 – 250 g) and male std;ddy mice

(25 – 30 g) were obtained from Japan SLC (Shizuoka). The

animals had free access to water and standard laboratory

diet. LPS (Escherichia coli 055:B5) was from Difco Labo-

ratories (Surry, UK). Neurotropin was from Nippon Zoki

Pharmaceutical Co. (Osaka). Medium 199 was from Gibco

(Berkeley, CA, USA). Fetal bovine serum was from M.A.

Bioproducts (Walkersville, MA, USA). Endothelial growth

supplement was from Collaborative Reseach, Inc. (Lexing-

ton, MA, USA). A rabbit polyclonal antibody against the

carboxy-terminus of mouse macrophage iNOS was from

Affinity Bioreagents, Inc. (Golden, CO, USA). All other

chemicals were of reagent grade and were obtained com-

mercially.

Monitoring of arterial blood pressure in rats

The animals were anesthetized with pentobarbital

(40 mg /kg, i.p.) and catheters were inserted into the femo-

ral artery for drug delivery and measurement of blood pres-

sure. Thirty minutes after the administration of Neurotropin

(60 mg /kg) or saline, LPS (15 mg /kg) was administrated.

Blood pressure was monitored every 10 min up to 3 h.

LPS-induced lethality of mice

Thirty mice in each group were injected intraperitoneally

(i.p.) with Neurotropin (40 mg /kg) or PBS just before the

injection of LPS (0.75 mg /mouse). The mortality of mice

was monitored twice a day for 5 days.

Cell culture

HUVEC were obtained from umbillical cord vein and

cultured in medium 199 containing 10% fetal bovine serum,

90 �g /ml heparin, 50 �g /ml endothelial growth supple-

ment, 500 U /ml penicillin G and 100 �g /ml streptomycin

(26). The number of cells was counted by a hemocytometer.

The viability of cells was examined by a trypan blue dye

exclusion method.

Measurement of NO

HUVEC were cultured on 96-well plates (Corning,

Corning, NY, USA) at a density of 2 � 104/well. The

cells were incubated in fresh medium containing LPS

(0.01 – 100 �g /ml) in the presence or absence of either

Neurotropin (10 or 100 �g /ml) or dexamethasone (1 �M).

Twenty-four hours later, the level of NO in the medium

was determined by a calorimetric assay (27). In brief, a

medium aliquot (100 � l) was mixed with the same volume

of Griess reagent (1% sulfanilamide and 0.1% N-1 naphthyl-

ethylenediamine dihydrochroride in 2% phosphoric acid).

The mixture was incubated at 25�C for 10 min and optical

densities at 540 nm were measured in a microplate reader

(MPR-A4i; Tosoh, Tokyo). The concentration was deter-

mined using sodium nitrite as a standard.

NADPH-diaphorase activity

Cells cultured on a coverglass were exposed for 24 h

to 0.1 �g /ml of LPS with or without Neurotropin (100 �g

/ml) or dexamethasone (1 �M). The cells were washed

twice with tris-buffered saline (TBS) and fixed in 4%

paraformaldehyde /TBS for 10 min. They were incubated

at 37�C for 30 min in a reaction mixture (0.1 M phosphate-

buffer, pH 7.4, 0.3% Triton X-100, 0.1 mg /ml nitroblue

tetrazolium, 1 mg /ml NADPH) (28). Following serial de-

hydration in ethanol and xylene, the sections were mounted

on glass slides and photographed.

Immunoblotting of iNOS

Mice were injected intraperitioneally with LPS (0.75 mg

/mouse, i.p.) simultaneously with Neurotropin (40 mg /kg,

i.p.), dexamethasone (3 mg /kg, i.p.) or saline (i.p.). Twenty-

four hours later, the animals were sacrificed by exsan-

guination, and the tissues were removed and frozen at

�80�C. The frozen tissues were thawed and put in a lysis

buffer (10 mM Tris-HCl, 1 mM Na orthovanadate, 150 mM

NaCl, 0.2 mM PMSF and 0.5% Triton X-100). They were

homogenized with a Dounce homogenizer and further incu-

bated at 4�C for 20 min. HUVEC were scraped off in

ice-cold PBS, collected by centrifugation, resuspended in

the lysis buffer and incubated at 4�C for 20 min. The tissue

or cell lysates were clarified by centrifugation at 2,000 � g

for 15 min at 4�C and the protein concentrations were

determined using a BCA assay kit (Bio-Rad). Proteins

were separated on SDS 7.5%-PAGE and electro-transferred

to nitrocellulose membranes. The membranes were probed

with anti-iNOS antibody and developed using HRP-anti-

rabbit IgG and an ECL detection system (Amersham, UK).

