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Abstract

Thalidomide has been shown to selectively inhibit TaNproduction  Key words

in vitro by lipopolysaccharide (LPS)-stimulated monocytes. TNF-- Endotoxic shock
has been shown to play a pivotal role in the pathophysiology -ofhalidomide
endotoxic shock. Using a mouse model of LPS-induced shock, W@Y“’ki”eﬁ
investigated the effects of thalidomide on the production of GNF- Inflammation
and other cytokines and on animal survival. After injection of 100-350
Mg LPS into mice, cytokines including TNE-IL-6, IL-10, IL-113,
GM-CSF and IFNy were measured in the serum. Administration of
200 mg/kg thalidomide to mice before LPS challenge modified the
profile of LPS-induced cytokine secretion. Serum TiNlevels were
reduced by 93%, in a dose-dependent manner, andaT MIRNA
expression in the spleens of mice was reduced by 70%. Serum IL-6
levels were also inhibited by 50%. Thalidomide induced a two-fold
increase in serum IL-10 levels. Thalidomide treatment did not inter-
fere with the production of GM-CSF, IL-113 or IENThe LDy, of LPS

in this model was increased by thalidomide pre-treatment from 150 pg
to 300 pg in 72 h. Thus, at otherwise lethal doses of LPS, thalidomide
treatment was found to protect animals from death.

Introduction endotoxic shock (3). Monoclonal antibodies
directed against TNBE-prevent lethality in
Injection of lipopolysaccharide (LPS) into the mouse (4) and in the primate models (5),
experimental animals induces a massive provhen given prior to LPS challenge. Further
duction of tumor necrosis factor{TNF-a) evidence for the role of TNE-in the patho-
and other endogenous inflammatory mediagenesis of endotoxic shock has emerged from
tors which are associated with pathologica$tudies with TNFa receptor knock-out mice,
manifestations such as fever, anorexia, mavhich are unresponsive to TNF-and are
laise and shock (1,2). The role of ThFAn  thereby protected from endotoxic shock (6).
the pathogenesis of endotoxic shock has beé&ther LPS-induced cytokines, such as inter-
extensively investigated. Injection of recom-eukin-1 (IL-1) and interferon gamma (IFN-
binant TNFea into experimental animals Yy), have also been implicated in the patho-
mimics the pathological alterations found ingenesis of endotoxic shock (2). Administra-
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tion of IL-1 receptor antagonist has beetO) at 50 mg/ml (stock concentration),
shown to abolish lethality in experimentaldiluted in acidified pyrogen-free saline to
models (7,8). In addition, IFN-receptor the desired concentration and used immedi-
knock-out mice are resistant to lethal doseately. The final concentration of DMSO was
of LPS (9). This suggests an interactive%. Lipopolysaccharide B fronE. coli
cytokine network or cascade of effector mol026:B6 (Difco Laboratories, Detroit, MI)
ecules contributing to the pathophysiologywas reconstituted in saline to give a stock
of endotoxic shock syndrome. concentration of 1 mg/ml and stored at@0
The development of therapies directedintil use.
towards the inhibition of TN production
has been an important goal in improvingxperimental design
the management of endotoxic shock and
TNF-a-induced pathology. Drugs such Thalidomide was administered intraperi-
as pentoxifylline (10,11), hydrazine sulfatetoneally to the mice at two doses of 200 mg/
(12), and some metalloprotease inhibitor&g in saline with 2% DMSO (unless other-
(13) have been shown to inhibit TNMFpro-  wise specified) 18 h and 2 h prior to LPS
ductionin vitro andin vivo; this inhibition is  challenge. This regimen of thalidomide ad-
associated with protection from lethal dosesministration induced sedation of the mice 30
of LPS injected into experimental animals. min after the drug had been injected into the
Thalidomide, a-N-phthalimidoglutari- peritoneal cavity. Control animals received
mide, has been shown to selectively inhibiinjections of saline with 2% DMSO. LPS at
TNF-a productiorin vitro in human periph- doses ranging from 100 to 350 pg per mouse
eral blood-derived monocytes stimulated wittwas injected intravenously into a lateral tail
LPS or mycobacterial agonists (14,15). Irvein at the beginning of the experiment to
the present study we utilized the murineharacterize the dose-response effect of LPS.
model of endotoxic shock to investigate thé=or blood collection by cardiac puncture
effects of thalidomide on LPS-inducedmice were anesthetized with a solution of
cytokine productionin vivo and on animal ketamine (44 mg/kg) (Aveco Co., Inc., Fort

survival after endotoxic shock. Dodge, 10) and xylazine (5 mg/kg) (Rompum,
Mobay Corp., Shawnee, KS). Blood was

