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and MTP-PE (lip os om e-en cap s ulated N-acetylm uram yl-L-alan yl-D-is oglutam in yl-L-alanin e-2-:[19 ,29 dip alm ito yl-s ni-glycer o-3-(h ydrox y-ph os p h oryl-o x yl)]
etylam ide) in duce in liver m acrop h age s a s ynthe sis
an d re leas e of TNF- a , nitric ox ide and pr os tanoids .
Both agents in duce an ex p re s s ion of m RNA’s encodin g TNF- a , in ducible nitric ox ide s ynth as e (iNOS) and
cycloo x ygen as e (COX)-2, and of corre sp on ding pr ote in s . LPS and MTP-PE in duce a rap id activatio n of th e
ex tracellular regulated kinase (ERK) is o enzym e s-1
an d –2. In h ibition o f m ap kinas e is oe nzym es leads to
a decre as ed r eleas e of TNF- a , nitric o x ide and p ro staglandin (PG) E2 after both agen ts . Th e tran s cription
factors NF- k B an d AP-1 ar e s tr ongly activated by LPS
w ith in 30 m in utes . MTP-PE in duce s a w eak activation
of both trans crip tion factors only after 5 h ours .
In h ibition of NF- k B in h ibits the LPS- but not the MTPPE-in duced r eleas e of TNF- a , n itric ox ide and PGE2 .
PGE2 r eleas e afte r LPS is h igh e r th an after MTP-PE.
Ex ogen ously added PGE2 in h ibits the activatio n of
m ap kinas e an d TNF- a r ele as e by LPS, but no t by MTPPE. Re leas e of n itric ox ide after LPS and MTP-PE is
en h an ced after p rior addition of PGE2 . PGD2 is
w ith out an y effect. MTP-PE, but n ot LPS, in duce s a
cytotox icity of Kupffer ce lls again s t P815 tum or targe t
ce lls . Th e MTP-PE-in duced cytotox icity is reduced by
TNF- a ne utralizin g an tibodie s , in dicatin g the in volvem ent of TNF- a . Th us our res ults s ugges t that the
differ ent poten cie s o f LPS and MTP-PE as im m un om odulators p robably re s ult from differe nt actions on
Kupffe r cells , re s ulting in differ en ces in the am oun ts
an d kin etics of r eleas ed TNF- a an d PGE2 , an d th at
PGE2 p lays an im p ortant r egulatory role in the action
of LPS, but not in th e actio ns of MTP-PE.
LP S

Prostaglandin E2 affects differently
the release of inflammatory
mediators from resident
macrophages by LPS and muramyl
tripeptides
Peter Dieter1 ,CA , Ute Hempel1 , Sabine Kamionka1 ,
Angelika Kolada1 , Birgit Malessa1 , Edith Fitzke2 and
Thuy-Anh Tran-Thi2

1

Institute of Physiological Chemistry, Medical
Faculty, Dresden University of Technology, Dresden,
Germany; 2 Institute of Biochemistry and Molecular
Biology, Albert-Ludwigs-University, Freiburg,
Germany

CA

Corresponding Author
Institute of Physiological Che mistry, Me dical Faculty,
Dresde n University of Technology, Karl-Marx-Strasse 3,
D-01109 Dresden, Ge rmany
Te l: (351) 8832 851
Fax : (351) 8832 869
Email: diete r@rcs.urz.tu-dresden.de

Key w or ds: LPS, Macrophages, Muramyl trip e ptide s, Cytokines, Eicosanoids

Introduction
Live r mac rophages (Kup ffer c ells) are macrophages
residing in the sinusoids of the liver. This strate gic
loc ation makes them the first macrophage s to c ome
into c ontact w ith nox ious mate rials that enter circulation via the portal ve in. This loc ation and the fact that
the y c onstitute the largest pool of mac rophages in the
body attributes to the m an important func tion in the
clearanc e of nox ious material, the removal of migrating tumor ce lls, and in the pathophysiology of se ptic
shock.1
Liver mac rophages have be en re ported to secre te a
w ide array of biologically active compounds including
cytokines, prostanoids, nitric ox ide and ox ygen
radicals, w hich have be en show n to be involved in
the pathogenesis of septic shock, and in the cytotox icity of Kupffer c ells against tumor target c ells.1 –7
LPS and muramyl tripep tide s are c omp one nts of the
outer c ell membrane of most bacte ria and display most

of the immunologic al activitie s c omp ared w ith an
infec tion of w hole bacte ria.8 –1 1 Whe n administrate d
i.v., LPS and liposome-enc apsulated N-ace tyl-muramylL-alanyl-D-isoglutaminyl-L-alanine -2-[1 9 , 2 9 dipalmitoyls n-glyce ro-39 -(hydrox y-phosphoryl-ox yl)] e thyl-amide
(MTP-PE) 3 are delive red predominantly to mac rophage s, e spec ially liver mac rophages.1 2,13 While LPS
has bee n show n to p lay a significant role in the
pathogenesis of gram-ne gative se ptic shock, muramyl
tripe ptides have been demonstrated to be prote c tive
against LPS-induc ed se ptic emia.14 ,15 Furthe rmore , i.v.
administe re d MTP-PE has bee n show n to induc e
antitumor reactivity, p robably as a re sult of mac rophage ac tivation,16 –1 9 and to inhibit HIV replication in
macrophage s.20
In contrast to LPS, ve ry little is know n about the
intrace llular signal transduc tion pathw ays of muramyl
tripe ptides. Re cently, w e show e d that MTP-PE and LPS
induc e similar re ac tions in liver mac rophages, like the
formation of TNF-a , nitric ox ide and prostanoids.2 1