Statistical analyses

Results are expressed as the mean � S.E.M. for each

experiment and analyzed by the unpaired Student’s t-test

and two-way ANOVA to determine the significant differ-

ence between means, and a P value of �0.05 was taken as

significant.
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RESULTS

Reversal of LPS-induced hypotension by Neurotropin in

anesthetized rats

Intra-arterial administration of LPS (15 mg /kg) to anes-

thetized rats caused a significant decrease of the mean

arterial pressure that manifested with a 1-h time lag and

lasted at least for additional 1 h (29). In the group of

rats pretreated with Neurotropin (40 mg /kg), LPS did not

cause the decrease and rather increased the mean arterial

pressure slightly above the control levels (Fig. 1). While

four out of six rats died within 3 h following LPS admini-

stration, all of the six Neurotropin-treated rats survived

this period. This dose of Neurotropin was equivalent to

those applied to mice in experimental models of cerebral

inflammation (30) and allergic reaction (18). There was

no significant change of the mean arterial pressure in rats

treated with Neurotropin alone (data not shown).

Neurotropin rescues mice from LPS-induced lethal toxicity

Given the acute effect of Neurotropin against LPS-

induced hypotension, we investigated the effect of Neuro-

tropin on LPS-induced lethal toxicity in a longer term

using mice. At a dose of 0.75 mg per mouse, i.p. injection

of LPS induced 77% lethality within 5 days. Simultaneous

administration of Neurotropin (40 mg /kg, i.p.) reduced the

lethality to 40% (Fig. 2). Both groups of the animals were

immobile and had diarrhea during the first 2 days. There-

after, more than half of the animals that had been treated

with Neurotropin gradually recovered, and on the fifth

day, they appeared healthy. There were no visible toxic

manifestations in mice treated with Neurotropin alone. The

animals of both groups that survived the initial 5 days

were followed for additional several weeks; no life shorten-

ing or toxic effects were noted in either group.

Neurotropin inhibits induction of iNOS by LPS in mice

LPS-induced expression of iNOS and resultant excess

release of NO is supposed to be the primary cause of sys-

temic hypotension and multi-organ dysfunction. Therefore,

we examined whether Neurotropin caused any change in

the effect of LPS on the iNOS level in mice. On the western

blotting of tissue proteins, LPS treatment (15 mg /kg, i.p.

for 24 h) caused an obvious increase in the levels of iNOS

in all of the three tissue examined (lung, liver, kidney)

(Fig. 3). This increase was not detected in lung and liver

samples from mice that were simultaneously treated with

Neurotropin (40 mg /kg, i.p.). LPS failed to induce expres-

sion of iNOS protein in mice simultaneously treated with

dexamethasone (3 mg /kg, i.p.) as reported previously (31).

Fig. 1. Effect of Neurotropin on LPS-induced hypotension in

anesthetized rats. Neurotropin (60 mg /kg) or saline was admini-

strated 30 min before administration of LPS (15 mg /kg). Each point

represents the mean � S.D. of six experiments. *P�0.05, significantly

different from the value at 30 min before LPS administration.

Fig. 2. Effect of Neurotropin on LPS-induced lethal toxicity in

mice. LPS (0.75 mg /mouse) was i.p. injected with Neurotropin

(40 mg /kg) or saline to 30 mice in each group.

Fig. 3. Immunoblot analysis of iNOS synthase in mice. Tissue

extracts were prepared from mice treated for 24 h with saline (lane 1),

LPS (15 mg /kg, i.p.) plus saline (lane 2), LPS plus Neurotropin

(40 mg /kg) (lane 3) or LPS plus dexamethasone (3 mg /kg) (lane 4).

A sample of 30 �g protein was loaded on each lane.
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Neurotropin inhibits induction of iNOS by LPS in HUVEC

The in vivo experiments described above suggested a

protective effect of Neurotropin against LPS toxicity. To

confirm this, we examined the effects of Neurotropin on

iNOS induction by LPS in HUVEC. First, expression of

iNOS was analyzed by anti-iNOS immunoblotting. The

immunoreactive band of iNOS was not detected in the

lysate from unstimulated cells, whereas a band with a

molecular mass of 130 kDa clearly appeared in that from

cells exposed to LPS (0.1 �g /ml) for 24 h (32). Simulta-

neous application of Neurotropin (100 �g /ml) prevented

the LPS-induced expression of iNOS protein (Fig. 4).

Dexamethasone (1 �M) also inhibited the LPS-induced

expression (Fig. 4). These findings with anti-iNOS Western

blotting were reproduced by in situ visualization of the

NADPH-diaphorase activity. A faint NADPH-diaphorase

activity was detected in untreated cells, whereas a large

amount of NADPH-diaphorase positive cytoplasmic gran-

ules were detected in cells exposed to LPS (0.1 �g /ml for

24 h) (Fig. 5). Simultaneous application of Neurotropin

(100 �g /ml) as well as that of dexamethasone (1 �M) pre-

vented the appearance of the NADPH-diaphorase positive

granules in LPS-treated cells (Fig. 5). We have also exam-

ined NO release by cells by Griess methods that detect

NO metabolites in solution (27). Exposure of cells to LPS

for 24 h caused a dose-dependent increase in NO release.