Material and Methods collected at regular intervals from 15 min to
12 h after LPS injection. Serum was sepa-

Mice rated and stored at -8D until assay. Livers

and spleens were obtained immediately after
Female B6D2/F1 (C57/b6 x DBA2) mice cardiac puncture and processed for RNA
(Jackson Laboratories, Bar Harbor, ME), 7extraction (see below).
9 weeks old, were used in the experiments.
Mice were housed in group cages at thBerum TNF-a level determination
Animal Research Center, Rockefeller Uni-

versity. Serum TNF levels were measured by the
cytotoxicity assay described by Fisch and
Reagents Gifford (16). Briefly, the murine fibrosar-

coma cell line L929B was used as the target
Thalidomide was supplied by Celgenefor TNF-induced cytotoxicity. Cells were
Corporation (Warren, NJ). The drug wasseeded at 5 x f@ells/well in a 96-well flat
dissolved in sterile dimethylsulfoxide bottom plate (Costar, Inc., Cambridge, MA)
(DMSO) (Sigma Chemical Co., St. Louis,in RPMI 1640 (Gibco, Grand Island, NY)
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supplemented with 5% fetal calf serum (FCSHindlll fragment), 1L-10 (1.34-kbBanHl

(Atlanta Biologicals, Norcross, GA) (culture fragment), IFNy (0.7-kb Psti fragment)

medium) and incubated overnight aé@%n (ATCC, Rockville, MD) and 3-actin (1.2-kb

a 5% CQ humidified incubator. Sequential EcdrI-Xhd fragment) (17). Densitometry

two-fold dilutions of the sera were made inwas performed with a Phosphorimager (Mo-

culture medium containing 2 pg/ml actino-lecular Dynamics, Sunnyvale, CA) and re-

mycin-D (Calbiochem-Boehring Corp., Lasults are reported as density units.

Jolla, CA). One hundred pl of each dilution

was added to wells containing a confluenstatistical analysis

monolayer of L929B cells. After 18-20 h of

incubation, plates were fixed and stained The paired-test and the Fisher exact p-

with 0.2% crystal violet in 2% ethanol solu-test were used when appropriate.

tion. Plates were washed and analyzed with

an ELISA plate reader (Dynatech LaboratoResults

ries, Chantilly, VA) at 570 nm. TNF titer (U/

ml) was defined as the inverse of the dilutiorffect of thalidomide on TNF-a production in

that caused 50% destruction of the monarive

layer. Serum TNFx levels were also evalu-

ated by ELISA (see below), and the correla- LPS was administered intravenously to

tion coefficient between the TNé-levels mice and TNFa production was induced in

measured by ELISA or bioassay was r = 0.93 dose-dependent manner. Serum DNEv-

and P = 0.0001. els peaked at 1.5 h after LPS injection and

were no longer detectable after 5 h (Figure

1A). There was no subsequent peak of TNF-

a, in accordance with previous observations
TNF-a, IFN-y, GM-CSF, IL-6, and IL-10

levels were measured with commercia

Cytokine determination

Figure 1 - TNF-a levels in serum
of B6D2/F1 mice in response to

ELISA kits for these cytokines (Endogen, 100A - LPS. A, 100 ug of LPS was in-
Inc., Boston, MA). Kits were used according £ jected into mice by the intrave-
to manufacturer specification. g 807 nous route (iv) (open bars). Tha-
§ lidomide was administered 18 h

£ 607 and 2 h before LPS at 100 mg/kg

Northern blots e (hatched bars) or at 200 mg/kg
; 401 (filled bars). Blood was collected

Total cellular RNA was obtained from g 20- et different time intervals after

. o El LPS administration (20 mice per

0.1 g each of liver or spleen of LPS-injectec & 0 %i group). B, LPS dose response:

mice treated with thalidomide or DMSO. 0 1.5 5 10 mice were injected iv with dif-

