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Abstract

Background: Septic shock is a leading cause of mortal-
ity in intensive care units. No new interventions in the
last 20 years have made a substantial impact on the
outcome of patients with septic shock. Identification of
inhibitable pathways that mediate death in shock is an
important goal.
Materials and Methods: Two novel caspase inhibitors,
(2-indolyl)-carbonyl-Ala-Asp-fluoromethylketone (IDN
1529) and (1 -methyl-3-methyl-2-indolyl)-carbonyl-Val-
Asp-fluoromethylketone (IIDN 1965), were studied in a
murine model of endotoxic shock.
Results: IDN 1529 prolonged survival when given be-
fore or up to 3 hr after high-dose LPS (p < 0.01) and
increased by 2.2-fold the number of animals surviving
longterm after a lower dose of LPS (p < 0.01). Despite its

similar chemical structure, IDN 1965 lacked these pro-
tective effects. Both compounds inhibited caspases 1, 2,
3, 6, 8, and 9, and both afforded comparable reduction in
Fas- and LPS-induced caspase 3-like activity and apopto-
sis. Paradoxically, administration of IDN 1529 but not
IDN 1965 led to an increase in the LPS-induced elevation
of serum cytokines related directly (IL-1,3, IL-18) or in-
directly (11-la, IL-lRa) to the action of caspase 1.
Conclusions: A process that appears to be distinct from
both apoptosis and the release of inflammatory cytokines
is a late-acting requirement for lethality in endotoxic
shock. Inhibition of this process can rescue mice even
when therapy is initiated after LPS has made the mice
severely ill.

Introduction
The failure of clinical trials aimed at the treat-
ment of septic shock (1) could have been pre-
dicted from animal models in which the inter-
ventions were effective prophylactically but not
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when administered after a lethal challenge with
bacteria or bacterial components. These clinical
and experimental lessons suggest that key mo-
lecular mediators remain to be identified in the
chain of events leading to death in endotoxemia
and sepsis.

Caspases are highly conserved intracellular
proteases involved in processing inflammatory
cytokines and executing apoptosis (reviewed in
refs. 2,3). Caspase 1 [interleukin-1,3 (IL-1JB)-
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converting enzyme] processes both pro-IL- 13
(4-6) and pro-IL-18 (7,8). Mouse caspase 11
helps activate caspase 1 and probably corre-
sponds to human caspases 4 and 5 (6). That mice
lacking caspase 1 (4,5) or caspase 11 (6) are
resistant to the lethality of endotoxic bacterial
lipopolysaccharide (LPS) has been attributed to
their decreased production of IL- 113, IL-1 a, IL-
18, and inteferon y (IFN-,y) (4,7,8). Low IFN-,y
was considered secondary to low levels of IL- 18,
an IFN-y-releasing factor, while the dependence
of IL-l a production on caspase 1 remains unex-
plained. In contrast, it is not clear to what extent
apoptosis contributes to mortality in endotoxic
shock. Injection of LPS induced apoptosis in
mouse liver, spleen, intestine, liver, lung, and
thymus (9-12), primarily in endothelial cells,
but to a much lesser extent than injection of
anti-FAS monoclonal antibody (MAb) (13) or
the combination of D-galactosamine and LPS
(14).

Here, we compared the effects in endotoxic
shock of two closely related peptidomimetic flu-
oromethylketones, IDN 1529 and IDN 1965.
Both compounds inhibited caspases and mark-
edly reduced hepatic injury in mice challenged
with anti-Fas MAb. Both agents also reduced
caspase 3-like activity and apoptosis induced by
LPS. However, only IDN 1529 protected mice
from the lethality of LPS. The protection afforded
by IDN 1529 was associated with elevation
rather than suppression of the products of
caspase 1. Most important, IDN 1529 was effec-
tive when administered after the onset of shock.