ISSN 0962-9351 print/ISSN 1466-1861 online/99/060295-09 © 1999 Taylor & Francis Ltd

295

P. Die te r e t al.

Furthe rmore , w e demonstrated, that c ellular c alcium
and protein kinase C isoenzyme s are not involved in
the signal pathw ays of LPS and MTP-PE.2 1

Materials and methods
Materials
Me dium RPMI 1640, new born and fetal c alf se rum are
purchased from Biochrom (Be rlin, Ge rmany); new born calf serum is heat-inactivate d at 56°C for 30 min
[ g -32 ATP] and [ 3 H]thymidine are from Ame rsham
Buchler (Braunschw eig, Ge rmany). P815 mouse mastocytoma and mouse L929 ce lls are purchased from
American Type Culture Collec tion (Rockville , USA).
Murine rTNF-a and rat TNF-a -ne utralizing antibodie s
are from Boehringe r Mannheim (Mannheim, Ge rmany) and IC Chemikalien (Ismaning, Ge rmany),
respective ly. BAY 11–7082 and PD 98059 are purchase d from Calbiochem (Bad Sode n, Ge rmany).
Monoclonal antibodie s against COX-2 and iNOS are
purchased from Natutuec (Frankfurt, Ge rmany) and
Transduc tion Laboratories /Dianova (Hamburg, Ge rmany), re spe ctively. MTP-PE is kindly provide d by
Ciba-Ge igy (Basel, Sw itzerland). LPS R595 fro m Sa lm o n e lla m inn e s o ta is a gift from Dr Galanos (Freiburg, Ge rmany). Antib odie s raised against prostaglandin (PG) E2 and PGD2 are gene rous gifts from Dr
Brune (Erlangen, Ge rmany) and Dr Hayaishi (Osaka,
Japan), re spe ctively. RT-PCR reage nts and e nzymes are
from Pe rkin Elme r (Weite rstadt, Ge rmany). Specific
primers (HPLC purified) are synthesized and purchase d from Birsner & Grob (Denzlingen,
Ge rmany).
Cell culture
Live rs of male Wistar rats (Charles River, Sulzfeld,
Ge rmany) are remove d ase ptic ally under Ne mbutal
anae sthesia, and the live r macrophage s are is olated by
a ce ntrifugal elutriation p roc edure .22 Liver mac rophage s are maintained in primary culture w ith RPMI
1640 me dium containing 30% new born calf serum. All
ex pe riments are performed w ith ce lls kept in primary
culture for 48 –72 h. P815 mouse mastocytoma cells
and L929 c ells are grow n in RPMI 1640 me dium
containing 10% FCS.
Determination of PGE2 and PGD2
Macrophages are incubated in RPMI medium containing 10% new born calf serum w ith or w ithout LPS or
MTP-PE, and afte r the indic ate d times ce ll media are
remove d and centrifuged. The amount of PGE2 and
PGD2 in cell me dia is measured by ELISA and RIA,
respective ly, as desc ribed e lsew here.2 3
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Determination of TNF- a activity
The re lease of TNF-a activity is me asure d using the
L929 ce ll cytotox ic ity assay in w hich lysis of actinomycin-D-treated L929 cells by TNF-a is measured by
crystal viole t staining of survival c ells in monolayer
culture.2 4 L929 ce lls are grow n on 96-w ell microte st
plates to the de nsity of ~ 4 ´ 10 4 c ells /w e ll. Culture
me dia to be tested are added to the w ells together
w ith actinomycin (400 ng /w ell). Afte r 24 h, the supernatants are discharge d and the re maining c ells are
staine d w ith 0.5% c rystal violet in 25% aque ous
me thanol for 10 min. The dye is re moved by w ashing
three times w ith 25% me thanol, and 5% SDS is adde d
to solubilize the adherent ce lls. Then the aborbance is
read w ith a mic roplate reade r (Tite rtek Multiskan
Plus) at 550 nm. The absorbance is c ompared w ith
that of a standard solution of murine rTNF-a . Units of
TNF-a activity are the rec ip roc al dilution fac tor of a
sample c ausing 50% lysis of L929 c ells. The sp ecificity
is c ontrolled by ne utralization w ith rat TNF-a -neutralizing antibodie s (dilution of 1:50).
Determination of nitric oxide
Macrophages are incubated in RPMI medium containing 10% new born calf serum w ith or w ithout LPS or
MTP-PE, and afte r the indic ate d times ce ll media are
remove d and ce ntrifuge d. Nitric ox ide formation is
me asured as NO2 – ac cumulate d in the c ell media,
w hich reflec ts the re le ase of nitric ox ide from
macrophage s.3 The Grie ss reaction using 20 m l of
sulfanilamide (10 mM), 10 m l of HCl (2 M), 10 m l of
naphtyle thyle nediamine dihydrochloride (1 mM), and
150 m l of supernatant is applie d to e ach w ell of a
mic rotiter plate; the pink azo dye is quantitated by a
mic roplate reade r (Tite rtek Multiskan Plus) at 550 nm.
Standards are pre pare d using NaNO2 – .