Tissues were homogenized in 2 ml of RNAzo

ferent LPS concentrations (open
squares), and thalidomide was

B (Cinna/Biotecx Lab., Inc., Houston, TX)  '?] mdminetored 10 mice at 2 doses
and RNA was extracted according to man. = 101 of 200 mg/kg as described above
facturer instructions. RNA was size frac- 2 g- (filed squares). Blood for TNF-a
. db /5 Idehvd lel ; T evaluation was collected 1.5 h
tionate .y agarose/iormalaenyde gel elec £ 64 after injection (4 mice per data
trophoresis and transferred onto a nyloi = al point). Results are reported as
membrane (Biorad, Hercules, CA). Mem- 3 , means + SD.
. g . . B
branes were hybridized as described els 5 i/:\i
.

where (15) witt#2P-labeled random-primed
probes specific for murine TN&-(1.1-kb
EcoRl fragment), IL-13 (2.0-kbBanHI-

LPS (ug/mouse)
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Figure 2 - Northern blot analysis
of TNF-a mRNA in spleens of
mice injected with 100 pg LPS.
A, Total RNA was extracted 30
min and 1 h after LPS injection.
Lanes 1, 2 and 5 contain RNA
(40 pg/lane) extracted from
spleens of DMSO-treated mice;
lanes 3, 4, and 6 contain RNA
from spleens of thalidomide- (2
doses of 200 mg/kg) treated
mice. B, Densitometric analysis
of the Northern blot. Densitom-
etry was performed using a
Phosphorimager. Results are re-
ported as mean + one SD of den-
sity units for TNF-a normalized
to the amount of B-actin mMRNA
in DMSO- (open bars) and thalid-
omide- (hatched bars) treated
mice (5 mice per group).
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(18). The administration of 100 mg/kg tha-the livers (data not shown). No TNFmMRNA
lidomide 2 h before LPS injection resulted inexpression was observed in organs of mice
60-70% inhibition of TNFe production (19). that had not been challenged with LPS (data
When the animals were pre-loaded with tharot shown). Pre-treatment with two doses of
lidomide using two doses of 100 mg/kg tha200 mg/kg thalidomide resulted in a 70%
lidomide, 18 h and 2 h before the injection ofeduction in TNFa mRNA levels in the
100 pg of LPS, the reduction in TNF- spleens evaluated 30 min after LPS adminis-
levels reached 83 + 7%. This effect wadration. A 65% reduction in TNBE-mRNA
improved further by administration of two levels was observed 1 h after LPS challenge
doses of 200 mg/kg thalidomide, now giving(Figure 2).
an inhibition of 95 + 2.3% in TNIlevels,
thus demonstrating a dose-dependent effeEffect of thalidomide on LPS-induced
(Figure 1A). Thalidomide given together orcytokines in the mouse
after the LPS challenge did not affect the
production of TNFe in vivo (data not We also evaluated the effect of thalido-
shown). Regardless of the dose of LPS usatlide on the production of other LPS-in-
there was a marked reduction in the produaduced inflammatory cytokines. Serum GM-
tion of TNF-0 in mice treated with two doses CSF levels peaked at 4 h and returned to
of 200 mg/kg thalidomide (Figure 1B). How- baseline levels at 8 h after LPS injection;
ever, thalidomide treatment did not inhibitGM-CSF was not significantly affected by
TNF-0 production completely. thalidomide treatment (Figure 3). Similarly,
At 30 min and 1 h after LPS injection, IFN-y levels peaked in the serum at 8 h and
TNF-a0 mRNA production was detectable inwere also not inhibited by thalidomide treat-
spleens by Northern blot (Figure 2). TNF- ment. IL-10 peaked in the serum 1.5 h after
MRNA was also expressed at low levels ithe administration of LPS. In the presence of

thalidomide, a significant increase in the
A level of this cytokine was observed (P =
1 i 2 3 4 5 6
| B

0.02). Although thalidomide treatment did
not modify the serum levels of IL-6 1.5 h
after LPS injection, when TN&-inhibition
was maximal, a 50% reduction in serum IL-
6 levels was observed 4 h after LPS injection
in thalidomide-treated mice (Figure 3).
IL-183 mRNA was detected in the spleens