Materials and Methods
Caspase Inhibitors
Reagents were from Sigma Chemical Co. (St.
Louis, MO) unless indicated otherwise. IDN 1529
and IDN 1965 were provided by IDUN Pharma-
ceuticals. Recombinant mouse caspase 1 and hu-
man caspases 2, 3, 6, 8, and 9 were cloned into
pET3a or pET2 lb expression vectors as hexahis-
tidine fusion proteins (Novagen, Madison, WI),
expressed in E. coli strain BL2 1, purified by Ni+ -
chelation chromotography, and characterized by
fluorescence-based assays (15,16). Macrophages
were elicited by intraperitoneal (ip) injection of 1
ml of 10% sterile protease peptone, collected by
peritoneal lavage 4 days later, and plated at 106
cells/well in RPMI with 10% heat-inactivated
fetal calf serum (FCS) (HyClone Laboratories,
Logan, UT), 1% penicillin-streptomycin, and 2%

L-glutamine (JRH Biosciences, Lenexa, KS). Cells
were allowed to adhere for 2 hr at 37°C and the
washed monolayer was exposed to 10 ng/ml Sal-
monella typhimurium LPS (Difco Laboratories, De-
troit, MI) for 4 hr in the presence of indicated
concentrations of inhibitors. Cells were washed
again and exposed to nigericin (10 ,uM) (17) or
ATP (5 mM) (18) for 20 min and IL-1,B concen-
trations determined in the conditioned media by
ELISA (R and D Systems, Minneapolis, MN).

Survival Studies

Following institutionally approved protocols, 8-
to 12-week old male and female C57BL/6 mice
(Taconic, Germantown, NY; Charles River Labo-
ratories, Wilmington, MA) were challenged ip
with 200 or 500 jig of LPS in 100 ,ll sterile 1%
bovine serum albumin (BSA) (low LPS) in 0.9%
saline (Abbott Labs, Chicago, IL) (vehicle 1) or
with the same volume of vehicle 1 alone. Mice
were additionally injected ip with test com-
pounds in 100 ,lI of vehicle 2 [20% or 50%
dimethylsulfoxide (DMSO) in 0.9% sterile sa-
line] or with vehicle 2 alone. Survival was mon-
itored hourly from 8 a.m. until midnight, from
6 a.m. the following day until midnight, from
6 a.m. until 8 p.m. the third day (72 hr), and
once daily for 3 weeks.

Serum Cytokines
Female (4) 8- to 12-week old C57BL/6 mice
(Taconic; Charles River; Harlan Sprague Dawley,
Indianapolis, IN; or Jackson Laboratories, Bar
Harbor, ME) were challenged with LPS (500 ,ug)
or vehicle 1 ip. One hour later, drug or vehicle 2
was administered. At the times indicated in the
legend to Figure 3, mice were asphyxiated with
CO2 and serum collected for ELISAs [IL-113, IL-
la, tumor necrosis factor (TNF), and IFN-,y from
R and D Systems; IL-IRa as described (19); and
serum amyloid A (SAA) as described (20)]. Anti-
SAA2 antibodies and SAA standards were kindly
provided by Dr. J. Sipe. An ELISA for IL-18 was
devised using 1 x 8 strip well high-binding plates
(Costar, Cambridge, MA) coated overnight at
4°C with rat anti-mouse IL- 18 at 2 ,ug/ml in
carbonate buffer, pH 9.5. Plates were washed
three times with 0.05% Tween-20 in phosphate-
buffered saline (PBS), blocked with 1% BSA, 5%
sucrose, 0.05% NaN3 in PBS for 2 hr at room
temperature, and washed. Serum samples were
diluted 1:5 in PBS containing 0.05% Tween-20,
0.1% BSA. Standard curves (0-1000 pg/ml)
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were prepared using recombinant mouse IL- 18
(R and D Systems) in 20% normal mouse serum.
Samples were incubated for 2 hr at room tem-
perature. The plates were washed three times,
incubated for 2 hr with 250 ng/ml biotinylated
goat anti-mouse IL-18 antibody (R and D Sys-
tems), and washed three times. Horseradish per-
oxidase-conjugated strepavidin (1:1000) (R and
D Systems) was added for 20 min and the plates
again washed three times. TMB (KPL Labs,
Gaithersburg, MD) was added for 10 min and the
reaction stopped with 2 N H2SO4 for determina-
tion of OD450. Approximate limits of sensitivity
were as follows: TNF, 6 pg/ml; IL-113, 6 pg/ml;
IL- la, 1 5 pg/ml; IFN-,y, 2 pg/ml; IL- 18, 30 pg/ml;
IL-IRa, 156 pg/ml. Readings below the limit of
detection were assigned a value of 0. For char-
acterization of the processed state of IL-1,8 and
IL- 18, sera were pooled from 5 to 6 mice sacri-
ficed 3 hr following LPS challenge, diluted 1:1
with radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCl, pH 7.9; 100 mM NaCl;
0.1% Triton X- 100; 1 mM EDTA; 5 ,ug/ml PMSF;
5 ,ug/ml leupeptin; 5 ,ug/ml pepstatin; 5 ,ug/ml
chymostatin; 5 ,ug/ml aprotinin), pre-cleared on
protein G Sepharose beads (Amersham Pharma-
cia, Uppsala, Sweden) overnight at 4°C, and im-
munoprecipitated with protein G Sepharose
beads and 1.5 ,ug affinity-purified goat anti-
mouse IL-113 antibody (R and D Systems) or 1.5
,ug affinity-purified rat anti-mouse IL- 18 MAb (R
and D Systems). Immunoprecipitates were elec-
trophoresed on 12% or 15% polyacylamide gels
under reducing conditions, transferred to nitro-
cellulose, and immunoblotted with the same an-
tibody used for immunoprecipitation as detected
with peroxidase-conjugated rabbit anti-goat an-
tibody or goat anti-rat antibody, each Fc frag-
ment-specific (Jackson Immunoresearch). Pro-
IL-1,B (17) and pro-IL-18 were generated by
exposure of macrophages to LPS for 3 hr.