In vitro cytotoxicity assay
Macrophages are c ulture d on 96-w ell plates at a
density of ~ 10 5 ce lls /w ell. P815 target cells in the
ex ponential grow th phase are radiolabe led by a
24 h-inc ubation in RPMI medium w ith 10% FCS
containing 20 m Ci of [ 3 H]thymidine /10 6 ce lls in 5 ml.
Then the ce lls are w ashed thre e times to re move the
radiois otope and re suspe nde d in culture me dium to a
conc entration of 10 5 ce lls /ml. 100 m l (10 4 [ 3 H]thymidine-labeled target cells) is added to c ultured macrophage s in a total volume of 200 m l of medium /w e ll.
LPS or MTP-PE is added to mac rop hages 6 h before the
addition of target c ells. Radiolabeled targe t c ells are
also plated alone as an additional c ontrol. 48 h after
the addition of target c ells, the supernatants are
collected and the radioactivity is measured in a liquid
sc intillation counte r. Cytolysis is c alculated as follow s:
% c ytolysis = 100 ´ (a –b ) /(c –b ), w here a = cpm in

Ac tiva tion of residen t m a c ro pha g es by LPS a n d m ura m y l tripe ptide s

supe rnatants of target c ells cocultured w ith mac rophage s, b= cpm in supernatants of target cells c ultured alone, c= c pm in the total amount of targe t ce lls
added per w ell.
Western blot analysis

transc ribe d (22°C/10 min –42°C/60 min –95°C/5 min /
4°C, Pe rkin Elme r PCR System 2400) using recombinant molone y murine leuke mia virus reverse transc riptase (2.5 units /m l) in 500 mM KCl, 100 mM
Tris –HCl, pH 8.3, 5 m M MgCl2 , 2.5 m M random
hex ame rs, 1 unit /m l RNAse inhibitor, 2.5 m M of each
dATP, dCTP, dGTP, dTTP and ap prox imately 0.5 mg
RNA in a total volume of 10 m l. For PCR analysis, a
maste r mix is prepared c ontaining buffer (500 mM
KCl, 100 mM Tris –HCl, pH 8.3), MgCl2 (final conc entration 1 mM) and AmpliTaq DNA Polymerase (final
conc entration 1.25 units /50 m l). For single PCR analysis , 35 m l of maste r mix solution, 5 m l of spec ific
primers and 10 m l of re ve rse-transcribed ce llular RNA
are added. To c ompare the levels of mRNA in cells
tre ate d for different time s w ithout or w ith LPS or
MTP-PE, b -actin is chosen to standardize the diffe re nt
samples. mRNA le vels e ncoding b -actin did not
change upon tre atment of macrophage s w ith LPS or
MTP-PE (data not show n). In pre vious ex perime nts,
using diffe rent amounts of RNA and diffe rent amplification c ycle s, the amount of RNA for the diffe re nt
PCR reactions w as the n chose n so that the amount of
spe cific amplified produc ts incre ase d roughly logarithmically be tw ee n 25 and 35 cycles. Final PCR
conditions are as follow e d (Pe rkin Elmer PCR System
2400):

Total prote in (10 m g) is separate d on 10% polyacrylamide gels unde r re ducing c onditions. Prote ins
are transfe rre d to nitrocellulose me mbranes, and
nonspe cific binding is blocked by inc ubation in PBS
containing 0.1% Tw e en 20 and 5% milk pow de r. The
plots are probed w ith antibodie s against COX-2 and
iNOS. After ex te nsive w ashing, the blots are incubate d
w ith the secondary antibodies, w ashe d ex te nsively
and de ve lope d using the ECL We ste rn blotting dete ction syste m (Ame rsham). For quantitativ e analysis, the
bands are sc anned densitometric ally.

In situ map-kinase assay
Map kinase ac tivity is performe d by an in vitro
renaturation assay.25 ,2 6 Ce lls are w ashed w ith PBS and
lyse d in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
(w /v) Triton X-100, 0.1 mM Na 3 VO4 , 1 mM phenylme thylsulfonyl fluoride, 0.1 mM aprotinin, vortex e d
and ce ntrifuge d at 15000 ´ g for 30 min. The supernatants are matche d for protein conte nt (BioRad
prote in dye assay) and diluted to 1 mg /ml protein in
62.5 mM Tris-HCl, pH 6.8, containing 2.3% (w /v) SDS,
5 mM EDTA, 10% (v /v) glyce rol and 100 mM DTT and
he ated at 86°C for 5 min be fore SDS–PAGE. The gels
are polymerized w ith 0.2 mg /ml mye lin basic protein
and, after ele ctrophoresis , denature d in 6 M guanidine
hydrochloride. After renaturation, the gels are preinc ubate d in 25 mM HEPES, pH 7.4, 2 mM 2-merc aptoethanol, 10 mM MgCl 2 , 0.1 mM Na 3 VO4 and 0.5 mM
EGTA at 30°C for 30 min. The kinase re ac tion is
performe d by incubation of the gels in 25 mM HEPES,
pH 7.4, 2 mM 2-me rcaptoethanol, 10 mM MgCl 2 ,
0.1 mM Na 3 VO4 , 0.5 m M EGTA, 25 m M ATP and
250 m Ci [ g -32 P]ATP.
Electrophoretic mobility shift assay
De te rmination of the DNA-binding c apacity of NF-k B
and AP-1 is p erformed ex actly as de sc ribe d
previously.2 7
RT-PCR studies
RNA from macrophage s is prepared ac cording to
Chomzynski and Sac chi.28 In brief, 1–2 ´ 10 6 mac rophage s are froze n in liquid nitrogen, taken up in
guanidinium thioc yanante and ex trac te d w ith ac idifie d phenol/chloroform. After c entrifugation, RNA is
prec ipitated from the aqueous phase w ith isopropanol. The pellet is w ashed onc e w ith 80% ethanol and
then taken up in 10 m l H2 O. The total amount of RNA
is determine d spec trophotometric ally and reve rse