- -+ 4+ -+ Thalidomide gt 30 min after LPS injection, peaked at 1 h
0.5 1 Time (h) and was still detectable in the spleens 4 h
B after LPS injection. There was no significant
2000 - inhibition in the expression of ILEIMRNA
2 in thalidomide-treated mice (Figure 4). We
§ 3000 L could not detect mMRNA expression for IL-10
2 L and IFNy in the spleens of mice injected
§, 20001 with LPS, with or without thalidomide treat-
= ment.
E 1000 T ]
W LPS-mediated endotoxic shock
- 0 30 min Th
Time Having demonstrated a significant inhi-
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Figure 3 - Serum cytokine levels
of B6D2/F1 mice challenged
with 100 pg LPS. Blood was col-
lected at different times after
LPS injection and cytokine lev-
els were measured by ELISA for
IFN-y (6 mice per group), GM-
CSF (10 mice per group), IL-10
(10 mice per group), and IL-6
(10 mice per group). Open bars
represent DMSO-treated con-
trol mice and filled bars repre-
sent thalidomide- (2 doses of
200 mg/kg) treated mice.

bition of TNF-a production by thalidomide, per mouse. Mice treated with thalidomide
and the additional changes in cytokine prohad no diarrhea. Although these animals
duction described above, we next evaluatedeveloped somnolence, they could be more
the effects of the drug on the survival ofeasily aroused than the DMSO-treated con-

animals following LPS-induced shock.trol mice. Thalidomide (200 mg/kg) given

DMSO-treated mice injected with LPS be-18 h and 2 h before the injection of 150 and
came lethargic, and developed pilo-erectio200 g LPS protected mice from death (P =
and diarrhea. The severity of symptoms an@.03 for LPS injection of 150 pug/mouse and
the extent of survival of mice was depender®® = 0.04 for doses of 200 pg/mouse). The
on the LPS dose used (Figure 5). Contrahdividual response of mice to LPS varied

mice began to die 24-48 h after LPS injecwidely from experiment to experiment. At

tion. After 72 h there were no further changehigher doses of LPS (250-300 pg/mouse)
in the lethality curve. At higher doses ofthalidomide treatment was not protective
LPS, death was recorded as early as 24 (R>0.05), but was associated with a delay in
(Figure 5B). The LR, for LPS in these ex- death. These results suggest that at the higher
periments ranged from 150 to 250 pug LP8oses of LPS thalidomide may not be an

Braz ] Med Biol Res 30(10) 1997
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Figure 4 - Northern blot analysis
of IL-18 mRNA expression in
spleens of mice injected with
100 pg LPS. A, Total RNA was
extracted at 1 and 4 h after LPS
injection. Each lane contains 40
ug of total RNA extracted from
spleens of DMSO-treated mice
(lanes 1 and 3) or RNA from
spleens of thalidomide- (2 doses
of 200 mg/kg) treated mice
(lanes 2 and 4). B, Densitometric
analysis of the Northern blot.
Densitometry was performed
using a Phosphorimager. Results
are reported as mean + SD of IL-
1 density units normalized to the
amount of R-actin mRNA in
DMSO-treated (open bars) and
thalidomide-treated (hatched
bars) mice (3 mice per group).
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A the drug in the serum (20). Peak serum levels
obtained after three injections of 150 mg/kg
thalidomide (20) are similar to those ob-

< tained in humans treated with thalidomide
.. { for graft-versus-host disease (21). In our ex-

- periments, the need to use two doses of 200
mg/kg thalidomide to achieve cytokine modu-
lation may reflect the poor solubility and
bioavailability of the drug (22). In fact, in
our experiments thalidomide crystals were
seen in the peritoneal cavity of the animals
after injections of the drug. Based on these
considerations, the animals were pre-loaded

B with thalidomide at doses adequate for seda-

3000~ T tion, thereby indicating effective pharmaco-

logical levels.

The present study demonstrates that ad-
ministration of thalidomide to mice modi-
fied the cytokine response to the intravenous
injection of LPS. The drug suppressed TNF-
o and IL-6 production and enhanced the
production of IL-10. However, thalidomide
does not affect IL-6 production in LPS-stim-
ulated monocytesn vitro (15,19). Indeed,
efficient enough drug for protection from thefollowing treatment with thalidomide, no
sequelae of LPS-induced cytokine producinhibition of serum IL-6 was observed at 1.5
tion and shock. h, when TNFe inhibition was maximal. We
did observe a 50% reduction in serum IL-6
levels at 4 h after LPS injection. This tempo-
ral relationship suggests that the effect of