TUNEL, Liver Function Tests, and Tissue Caspase
Assays

Livers were fixed in 4% paraformaldehyde in
PBS, pH 7.4 for 48 hr and paraffin embedded.
Five-micron sections were subjected to TUNEL
(MBL Co., Nagoya, Japan) according to the man-
ufacturer's instructions. The Vectastain Elite
ABC kit (Vector Laboratories, Burlingame, CA)
was used with 3,3'-diaminobenzidine (Vector) as
substrate and Mayer's hematoxylin as counter-
stain. Positive cells per high-power field (HPF)
(X400) in 20 fields per slide were counted inde-

pendently by two blinded observers. Serum glu-
tamic-pyruvic transaminase (SGPT) was mea-
sured using a diagnostic kit (Sigma) on sera
collected 11 hr after LPS challenge and results
expressed in Sigma-Frankel units/ml. For
caspase assay, livers were homogenized in 0.5 ml
buffer A (10 mM HEPES, pH 7.4; 42 mM KCL; 5
mM MgCl2; 1 mM PMSF; 0.1 mM EDTA; 0.1 mM
EGTA; 1 mM DIT; 1 ,ug/ml leupeptin; 5 gg/ml
aprotinin; 0.5% CHAPS). The homogenate was
centrifuged at 14,000 X g for 15 min and dupli-
cate samples of supernate containing 100 ,g of
protein were brought to 100 ,ul with buffer B (25
mM HEPES; 1 mM EDTA; 0.1% CHAPS; 10%
sucrose; 3 mM DTT, pH 7.5). DEVD-AMC was
added to a final concentration of 10 ,uM in 100 ,ul
of buffer B. Fluorescence (excitation 360 nM,
emission 460) was recorded over time.

Statistical Analysis
Survival differences were analyzed by log-rank
comparisons of Kaplan-Meier curves using Stat-
view 4.5 software (Abacus Concepts, Berkeley,
CA). Results for serum cytokines, organ DEVD-
AMCase levels, serum SGPT, and TUNEL positiv-
ity are presented as means ± SEM and compared
using the nonparametric Kruskal-Wallis and
Mann-Whitney U tests. A value of p < 0.05 was
considered statistically significant. All results
mentioned were statistically significant unless
stated otherwise.