-actin [1 ng c DNA, 0.5 m M primer
b

(CTCCTTAATGTCACGCACGATTTC/
GTGGGGCGCCCCAGGCACCA) ,
94°C/5 min, 52°C /5 min –72°C/2 min–94°C/1 min
(30 cycles) –52°C/2 min–72°C/10 min –4°C];
TNF-a [100 ng cDNA, 0.5 m M primer
(ATGAGCACAGAAAGCATGATC/
CAGAGCAATGACTCCAAAGTA),
94°C/5 min,
52°C/5 min –72°C/2 min –94°C/1 min –
52°C/2 min (30 cycles) –72°C/10 min–4°C];
COX-1 [10 ng cDNA, 0.5 m M primer
(TGCATGTGGCTGTGGAGTTCATCAA/
CACTAAGACAGACCCGTCTTCTCCA),
94°C/5 min, 65°C /5 min –72°C/2 min –94°C/1 min –
65°C/2 min (30 cycles) –72°C/10 min–4°C];
COX-2 [100 ng cDNA, 0.5 m M primer
(ACTCACTCAGTTTGTTGAGTCATTC/
TTTGATTAGTACTGTAGGGTTAATG),
94°C/5 min,
55°C/5 min –72°C/2 min –94°C/1 min –
55°C/2 min (30 cycles) –72°C/10 min–4°C];
iNOS [100 ng c DNA, 500 ng primer
(GCTTGCCCCTGGAAGTTTCTC/
CCGACCTGATGTTGCCACTGT),
94°C/5 min,
65°C/5 min –72°C/2 min –94°C/1 min –
65°C/2 min (30 c ycle s) –72°C/10 min –4°C]. 10 m l of
the PCR reaction are loade d onto a 1.5% agarose gel.
The bands ( b -ac tin: 610 bp , TNF-a : 710 bp, COX-2:
Mediators of Inflammation · Vol 8 · 1999
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583 bp, iNOS: 818 bp) are visualized on a transilluminator afte r ethidium bromide staining and, for semiquantitative analysis , scanne d densitometric ally
(E.A.S.Y. RH, He rolab, Ge rmany). To compare mRNA
ex pre ssion in ce lls treated different times w ith or
w ithout LPS or MTP-PE, c orresponding mRNA levels
are first calculate d as ex pre ssion compared to b -ac tin
mRNA, the re sulting values of control ce lls are se t to
1 and levels of mRNA in LPS- and MTP-PE-treated c ells
are ex pressed as ‘fold of control ce lls’.

Results
Release of TNF- a , nitric oxide and
prostaglandins
LPS and MTP-PE induce a synthe sis and release of
TNF-a , nitric ox ide and prostanoids in mac rophages
(Fig. 1). LPS induce s a rapid and transie nt ac cumulation

FIG. 1. Effect of LPS and MTP-PE on the release of TNF- a ,
nitric oxide, PGE2 and PGD2 . Macrophages are incubated for
the indicated times in RPMI medium containing 10% newborn calf serum with LPS (open symbols, 500 ng/ml) or with
MTP-PE (closed symbols, 25 m g/ml). At indicated time points,
accumulation of TNF- a activity (A), nitric oxide (B), PGE2 (C,
circles), and PGD2 (C, triangles) in cell media is determined
as described in Materials and Methods. Values represent
means ± SD of four experiments.

FIG. 2. RT-PCR analysis of mRNA isolated from unstimulated
macrophages. Macrophages are cultured for 72 h in RPMI
medium containing 10% newborn calf serum. RNA is
isolated and RT-PCR analysis is performed as described in
Materials and Methods. Marker, f X174/Hae III (1353, 1078,
872, 603, 310 bp). A representative set of experiments is
shown which is reproduced at least six times.

298

Mediators of Inflammation · Vol 8 · 1999

FIG. 3. Effect of LPS and MTP-PE on the accumulation of
mRNA encoding TNF- a , iNOS and COX-2. Macrophages are
incubated for the indicated times in RPMI medium containing 10% newborn calf serum with LPS (open circles, 500 ng/
ml) or with MTP-PE (closed circles, 25 m g/ml). At indicated
time points, RNA is isolated and RT-PCR analysis is performed as described in Materials and Methods. Values
represent means ± SD of four experiments.

Ac tiva tion of residen t m a c ro pha g es by LPS a n d m ura m y l tripe ptide s
Table 1. Effect of PD 98059 and BAY 11–7082 on the release of
TNF- a , nitric oxide and PGE2 a
Treatment

TNF- a

LPS
+PD 98059
+BAY 11–7082

100
2±4
1±2

MTP-PE
+PD 98059
+BAY 11–7082

100
1±2
111 ± 2

Nitric oxide
(% of control cells)

PGE2

100
28 ± 9
4±5

100
37 ± 7
40 ± 11

100
69 ± 12
128 ± 29

100
1±2
159 ± 38

FIG. 4. Western blot analysis of iNOS and COX-2. Macrophages are incubated in RPMI medium containing 10%
newborn calf serum without (C), with LPS (500 ng/ml) or with
MTP-PE (25 m g/ml). At indicated time points, protein is
isolated and Western blot analysis is performed as described
in Materials and Methods. A representative set of experiments is shown, which is reproduced at least three times.

a

of TNF-a , MTP-PE-induc ed TNF-a rele ase show s a lag
phase of about 6 h, and inc reases the re afte r up to 48 h
(Fig. 1A). The release of nitric ox ide (Fig. 1B) and PGD2
(Fig. 1C) is almost identical for both agents. The re lease
of PGE2 after LPS is highe r than after MTP-PE (Fig. 1C).