Thalidomide was initially developed and thalidomide on IL-6 may be secondary to the
used as a sedative without the knowledge dfihibition of TNF-a production. Since it has
its mechanism of action or teratogenic efbeen shown that TNE-up-regulates IL-6
fects. Recently, the drug has been shown feroduction (23), a reduction in the level of
inhibit the production of TNFx by reducing TNF-0 may account for the lower levels of
the half-life of the TNFee MRNA in LPS- IL-6 observed at the later time point in our
stimulated human monocytes (15) withoutstudies. Indeed, in animals treated with anti-
directly affecting the production of other bodies against TNE; a reduction in IL-6
cytokines produced by monocytes. Thalidoand IL-1 production in response to bacte-
mide is insoluble in water and alcohol, and igemia has also been observed (23).
very unstable in aqueous solutions. Studies Thalidomide-treated mice had a consist-
on the pharmacokinetics of thalidomide areent elevation in serum IL-10 levels, although
not available in the mouse; in a rabbit modelywe could not detect IL-10 mRNA in the
however, treatment of the animals with twoorgans of LPS-injected mice whether or not
or three doses of 150 mg/kg thalidomidemice were treated with thalidomide. The
improved absorption and accumulation ofinhibition of TNF-a and IL-6 production

IL-1p

B-actin

Thalidomide
Time (h)

- + - +

20004

10004

IL-1B mRNA (density units

1h 4 h
Time

Discussion
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Figure 5 - Survival curve of
B6D2/F1 mice injected with dif-
ferent doses of LPS. A, Circles
indicate that mice were injected
with 150 pg of LPS (11 mice per
group) and squares indicate LPS
at 200 pg/mouse (14 mice per
group). B, Doses of LPS were
used at 250 pg/mouse (dia-
monds) (16 mice per group) and
300 pg/mouse (triangles) (8
mice per group). Mice were
treated with 2 doses of 200 mg/
kg thalidomide (filled symbols)
or DMSO (open symbols) be-
fore LPS injection. Occurrence
of death was recorded during

be secondary to the enhancement of IL-1 A
production, since IL-10 has been shown t '
down-modulate the production of TNF-

and other inflammatory cytokines (24,25). 751
However, in aiin vitro system, thalidomide

inhibited TNFe production in the presence 50
of neutralizing antibodies to IL-10, thus con-

firming that thalidomide has a direct effect 25 |
on the inhibition of TNFa production (19).

This inverse relationship of TN&-and IL- -~ 0
10 production in LPS-stimulated macrophag <

es has been previously observed in cel 3 B
treated with drugs that increase intracellula =100 &~—————
CcAMP levels (26), as well as in mice injectec

with LPS and treated with cyclosporine 75 |
vivo (27). Therefore, the increase in IL-10

levels observed in our experiments may re 504
flect an interference by thalidomide in a
regulatory pathway between TNFand IL- 05 |
10. The enhancement of IL-10 productior

by thalidomide may provide additional ben- . I . A

efit in the treatment of inflammatory dis- 24 48 72
eases (28,29).

The inhibition of TNFe by thalidomide
in LPS-challenged mice was also associated
with protection from LPS-induced shockand The use of thalidomide as a TNFinhib-
death. This result confirms the importancétor is currently being tested in diseases that
of TNF-a in the pathophysiology of endo- are associated with TNé-toxicity such as
toxic shock. However, the protective effectwasting observed in AIDS (35). Whether
of thalidomide in preventing death was dethalidomide can be added to the current
pendent on the dose of LPS used. Mice coultsenal of drugs used for the therapy of
not be protected against very high doses @ndotoxic shock requires further investiga-
LPS, despite a measurable inhibition of TNFtion.
a production (Figure 1). Endotoxic shock is
multifactorial and the reduction in the levelsAcknowledgments
of TNF-a achieved by the drug may not be
sufficient for the prevention of death in eve- We would like to thank Marguerite Nulty
ry case. Cytokines other than TNFsuch as for secretarial help, Judy Adams for help in
IL-1, IL-6 and IFNy (1,7,9,30,31), and in- the preparation of the figures, Drs. Patrick
flammatory mediators such as nitric oxideHaslett and Victoria Freedman for fruitful
(31-34) have been shown to contribute to theiscussion during the preparation of this
development of endotoxic shock and deathmanuscript, Weiguo Ye, Michael Berlowitz,
Higher doses of LPS might induce otheiand lan Henessy for technical help through-
pathways independent of TNFin the de- out the study, and M. Harper for statistical
velopment of shock in this model. assistance.

the 72-h study period.
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