Results
Effects of IDN 1529 and IDN 1965 on Recombinant
Caspases and IL- 13 Release from Macrophages
IDN 1529 and IDN 1965 (Fig. IA) both inhibited
recombinant mouse caspase 1 and human
caspases 2, 3, 6, 8, and 9 with considerable po-
tency (Fig. iB), as determined in assays that
monitored the cleavage of specific fluorogenic
substrates (15,16,21). The Ki for inhibition of
caspase 1 was substantially lower for IDN 1529
than for IDN 1965. Caspase 1 in intact, LPS-
treated macrophages was inhibited by both com-
pounds, as evidenced by the dose-dependent de-
crease in the release of IL-l113 (Fig. 1C). In intact
cells, the inhibitory potency was lower than
against the isolated enzyme, and the inhibitory
profiles of the two agents were more closely
comparable. Results were similar when the hu-
man monocytic cell line THP- 1 was substituted
for mouse macrophages (not shown).
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Fig. 1. Structures and caspase-inhibitory activ-
ities of compounds IDN 1529 and IDN 1965.
(A) Structures. (B) Inhibitory constants determined
against pure, recombinant mouse caspase 1 and hu-
man caspases 3, 6, and 8. (C) Inhibition of caspase 1
within primary macrophages. Peptone-elicited
mouse peritoneal macrophages (106/well) were stim-
ulated with LPS (10 ng/ml) for 4 hr in the presence
of indicated concentrations of inhibitor. Cells were
then exposed to nigericin (10 ,uM) for 20 min. IL-113
in the conditioned media was measured by ELISA.
With vehicle instead of inhibitor, IL-1 j averaged
14.8 ng/ml. Results are from a representative experi-
ment performed in duplicate.

Effect of Peptidomimetic Fluoromethylketones on
Survival in Endotoxic Shock
Both IDN 1529 and IDN 1965 protected mice
from liver injury (ED50 = 0.1 mg/kg and 0.08
mg/kg, respectively) following the administra-
tion of Jo-2, a Fas agonist antibody (not shown).
This encouraged us to study the same com-
pounds in mice given a single large dose (500 ,tg)
of LPS (12). Administration of high-dose LPS
reproduces many of the hemodynamic and met-
abolic changes seen in clinical septic shock. Hy-
potension (22), hypomotility, huddling, and ruf-
fling of the coat are manifest within the first
several hours following LPS challenge.

IDN 1529, but not IDN 1965, prolonged sur-
vival in mice challenged with 500 g,g of LPS
(Fig. 2A-C). Survival was prolonged when IDN
1529 was administered in 3 doses 4 hr apart,
beginning either 0.5 hr prior to LPS challenge
(Fig. 2A), 1 hr following LPS challenge (Fig. 2B),
or as late as 3 hr following LPS challenge
(Fig. 2C). The efficacy of IDN 1529 when the first
dose is given later than 3 hr after LPS has not
been studied.

When mice received a lower dose of LPS
(200 ,ug), there was improvement in overall sur-
vival, from 35% to 77%, when IDN 1529 was
administered in 3 doses 4 hr apart, beginning 1

10.002
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.
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Fig. 2. Effect of peptidomimetic fluoromethyl-
ketones on survival of mice following LPS
challenge. Mice were injected ip with 500 ,ug
(A-C) or 200 ,ug (D) of LPS at time 0. (A-D) Treat-
ments at times indicated by arrows: (O), vehicle 2
(see Materials and Methods); (0), IDN 1529 (10
mg/kg per injection in vehicle 2); (A), IDN 1965 (10
mg/kg per injection in vehicle 2). Asterisks denote
statistically significant differences for outcome of
treatment with IDN 1529 compared to treatment
with vehicle (A, p < 0.01; B, p < 0.01; C, p < 0.01,
D, p < 0.01). In no case was there a statistically sig-
nificant difference between outcomes for mice
treated with IDN 1965 or with vehicle. (A) Treat-
ment with peptidomimetic fluoromethylketones
started 0.5 hr before LPS. Results are pooled for the
following numbers of mice in four independent ex-
periments: (0), 25; (0), 20; (A), 10. (B) Treatment
with peptidomimetic fluoromethylketones started 1
hr after LPS. Results are pooled for the following
numbers of mice in three independent experiments:
(O), 15; (0), 15; (A), 10. (C) Treatment with pep-
tidomimetic fluoromethylketones started 3 hr after
LPS. Results are pooled for the following numbers of
mice in two independent experiments: (E1), 10; (0),
10. (D) Treatment with peptidomimetic fluorometh-
ylketones started 1 hr after LPS. Results are pooled
for the following numbers of mice in three indepen-
dent experiments: (E]), 17; (0), 17; (A) 17.

hr after the LPS challenge (Fig. 2D). There were
no late deaths when the 72-hr survivors were
followed for up to 3 weeks (not shown).