LPS and MTP-PE induce a rapid acc umulation of iNOS
mRNA (Fig. 3B). The leve l of iNOS mRNA afte r LPS
peaks at about 4 h, and decline s thereafter. In
contrast, MTP-PE induc es an incre ase of iNOS mRNA
up to 12 h, w hich re mains thereafter elevate d at this
level. COX-2 mRNA inc re ases rapidly to similar levels
after the addition of LPS and MTP-PE (Fig. 3C). Re sting
macrophage s show no dete ctable amounts of iNOS
and COX-2 protein (Fig. 4). Addition of LPS and MTPPE induc e an ex p re ssion of both p rote ins, w hich
bec omes detectable at first after 6 –8 h. LPS induce s a
higher ex pre ssion of iNOS protein (24 h), COX-2
prote in is higher ex pressed after MTP-PE.

mRNA and protein levels
In order to investigate at w hich levels LPS and MTP-PE
induc e the formation of TNF-a , nitric ox ide and
prostanoids, c orre sponding mRNA and prote in levels
are de te rmined by RT-PCR and Weste rn blot analysis,
respective ly. Figure 2 show s that unstimulate d mac rophage s contain ve ry small amounts of mRNAs encoding TNF-a , iNOS and COX-2. mRNAs encoding b -ac tin
and COX-1 are ex pressed at much higher le vels (Fig.
2). LPS induce s a rapid and transie nt acc umulation of
TNF-a mRNA w ith a max imum at about 1.5 h (Fig.
3A). In c ontrast, TNF-a mRNA after MTP-PE bec omes
dete ctable only after a lag p hase of about 4 h. Both,

Macrophages (48 h) are incubated in RPMI medium containing 10%
newborn calf serum in the absence or presence of PD 90859 (10 m M,
4 h) or BAY 11–7082 (10 m M, 1 h). Thereafter, LPS (500 ng/ml) or MTPPE (25 mg/ml) is added. TNF- a is measured 4 h after LPS and 24 h after
MTP-PE; NO2 – and PGE2 are measured 24 h after LPS and MTP-PE in
cell media as described in Materials and Methods. Values represent
means±SD of four to seven experiments.

Activation of ERK-1 and –2
Rec ently w e demonstrate d that c alcium and prote in
kinase C isoenzymes are not involved in the actions of
LPS and MTP-PE in mac rophages.2 1 He re w e show
(Fig. 5), that both agents induc e a rapid ac tivation of
the map kinase isoenzymes ex trac ellular regulate d
kinase (ERK)-1 and ERK-2.
Activation of NF- k B and AP-1

FIG. 5. Effect of LPS, MTP-PE and PGE2 on map kinase
isoenzymes ERK-1 and ERK-2. Macrophages are incubated in
Hanks’ solution without or with PGE2 (1 m M) as indicated.
After 10 min, vehicle (C), LPS (500 ng/ml) or MTP-PE
(25 m g/ml) is added for another 10 min. Thereafter, cells are
lysed, subjected to SDS–PAGE, and an ‘in gel kinase assay’ is
performed as described in Materials and Methods. The
position of the map kinase isoenzymes ERK-1 and ERK-2 is
indicated. A representative set of experiments is shown,
which is reproduced at least three times. PGE2 alone is
without any effect.

LPS induc es a rapid activation of the transcription
factors NF-k B and AP-1 (Fig. 6). No ac tivation of both
transc ription factors at this e arly time-point is se en
w ith MTP-PE. Activation of NF-k B and AP-1 by MTP-PE
bec omes dete ctable only after a lag phase of about
5 h, and is w eake r pronounc ed than w ith LPS.
Effect of inhibitors of ERK-1, -2 and NF- k B on
the release of TNF- a , nitric oxide and PGE2
Inhibition of the map kinase is oe nzyme s ERK-1 and
ERK-2 by PD 98059 29 le ads to a dec re ased re le ase of
TNF-a , nitric ox ide and PGE2 (Table 1). TNF-a re le ase
after LPS and MTP-PE, and PGE2 release afte r MTP-PE is
Mediators of Inflammation · Vol 8 · 1999
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Table 2. Effect of PGE2 and PGD2 on LPS- and MTP-PEinduced accumulation of TNF- a activity and NO2 – a
Treatment

TNF- a activity
(Units ´ 10– 2 /106 cells)

None

Nitric oxide
(NO2 – , nmol/106 cells)

n.d.

n.d.

LPS
+PGE2
+PGD2

20 ± 8
1±3
22 ± 6

28 ± 11
86 ± 9
31 ± 7

MTP-PE
+PGE2
+PGD2

8±3
10 ± 5
7±4

26 ± 7
79 ± 10
24 ± 11

a

FIG. 6. Activation of NF- k B and AP-1. Macrophages are
incubated in Hanks’ solution without (C), with LPS (500 ng/
ml), or with MTP-PE (25 m g/ml) for the indicated times.
Thereafter, cells are extracted and DNA binding activity to
NF- k B and AP-1 is monitored in electrophoretic mobility shift
assays as described in Materials and Methods. A representative set of experiments is shown, which is reproduced at
least three times.

comple te ly inhibite d by PD 98059. The release of nitric
ox ide afte r LPS and MTP-PE, and of PGE2 afte r MTP-PE,
is inhibited by PD 98059 by about 70%, 30% and 60%,
respective ly (Table 1). Inhibition of the transcription
factor NF-k B by BAY 11–70823 0 has no e ffec t on the
MTP-PE-induce d re le ase of TNF-a , nitric ox ide and
PGE2 (Table 1). How e ve r, the LPS-induced re lease of
TNF-a and nitric ox ide is completely inhibited by BAY
11–7082. The release of PGE2 after LPS is inhibited by
BAY 11–7082 by about 60% (Table 1).
Effect of PGE2 and PGD2
PGE2 , ex ogenously adde d to macrophage s, inhibits
TNF-a re le ase by LPS but not by MTP-PE (Table 2). In