Neurotropin at a dose of 10 �g /ml or 100 �g /ml almost

completely abolished the effect of LPS. Again, the same

effect was obtained with dexamethasone (1 �M) (Fig. 6).

Neurotropin inhibits cytotoxicity of LPS on HUVEC

We and others have demonstrated that LPS reduces via-

bilities of cultured endothelial cells and caused cell death

in a long-term exposure (33). Given the suppression of

iNOS induction by Neurotropin, we examined whether this

compound could ameliorate the cytotoxicity of LPS (Fig. 7).

Exposure to LPS for 24 h caused a dose-dependent increase

of the number of dead cells as judged by a dye exclusion

test. Simultaneous application of Neurotropin (10 or 100 �g

/ml) caused a significant reduction of the number of dead

cells. Dexamethatsone (1 �M) also reduced the number of

the dead cells. At high concentrations of LPS (�10 �g /ml),

Neurotropin (10 �g /ml) was more efficient in preventing

cell death than dexamethasone (1 �M).

Fig. 4. Immunoblot analysis of iNOS synthase in HUVEC. Cell

lysates were prepared from cells without drug treatment (lane 1) or

from those treated for 24 h with LPS (0.1 �g /ml) (lane 2), LPS

plus Neurotropin (100 �g /ml) (lane 3), LPS plus dexamethasone

(1 �M) (lane 4). A sample of 30 �g protein was loaded on each lane.

Fig. 5. Expression of NADPH-diaphorase in HUVEC. A: control. B – D: Cells were treated for 24 h with 0.1 �g /ml of LPS (B),

LPS plus 100 �g /ml of Neurotropin (C), or LPS plus 1 �M of dexamethasone (D). Dark granules contain a NADPH-diaphorase

activity. Scale bar � 50 �m.
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DISCUSSION

In this study, we demonstrated protective effects of

Neurotropin against LPS in two in vivo experimental

models of endotoxin shock. Prior or simultaneous admini-

stration of this compound caused a remarkable effect in

both systems. Neurotropin, at the dose that manifested no

side-toxic effect, reversed the LPS-induced hypotension in

rats (Fig. 1) and caused obvious reduction of lethality in

mice (Fig. 2). LPS-induced shock is a complex pathologi-

cal process that involves multiple systems including im-

mune and cardiovascular systems (31, 34, 35). Previous

reports suggest that not only prevention of hypotension but

also iNOS suppression by NOS inhibitors lead to ameliora-

tion of tissue-damages and lethality in septic shock (36,

37). In accordance with this notion, the protective effect

of Neurotropin against LPS lethality in mice correlated

with suppression of iNOS induction in liver and kidney

(Fig. 3). The suppression of iNOS induction was repro-

duced in in vitro experiments in HUVEC (Figs. 4 and 5).

These observations suggested a therapeutic value of Neuro-

tropin in septic shock and indicated that the in vivo protec-

tive effects of Neutropin were, at least partly, due to block-

ade of iNOS induction in vascular endothelial cells.

In addition to the induction of iNOS, the well-document-

ed phenotypic change of endothelial cells caused by LPS

is apoptosis, which is supposed to be one of the major

causes of the multi-organ failure (38). In our experiments

on HUVEC, Neurotropin was as effective as dexametha-

sone to suppress LPS-induced cell death, further supporting

its therapeutic value in septic shock.

Neurotropin is a deproteinized extract from inflamed skin

of rabbit inoculated with vaccinia virus and obviously con-

tains multiple biologically active substances. The fact that

both of the inhibitory effects of Neurotropin in HUVEC

against LPS-induced iNOS induction and cell death were

mimicked by dexamethasone may simply imply that Neuro-

tropin contains glucocorticoids. This is, however, unlikely

because of the lack of prominent side-effects of Neuro-

tropin; that is, Neurotropin is administrated orally or by

direct injection did not cause digestive ulcers (39). Neuro-

tropin is not a single substance but a compound, and it is

impossible to measure the blood concentration. Identifica-

tion of the active substance contained in this compound

and clarification of the mechanism of action must await

further studies.

Septic shock is a major cause of death among patients

in intensive care units. Except for supportive cares, no

specific therapy is known, although a limited success has

been reported for the use of antibodies against endotoxin

(40). The therapeutic effects of NO synthase inhibitors such

as L-NMMA (1, 13) and tyrosine kinase inhibitors such as

tyrphostine and herbimycin A (41, 42) have been demon-

strated in septic shock models. These drugs, however, have

yet to undergo formal toxicological studies. When one con-

siders the drug therapy of septic shock, an obvious advan-

tage of Neurotropin over the NOS and tyrosine kinase

inhibitors is that it has been used in Japan as an injectable

drug in patients for over 35 years with few side effects.
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