In all experiments, each regimen was com-
pared to a control group that received equal
amounts of the DMSO-containing vehicle on the
same schedule. At neither 500 jig nor 200 ,ug of
LPS did survival in vehicle-treated mice differ
significantly from survival in mice given saline in
place of vehicle (not shown).

Blood pressure was not measured in the
present studies because anesthesia and arterial
cannulation (22) or heating for plethysmography
(23) interfere with assessment of survival. How-
ever, the initial external signs of endotoxic shock

A B KifwCaspan 41M)
1 2 3 6 8 9
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(see above) were indistinguishable with respect
to time of onset and severity in all treatment
groups and with both doses of LPS.

Effects on Serum Cytokines

IL-1, AND IL-la. Given the relative resistance of
caspase 1 -- mice to LPS (4,5), the attribution of
this phenotype to the lack of LPS-induced eleva-
tion of IL-1 3 and IL-la (4,5), and the ability of
IDN 1529 to inhibit caspase 1, we hypothesized
that the survival benefit afforded by IDN 1529 in
LPS-challenged wild-type mice might result from
blunting of the LPS-induced increase in IL-1. It
was possible that IDN 1529 was more efficacious
than IDN 1965 in blocking pro-IL-i,B processing
in vivo, even though both were efficacious in cell
culture (Fig. 1C). However, administration of
IDN 1529 had the opposite effect: it led to a
synergistic elevation in serum IL-1i3 and IL-ia.
IDN 1965 lacked this effect (Fig. 3A,B). Without
LPS, neither IDN 1529 nor IDN 1965 increased
cytokine levels. The elevation in serum IL-1iB
afforded by the combination of IDN 1529 plus
LPS was a monotonic function of the dose of IDN
1529 over the range tested, from 0.1 mg/kg to 10
mg/kg (Fig. 3C); at no dose of IDN 1529 was
serum IL- I3 lower than with LPS alone. Admin-
istration of IDN 1529 also led to an elevation in
serum IL- I,B and IL-I a when the LPS dose was
lowered to 200 jg and when IDN 1529 was
given either before or after LPS (500 jig) (not
shown).

As pro-IL- /3 is much less bioactive than ma-
ture IL-1iB (reviewed in ref. 24), we hypothe-
sized that the immunoreactive IL-1i3 measured
in the serum might consist solely of pro-IL-l1/.
IL-1/3 in the serum of LPS-challenged, IDN
1529-treated mice was immunoprecipitated,
electrophoresed, and immunoblotted. This re-
vealed a marked increase not only in pro-IL-i,/
but also in mature IL-1i/ (Fig. 4A). Thus, the
combination of LPS and IDN 1529 appears to
foster extracellular release of the pro form, a
portion of which is then processed, presumably
by a caspase I-independent route, as described in
other settings (25-27).

IL-IRa AND SAA. Since IL-I/3 and IL-ica were in-
creased in the setting of diminished lethality of
LPS but themselves would be expected to con-
tribute to the lethality of LPS (reviewed in ref.
24), we speculated that their effects might be
antagonized by a compensatory increase in se-
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Fig. 3. Effect of peptidomimetic fluoromethyl-
ketones on serum cytokines. Mice were chal-
lenged ip with vehicle 1 (-; see Materials and Meth-
ods) or LPS (+; 500,g in vehicle 1), followed 1 hr
later by peptidomimetic fluoromethylketones (10
mg/kg, except for C, where doses were varied as
shown, given in vehicle 2; see Materials and Meth-
ods) or vehicle 2 alone (veh.). Mice were sacrificed
at the following times after LPS challenge for serum
cytokine measurements: 1.5 hr, TNF (H); 3 hr, IL-183
(A), IL-ia (B), IL-ira (D), IL-18 (F), SAA (E); 5 hr,
IFN-,y (G). n = mice per group, pooled from the fol-
lowing number of independent experiments: (A), 3;
(B), 3; (D), 3; (E), 2; (F), 3; (G), 2; (H), 2. Asterisks
denote statistical significance (p < 0.05) compared to
LPS-challenged, vehicle-treated mice. (C) Dose-re-
sponse effect of IDN 1529 on LPS-induced elevation
in serum IL-183; means ± SEM for 8 mice per time
point.

cretion of their natural antagonist, IL-IRa (28).
Indeed, induction of serum IL-IRa by LPS was
synergistically augmented by the administration
of IDN 1529, but not by IDN 1965 (Fig. 3D).