Macrophages (48 h) are incubated in RPMI medium containing 10%
newborn calf serum without (None), with PGE2 (1 m M) or with PGD2
(1 m M). 15 min later, LPS (500 ng/ml) or MTP-PE (25 m g/ml) is added.
TNF- a is measured 4 h after LPS and 24 h after MTP-PE; NO 2 – is
measured 24 h after LPS and MTP-PE in cell media as described in
Materials and Methods. n.d., not detectable. Values represent means
± SD of four experiments.

contrast, the release of nitric ox ide after LPS and MTPPE is e nhanc ed by p rior addition of PGE2 . PGD2 is
w ithout any effec t (Table 2). In orde r to investigate at
w hich level PGE2 ex erts its ac tion, the effect of
ex ogenously added PGE2 on the ac tivation of map
kinase isoenzyme s ERK-1 and ERK-2 is determine d.
PGE2 has no effec t on the MTP-PE-induc ed activation
of ERK-1 and ERK-2 (Fig. 6). How e ve r, map kinase
activation by LPS is completely suppressed.
Effect of LPS and MTP-PE on the cytotoxicity of
macrophages
MTP-PE but not LPS activate s mac rop hages to cytotox ic ity against P815 tumor targe t ce lls (Fig. 7).
Addition of neutralizing antibodie s against TNF-a
reduced the c ytotox ic e ffec t of MTP-PE by about 75%,
indicating that TNF-a is involved in the c ytotox ic
reaction.

Discussion

FIG. 7. Effect of LPS and MTP-PE on cytotoxicity of macrophages against P815 tumor target cells. Macrophages (48 h
in primary culture) are incubated for 6 h in RPMI medium
containing 10% newborn calf serum without (C), with LPS
(500 ng/ml) or with MTP-PE (25 m g/ml). Thereafter, P815
target cells, and TNF- a neutralizing antibodies (Ab, 10 m l), as
indicated, are added. 48 h later, cytolysis is determined as
described in Materials and Methods. Values represent means
± SD of five experiments.
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He re w e show that LPS and MTP-PE induce a re le ase
of TNF-a , nitric ox ide , PGE2 and PGD2 in mac rophage s. Both agents inc rease mRNA’s e ncoding TNF-a ,
iNOS and COX-2 indic ating their ac tion at the
transc riptional level. We de monstrated rec ently that
macrophage s do not ex p re ss constitutive NOS,3 1
w hich sugge sts that the observed release of nitric
ox ide after LPS and MTP-PE is c atalysed by iNOS. The
formation of prostanoids afte r LPS is probably due to
the e nhance d ex pre ssion of COX-2 (Fig. 3C) and an
enhance d ex pression of cytosolic phospholipase A2 .3 1
Sinc e MTP-PE has no e ffec t on c ytosolic phosp holipase A2 ,31 prostanoid re le ase after MTP-PE see ms to
be triggered only by the enhance d ex pression of COX2. We c ould also de monstrate re ce ntly that LPS and

Ac tiva tion of residen t m a c ro pha g es by LPS a n d m ura m y l tripe ptide s

FIG. 8. Tentative scheme for the actions of LPS (A), MTP-PE (B) and PGE2 in macrophages.

MTP-PE have no e ffec t on COX-1 le ve ls, and that the
constitutiv e nitric ox ide synthase and sec retory phosholipase A2 s are not ex pressed in these ce lls.31
While the release of nitric ox ide and PGD2 is almost
identic al for both immunomodulators, the formation
of TNF-a and PGE2 after LPS and MTP-PE is differe nt.
(1) Acc umulation of TNF-a mRNA and TNF-a activity
after LPS is transie nt, a sustained re le ase of TNF-a is
induc ed by MTP-PE. The finding, that PGE2 inhibits
TNF-a re le ase after LPS, but not after MTP-PE (Table
2), indicate s that the mechanisms underlying TNF-a
formation are different for both immunomodulators.
It has bee n show n re cently that the inhibition of the
LPS-induce d TNF-a re lease by PGE2 can be mimicke d
by cAMP,4 sugge sting that intrace llular cAMP mediates
the e ffec t of PGE2 . (2) PGE2 release afte r LPS is higher
than after MTP-PE. It has bee n suggested re cently that
the high PGE2 formation afte r LPS might be due to an
activation of the PGE2 synthase.3 2,3 3
We de monstrated re ce ntly that both immunomodulators do not induce an ac tivation of the ‘phosphatidyl
inositol c ycle ’, of prote in kinase C is oe nzyme s or a
change of the intrac ellular calc ium c oncentration.2 1
He re, w e show that LPS and MTP-PE induc e a rapid
activation of the map kinase isoenzyme s ERK-1 and
ERK-2. Inhibition of map kinase by PD 98059
comple te ly suppresses TNF-a re lease after LPS and
MTP-PE, and PGE2 rele ase after MTP-PE. Re lease of
nitric ox ide and PGE2 afte r LPS are partially inhibited
by PD 98059. These data indic ate that ac tivation of
the map kinase isoenzymes ERK-1 and ERK-2 is an

essential ste p for TNF-a re le ase by LPS and MTP-PE,
and for PGE2 formation by MTP-PE. Nitric ox ide
release , and PGE2 formation by LPS see m only to be
partially me diated by map kinase . In addition, w e
demonstrate he re, that the transc ription factors NF-k B
and AP-1 are ac tivated by LPS. Ac tivation of both
transc ription fac tors by LPS is obse rved already after
30 min, and persists for more than 24 h.2 7 The
activation of NF-k B and AP-1 by MTP-PE is much
w eake r pronounce d, and bec ome s de te c table only
after 5 h. Sinc e mRNAs encoding TNF-a , iNOS and
COX-2 are ex pre sse d at much earlier time-points, it is
very unlikely that NF-k B and AP-1 are involve d in
these actions of MTP-PE. This c onclusion is supporte d
by the finding that BAY 11–7072, an inhibitor for NFk B, has no effect on MTP-PE-induce d re sponse s. BAY
11–7072 completely suppresses the rele ase of TNF-a
and nitric ox ide by LPS, and inhibits PGE2 rele ase by
LPS by 60%, indic ating an involve ment of NF-k B in
these ac tions of LPS.
The LPS- but not the MTP-PE-induc ed re le sase of
TNF-a is sp ecifically inhibite d by PGE2 . In contrast,
nitric ox ide release by LPS and MTP-PE is e nhance d
by PGE2 . PGE2 has been show n earlie r to ex ert its
suppressing e ffec t on TNF-a re lease by LPS at the
transc riptional le ve l.4 How e ve r, PGE2 doe s not affec t
the activation of NF-k B or AP-1 by LPS. 27 He re w e
show, that PGE2 inhibits map kinase activation by LPS,
but not by MTP-PE. This indicate s that the mechanisms of LPS and MTP-PE leading to ac tivation of map
kinase are differe nt.
Mediators of Inflammation · Vol 8 · 1999
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MTP-PE, but not LPS, induc es a c ytotox icity of
macrophage s against tumor target c ells. The MTP-PE
induc ed cytotox ic ity is re duce d by TNF-a ne utralizing
antibodie s, indicating that TNF-a is involve d in the
cytotox ic action. The lack of cytotox icity after LPS
might be due to the transie nt release of TNF-a , in
contrast to the sustaine d ac cumulation of TNF-a afte r
MTP-PE. These findings are in line w ith the fact, that
MTP-PE, w hen administe re d i.v., induces an antitumor
reactivity in animal models.1 6 – 20 Rec ently, it has be en
proposed that the c ytotox icity of mac rophages
against the adenomacarc inoma line MCA26 is me diated by TNF-a , and not by nitric ox ide .34 Our data
support the se findings, since LPS and MTP-PE induc e
an ide ntic al re le ase of nitric ox ide , but differ in their
cytotox ic pote nc ie s.
Base d on the results prese nte d here , w e propose
the follow ing scheme for the re gulatory role of PGE2
in the ac tion me chanisms of LPS and MTP-PE in
macrophage s (Fig. 8). LPS (Fig. 8A) ac tivates rap idly
the map kinase isoenzymes ERK-1 and ERK-2 and the
transc ription factors NF-k B and AP-1, w hich results in
a synthesis and release of nitric ox ide , TNF-a and
PGE2 . PGE2 re duc es in a ne gative fee dback loop the
activation of ERK-1 and ERK-2, nitric ox ide release is
enhance d, TNF-a formation is suppressed, cytotox icity against tumor targe t c ells is low. MTP-PE
activates rapidly map kinase isoenzymes ERK-1 and
ERK-2, but not the transcription factors NF-k B and AP1. Activation of yet unknow n transc rip tion fac tors
results in a synthe sis and release of nitric ox ide, TNF-a
and PGE2 . PGE2 has no inhibitory effect on the map
kinase isoenzymes ERK-1 and ERK-2, TNF-a re lease is
not suppressed, and the macrophages show a high
cytotox icity against tumor targe t cells. Furthe r ex perime nts have to be c arried out to e luc idate in de tail the
molecular mechanisms of the re gulatory function of
PGE2 . These ex periments inc lude the inve stigation of
othe r kinase s and other transc ription fac tors,35 – 3 8 ,
w hich have bee n de monstrated in other c ells to be
involved in the ac tion of LPS, and in the formation of
TNF-a , nitric ox ide and e icosanoids.
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Prote ction against lethal pneumococcal septicemia in pigs is assoc iated
w ith dec reased levels of inte rleukin-6 in blood. Infe ct Im m u n 1992;
60:1692– 4
16. Frost H. MTP-PE in liposomes as a biological re sponse modifie r in the
treatment of canc er: current studie s. Bio the ra py 1992; 4:199–204
17. Fidler IJ, Kleinermann ES. Clinical applic ation of phospholipid liposomes
containing macrophage activators for therapy of c ancer metastasis. Adv
Dru g Del Re v 1994; 13:325–40
18. Thomas K, Nije nhuis AM, Dontje BHJ, Daeme n T, Scherphof GL.
Antitumor re activity induced by liposomal MTP-PE in a liver metastasis
model of colon cance r in the rat. Clin Exp Meta s ta s is 1995;
13:328–36
19. Killion JJ, Fidler IJ. Therap y of c ancer metastasis by tumoricidal ac tivation
of tissue macrophages using liposome -enc apsulated immunomodulators.
Pha rm a co l The r 1998; 78:141–54
20. Lazdins JK, Woods-Cook K, Walker M, Alteri, E. The lipophilic muramyl
peptide MTP-PE is a potent inhibitor of HIV replication in mac rophage s.
Aid s Re s Hu m Re tro viru s e s 1990; 6:1157–61
21. Dieter P, Ambs P,. Fitzke E, Hidaka H, Hoffmann R, Schwe nde, H.
Comparative studies of c ytotox icity and the re le as e of TNF-a , nitric
ox ide, and prostanoids of live r macrophages treated w ith lipopolysac charide and liposome -enc apsulated MTP-PE. J Im m u n o l 1995;
155:2595–604
22. Eyhorn S, Schlayer HJ, He nninger HP e t a l. Rat he patic sinusoidal ce lls in
monolaye r culture. J He pa to lo g y 1988; 6:23–35
23. Dieter P, Schulze-Spe cking A, Karck U, De cker K. Prostaglandin release
but not superox ide production by dex amethasone in rat Kupffe r cells
stimulated in vitro depe nds on Na + /H+ exchange. Eu r J Bio ch e m 1987;
170:201–6
24. Flick DA, Gifford GE. Comparism of in vitro ce ll cytotox icity assays for
tumor ne crosis factor. J Im m u no l Me tho ds 1984; 68:167–73
25. Busche r D, Hipskind RA, Krautw ald S, Re imann T, Bac carini, M. Rasdependent and -indepe ndent pathw ays target the mitogen-activated
prote in kinase netw ork in macrophages. Mo l Ce ll Bio l 1995;
15:466–75
26. Ambs P, Bac c arini M, Fitzke E, Die ter P. Role of c ytosolic phospholipase
A2 in arachidonic ac id re lease of rat-live r macrophages: re gulation by
Ca 2+ and phosphorylation. Bio ch e m J 1995; 22:189–95
27. Tran-Thi TA, De cke r K, Baeuerle PA. Differe ntial ac tivation of transc ription factors NF-k B and AP-1 in rat liver macrophages. He p a tolo g y 1995;
22:613–18
28. Chomzynski P, Sacchi N. Single-step me thod of RNA isolation by acid
guanidinium thioc yanate –phe nol–chloroform extraction. Ann Bio ch e m
1987; 162:156–61
29. Dudley DT, Pang L, De cker SJ, Bridges AJ, Saltiel AR. A synthetic inhibitor
of the mitoge n-activated protein kinase casc ade . Pro c Na tl Aca d Sci USA
199; 15:7686–9
30. Pie rce JW, Schoe nleber R, Jesmok G e t a l. Nove l inhibitors of cytokineinduced I(B(phosphorylation and e ndothelial ce ll adhesion mole cule
ex pression show anti-inflammatory effe cts in vivo . J Bio l Che m 1997;
272:21096–103
31. Dieter P, He mpel U,. Kamionka S. e t a l. Lipopolysaccharide and
liposome-encapsulate d muramyl tripeptide. In: Wisse E, Knook DL, De
Zanger R, Fraz er R, e ds Ce lls o f the Hep a tic Sinu s o id Vo l. 7. Le iden: The
Kupffer Cell Foundation Leiden, 1999; 257–9