Two considerations argued, however, that
the improved survival afforded by IDN 1529 did
not result from IL-IRa antagonizing IL-1/3 and
IL-la. First, the 8-fold molar excess of serum
IL- IRa over the sum of serum IL-1/3 and IL- Ia in
the serum of mice challenged with LPS and
treated with IDN 1529 was far below the >25-
fold excess required for effective antagonism
(29). Second, the survival-extending effect of
IDN 1529 was not diminished by administration
of 1 mg/kg of a neutralizing goat anti-mouse
IL-IRa antibody (not shown). An ELISA for goat
IgG demonstrated that the antibody persisted in
the circulation of LPS-challenged, IDN 1529-
treated mice at >10 ,ug/ml for >9 hr, a concen-
tration far exceeding the amount needed to neu-
tralize the measured level of IL-IRa in vitro.

Serum levels of another acute-phase reac-
tant, SAA, were also increased by the combina-
tion of LPS and IDN 1529 (Fig. 3E). In this case,
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Fig. 4. Analysis of processed state of products
of caspase 1. Mice (5-6 per group) were chal-
lenged with LPS (500 ,tg i.p.) followed 1 hr later by
treatment with IDN 1529, IDN 1965, or vehicle 2.
Sera were collected 3 hr after LPS administration,
pooled, immunoprecipitated, and immunoblotted
with antibodies against mouse IL-1,B (A) or IL- 18
(B). In A, standards included rIL-l1( and lysate from
peritoneal macrophages exposed to LPS in vitro for 4
hr as a source of pro-IL-i,B. In B, standards included
rIL-18 and macrophage lysate prepared as in A as a

source of pro-IL-18. (A,B) Bands migrating at -27
kD represent light chain from the antibodies used for
immunoprecipitation. Experiments were performed
twice with similar results.

however, small elevations accompanied the ad-
ministration of IDN 1529 alone, so that the effect
of IDN 1529 plus LPS was not synergistic.

IL-18 AND IFN-y. Pro-IL-18, like pro-IL-1,3, lacks a

signal peptide (reviewed in ref. 30) and is cleaved
by caspase 1 to generate mature, biologically active
IL- 18 (7,8). As for IL- 1, serum IL- 18 concentra-
tions were synergistically elevated by the combina-
tion of LPS and IDN 1529, but not by the combi-
nation of LPS and IDN 1965 (Fig. 3F). Indeed,
IL-18 was below the level of detection in mice
given either LPS alone or IDN 1529 alone (Fig. 3F).
Pro-IL18 is much less bioactive than mature IL-18
(31). Since IL-18 induces IFN-,y (7,8) and IFN-,y
contributes to the lethality of LPS (32), and given

that the IDN 1529-treated mice survived endo-
toxic shock better than vehicle-treated mice, we
hypothesized that the immunoreactive IL- 18 in the
circulation might consist solely of the pro-form.
However, immunoprecipitation of serum from
LPS-challenged, IDN 1529-treated mice followed
by immunoblot demonstrated increased concen-
trations of both pro-IL-18 and mature IL-18
(Fig. 4B).

Since mature IL-18 was increased, we mea-
sured serum levels of IFN--y. IFN--y was elevated
in the serum of LPS-challenged mice treated
with either IDN 1529 or IDN 1965, but the in-
creases associated with the peptidomimetic flu-
oromethylketones were not statistically signifi-
cant (Fig. 3G).

TNF. Neither IDN 1529 nor IDN 1965 had a
detectable effect on LPS-induced elevations of
the serum levels of this early-acting mediator of
endotoxic lethality (Fig. 3H) (33).