Ac tiva tion of residen t m a c ro pha g es by LPS a n d m ura m y l tripe ptide s
32. Peter T, Karck U, De cke r K. Inte rdependence of tumor nec rosis factor,
prostaglandin E2, and protein synthesis in lipopolysac charide -ex posed
rat Kupffer cells. Eu r J Bio c he m 1990; 191:583–6
33. Grew e M, Duyster J, Diete r P, Henninge r HP, Schulze-Specking A, De cker
K. Prostaglandin D2 and E2 synthases in rat Kupffer cells are
antagonistically re gulated by lipopolysac charide and phorbol e ster. Bio l
Che m Ho ppe -Se y ler 1992; 373:655– 9
34. Fole tta VC, Se gal DH, Cohe n DR. Transc riptional regulation in the
immune system: all roads lead to AP-1. J Le u co c y te Bio l 1998;
63:139–43
35. Hobbie S, Chen LM, Davis, RJ, Galan JE. Involvement of mitogenactivated protein kinase pathw ays in the nuclear re sponse s and cytokine
production by Sa lm o n e lla ty phim u riu m in culture d intestinal epithelial
ce lls. J Im m u n o l 1997; 159:5550– 9
36. Chan ED, Winston BW, Uh SZ, Wynes MW, Rose DM, Rches DW.
Evaluation of the role of mitogen-ac tivated protein kinase s in the

ex pression of induc ible nitric ox ide synthase by IFN-g and TNF-a in
mouse macrophages. J Im m u no l 1999; 162:415 –22
37. Faure V, Hec que t C, Courtois Y, Goureau O. Role of inte rfe ron regulatory
fac tor-1 and mitogen-activated protein kinase pathw ays in the induction
of nitric ox ide synthase -2 in re tinal pigme nted epithelial cells. J Bio l
Che m 1999; 19:4794–800
38. Goppelt-Struebe M, Hahn A, Stroebel M, Re iser COA. Independent
re gulation of cyclo-ox ygenase 2 expression by 42/44 mitoge n-activated
prote in kinases and Ca 2+ /calmodulin-dependent kinase. Bio ch e m J 1999;
339:329– 34

Accepted 24 January 2000

Mediators of Inflammation · Vol 8 · 1999

303

MEDIATORS
of

INFLAMMATION

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Gastroenterology
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Diabetes Research
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Journal of

Endocrinology

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
http://www.hindawi.com
BioMed
Research International

PPAR Research
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Journal of

Obesity

Journal of

Ophthalmology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Evidence-Based
Complementary and
Alternative Medicine

Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Oncology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Parkinson’s
Disease

Computational and
Mathematical Methods
in Medicine
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

AIDS

Behavioural
Neurology
Hindawi Publishing Corporation
http://www.hindawi.com

Research and Treatment
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Oxidative Medicine and
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