Liver Damage, Apoptosis, and Caspase 3-like
Activity

Challenge with LPS led to an increase in serum
levels of the hepatocyte transaminase SGPT
(29 ± 13 U/ml in 7 normal mice, rising to 86 ±
23 U/ml in 8 LPS-challenged mice), but the rise
was far less than in mice given 10 ,tg of anti-Fas
antibody (6 X 104 U/ml ± 4.4 x 103 in 5 mice).
Both IDN 1529 (10 mg/kg) and IDN 1965 (10
mg/kg) completely prevented the increases in
serum transaminases in anti-FAS-treated mice
when given at the same time as anti-Fas anti-
body (not shown). In contrast, they had no sig-
nificant effect on the level of SGPT in the serum
of LPS-treated mice (146 ± 32 U/ml in 10 mice
treated with IDN 1529, p = 0.25; 91 ± 25 U/ml
in 9 mice treated with IDN 1965; p = 0.75).

Haimovich-Friedman et al. (12) described
endothelial apoptosis in a model of endotoxic
shock similar to that used here. Given that IDN
1529 and IDN 1965 were both effective in pre-
venting hepatic apoptosis following administra-
tion of anti-FAS antibody (not shown), we hy-
pothesized that IDN 1529 may improve survival
in endotoxic shock by preventing apoptosis in
one or more cell types. Livers from LPS-chal-
lenged mice displayed a significant increase in
TUNEL-positive endothelial cells, Kupffer cells,
and, to a lesser extent, hepatocytes, compared to
livers from mice injected only with saline
(Fig. 5C). Administration of either IDN 1965 or
IDN 1529 reduced LPS-induced hepatic TUNEL



A;. .....

:..4..,1t.,.,,~~~~~~~~~~~~~~~~~~~~~~~.

*:.!.:.':. .:i

D

AP

F U

3:
*

Fig. 5. Effect of peptidomimetic fluoromethyl-
ketones on LPS-induced hepatic apoptosis.
Mice were injected ip with vehicle 1 (A) or LPS (500
jig) in vehicle 1 (B-E), followed by 3 doses of vehi-
cle 2 (B,C), IDN 1965 (10 mg/kg in vehicle 2) (D),
or IDN 1529 (10 mg/kg in vehicle 2) (E) at 4-hr in-
tervals beginning 1 hr after LPS. Livers were fixed
11 hr after LPS challenge and subjected to TUNEL.
(B) Negative control in which TdT was omitted.
TUNEL-positive cells appear brown. (F) Quantitation
of TUNEL-positive cells per 400X field. Lettering in F
refers to conditions described in A-E. Asterisks de-
note statistically significant (p < 0.05) reduction in
TUNEL in livers from mice treated with either IDN
1965 or IDN 1529 compared to mice treated with
vehicle. Results are pooled from two independent
experiments; each bar represents .5 mice. Sections
were photographed at 400x.

positivity (Fig. 5D,E). The comparable effective-
ness of the two agents at reducing TUNEL posi-
tivity contrasted with their differential impact on
survival. In the intestine, TUNEL positivity was
not affected by either inhibitor, and TUNEL pos-
itivity in the kidneys and hearts of LPS-chal-
lenged mice was difficult to detect (not shown).

Caspases 2, 3, and 7 play important roles in
apoptosis (reviewed in ref. 3). The tetrapeptide
DEVD constitutes a consensus target site for
cleavage by these enzymes. A caspase 3-like ac-
tivity capable of cleaving the fluorescent sub-
strate Ac-DEVD-AMC was increased 2-fold in
the livers of mice challenged with LPS (Fig. 6A)
but not significantly in their intestines, kidneys,
or lungs (Fig. 6B-D). Normal intestine had mas-
sive DEVD-AMCase activity compared to the
other organs. IDN 1529 and IDN 1965 were
equally efficacious in inhibiting DEVD-AMCase
activity in all organs tested. Thus, both inhibitors
were widely distributed in mice challenged with
LPS and both had demonstrable caspase inhibi-
tory activity in all organs tested.
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+ veh.

+ 1965

+ 1529

LPS Drug

+ veh.

+ 1965

+ 1529
0

A B

-Ht
m* |* n=8

3* * n=8
I i 2 I I,,_006
M i 200 400 600

C -

lip
D
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I 1 2
DEVD-AMCase Activity (pmol/min/mg)

Fig. 6. Effect of treatment with peptidomi-
metic fluoromethylketones on caspase 3-like
activity in organs of mice. Mice were challenged
ip with vehicle 1 (-; see Materials and Methods) or
LPS (+; 500 ,ug in vehicle 1), followed 1 hr later by
caspase inhibitor (10 mg/kg in vehicle 2; see Materi-
als and Methods) or vehicle 2 alone (veh.). Mice
were sacrificed 11 hr following LPS challenge and
organ homogenates incubated with DEVD-AMC.
(A) liver; (B) intestine; (C) kidney; (D) lung. *, sta-
tistically significant differences relative to LPS-chal-
lenged, vehicle-treated mice. t, significant difference
(p < 0.05) relative to mice not given LPS. n = num-
ber of mice per group. Results are pooled from three
independent experiments.

Discussion
Antibodies against inflammatory agents or medi-
ators [e.g., LPS (34), CD14 (35), TNF (33), IFN-y
(43)], organochemical antagonists [e.g., against
platelet-activating factor (PAF) (36)], or cyto-
kines [IL-1a (37)] have protected mice from en-
dotoxic shock when given before or at the same
time as LPS. Genetic deletion of cytokines and
adhesion molecules has also been effective, but is
likewise prophylactic (38). Only a few agents
have shown efficacy when administered more
than 30 min after LPS (39,47,48). Thus, it is
remarkable that IDN 1529 more than doubled
the proportion of survivors when first given after
LPS had already made the mice severely ill.

The protective effect of IDN 1529 overrode
the presumably deleterious actions of the para-
doxically and markedly elevated proinflamma-
tory cytokines, IL-1f, IL-la, and IL-18. That a
caspase 1 inhibitor led to an increase in the se-
rum concentration of caspase 1-related cyto-
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kines provides the first evidence that some
caspase inhibitors can exert diametrically oppo-
site effects on cytokine levels in vitro and in vivo.
The effects of IDN 1529 on the products of
caspase 1 in vivo stand in sharp contrast to the
effects of other caspase 1 inhibitors (40-42). The
effect of other ICE inhibitors on endotoxin-in-
duced changes in serum IL- I has ranged from no
effect (42) to a reduction (40). Importantly, none
of these other caspase inhibitors have ever been
shown to protect mice from death in experimen-
tal endotoxemia. Until it is known what struc-
tural features of the inhibitors or what aspects of
the models lead to these divergent results,
caspase inhibitors should be used with caution as
anti-inflammatory agents in settings where ele-
vations in IL-1j3, IL-1a, or IL-18 might be dele-
terious.

By what mechanism might a potent
caspase 1 inhibitor elevate caspase 1 products?
Our working hypothesis is that by inhibiting
caspase 1 in vivo, IDN 1529 allowed LPS to
induce the accumulation of pro-IL- 1,3 and pro-
IL-18 in macrophages. Inhibition of LPS-in-
duced apoptosis of macrophages may have fa-
vored their subsequent LPS-induced necrosis,
resulting in the release of pro-IL-13 and pro-
IL- 18 into the extracellular environment,
where the pro-cytokines may have been par-
tially processed by alternate routes. Non-
caspases capable of processing IL- 1,3 (43)
and/or pro-IL- 18 include plasmin, trypsin,
chymotrypsin (25-27), granzyme A (44), and
matrix metalloproteinases (45).

Given that IL-113, IL-la, and IL-18 were in-
creased in the serum of IDN 1529-treated mice,
a reduction in the net production of caspase
1-related proinflammatory cytokines cannot ac-
count for the survival benefit afforded by IDN
1529. Similarly, the equivalent ability of IDN
1529 and IDN 1965 to reduce LPS-induced he-
patic caspase 3-like activity and apoptosis sug-
gests that reduction in apoptosis alone was un-
likely to account for the differential ability of IDN
1529 to improve survival in endotoxic shock.

These results suggest the presence of a pre-
viously unappreciated, late-acting, pharmacolog-
ically inhibitable death pathway in endotoxemia.
A key catalyst in this pathway may be a novel
caspase differentially susceptible to IDN 1529, or
an enzyme of another class. Some peptidyl
halomethyl ketones do react with proteins other
than caspases (46). A search is underway for
proteins differentially alkylated in vivo by IDN
1529 and not by IDN 1965. Meanwhile, IDN

1529 joins the short list of agents effective when
administered after challenge with a lethal dose of
endotoxin and it reawakens hope that therapeu-
tic intervention in endotoxemic shock may be
feasible.
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