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Abstract t 

P388 mitogen activated protein kinase (MAPK) has been suggested as a mediator of cytokine 

releasee and is currently being targeted for anti-inflammatory therapy. Experimental data, 

however,, are contradictory and lack sufficient affirmation in vivo. We tested the effect of p38 

MAPKK inhibition in several cell types and in different murine models of infectious disease. 

Wee observed that most cell types react to p38 MAPK inhibition with diminished cytokine 

release,, but that this treatment induced increased cytokine release in macrophages. 

Furthermore,, we observed increased cytokine production in mouse models of pneumococcal 

pneumoniaa and tuberculosis accompanied by severely reduced bacterial clearance. This 

apparentt inefficacy of p38 MAPK inhibition in reducing cytokine release in infectious 

disease,, as well as its immune-compromising action, suggest that targeting p38 MAPK may 

nott be a suitable anti-cytokine strategy in patients with such disease or at risk for infection. 
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Introductio n n 

P388 mitogen activated protein kinases (MAPKs) are 38 kDa intracellular signal transduction 

proteinss comprising four variants: p38a, (3, y and 8. Together with c-Jun amino-terminal 

kinasee (JNK) and p42/44 MAPK, p38 MAPK forms the MAPK family. MAPKs are activated 

byy phosphorylation of the Thr and Tyr in a Thr-X-Tyr motif by dual specificity MAPK 

kinasess (MKKs). A striking feature of p38 MAPK is its activation by a variety of 

inflammatoryy stimuli including cytokines and LPS12'219, suggesting a role in inflammation. 

Insightt into p38 MAPK action in inflammation has been gained by use of SB203580, a 

piridinyll  imidazole derivative and a potent and specific inhibitor of p38 MAPK220. SB203580 

bindss to the ATP binding site, thus preventing phosphorylation of downstream targets 

includingg MAPK-activated protein kinase-2 (MAPKAPK-2) and activating transcription 

factor-22 (ATF-2), though not preventing phosphorylation of p38 MAPK by its upstream 

activatorss MKK3 and MKK6206. Although the exact function of p38 MAPK in inflammation 

remainss ambiguous, studies using SB203580 have suggested involvement of this kinase in 

phospholipasee A2 activation221, ischaemia induced apoptosis15, NO synthase induction16 and 

attenuatingg Drosophila antimicrobial peptide gene expression following exposure to LPS222. 

Thee most marked effect of p38 MAPK inhibition is the altered control of cytokine release. 

P388 MAPK activation seems to be a prerequisite for production of several cytokines in vitro. 

Forr example IL-1 and TNFa production in monocytes12, IL-8 production in 

polymorphonuclearr cells53 and IL-6 production in L929 fibrosarcoma cells" have been shown 

too be dependent on functional p38 MAPK activity. Baldassare et al.223 reported an effect of 

SB2035800 on the LPS-dependent induction of IL-1 but not TNFa in macrophage cell lines. 

Strikingly,, in SB203580 treated mast cells enhanced TNFa production was reported217. In 

peritoneall  macrophages from MKK3_/" mice, which show diminished p38 MAPK activation, 

noo difference was seen in TNFa levels upon stimulation with LPS, although production of EL-

122 was impaired69. Together these findings highlight the uncertainty with respect to the role of 

p388 MAPK in cytokine production in general and emphasize the need for in vivo assessment 

off  the usefulness of p38 MAPK inhibition as an anti-cytokine anti-inflammatory strategy. 

Thee above mentioned considerations prompted us to investigate the role of p38 MAPK in 

severall  cell-types important for cytokine production and in murine models of disease. To this 
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endd we investigated the effect of p38 MAPK inhibition in L929 fibrosarcoma cells and 4-4 

murinee macrophages as well as in freshly obtained, non-transformed, peritoneal macrophages 

andd whole blood. In addition, we tested the effect of p38 MAPK inhibition on cytokine 

productionn in three well-established murine models of disease: an endotoxemia model and a 

pneumococcall  pneumonia model that are representative for acute inflammatory disease, and a 

chronicc inflammatory tuberculosis model. Using the endotoxemia model we were able to 

establishh p38 MAPK activation in vivo and the efficacy of our strategy for inhibiting p38 

MAPKK (daily i.p. injection with SB203580). Our results show a dual role for p38 MAPK, 

Whereass inhibition of p38 MAPK results in decreased levels of cytokines in L929 cells and 

wholee blood, 4-4 macrophages and freshly obtained peritoneal macrophages show enhanced 

cytokinee production when p38 MAPK enzymatic activity is impaired. This dichotomy in the 

effectt of p38 MAPK inhibition on cytokine production is also reflected in in vivo 

experiments:: in both the pneumococcal pneumonia and tuberculosis model we observed 

increasedd TNFa levels when mice were subjected to p38 MAPK inhibition, but this was not 

observedd in endotoxin challenged mice. Furthermore, in these experiments we observed that 

inin vivo p38 MAPK inhibition correlated with enhanced bacterial outgrowth. Hence, these data 

indicatee a critical role for p38 MAPK in bacterial clearance, but also show that the effect of 

p388 MAPK inhibition on cytokine production maybe cell type specific. 

Methods s 

CellsCells and reagents 

Murinee macrophages (4-4 clone, which we previously showed to be a suitable model for 

studyingg macrophage function ex vivo, as these cells are phenotypically and functionally not 

differentt from primary isolated mature macrophages224,225), whole blood obtained from 

healthyy volunteers and freshly obtained murine peritoneal macrophages were cultured in 

RPMII  supplemented with 10% FCS, 2 mM L-glutamin, and antibiotic-antimyotic. To isolate 

freshh murine macrophages, the peritoneal cavity was lavaged with RPMI. Cells were placed in 

culturee flasks and 2 h after isolation non-adherent cells were removed. L929 fibrosarcoma 

cellss were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamin, and 

antibiotic-antimyotic.. Cultures were routinely checked for Mycoplasma infection. DMEM, 

FCSS and antibiotic-antimyotic were from GibcoBRL Life Technologies, Grand Island, NY 
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andd RPMI-1640 was from Bio-Whittaker Europe, Venders, Belgium. SB203580 (4-(4-

fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)imidazole)) was obtained from Alexis 

Biochemicalss (Leiden, The Netherlands). SB203580 stock solution, dissolved in DMSO at 

20mM,, was stored at -20 °C. In cell culture SB203580 was used at 1-lOuM, the DMSO 

concentrationn was never higher than 0.05%. Cells were incubated with SB203580 for 1.5 h 

beforee stimulation. Stimulation was done with either LPS (Escheria Coli 011LB4 Sigma, St 

Louis,, MO; various concentrations), Heat Killed Streptococcus pneumoniae (HKSP; 2xl07 

bacteria/ml),, recombinant (r) human (h) TNFa (Knoll, Ludwigshaven, Germany; 50ng/ml) or 

lipoteichoicc acid from S. aureus (LTA, Sigma Chemical Co, St. Louis. MO; 250ng/ml) for 8 

orr 16 hours. Superaatants were collected and stored at -20 °C for later cytokine sampling with 

ELISA.. All phosphospecific antibodies were obtained from New England Biolabs, Beverly, 

MA,, Horseradish Peroxidase-conjugated goat-anti-rabbit immunoglobulin (GAR-PO) was 

obtainedd from DAKO, Glostrup, Denmark. Lumilight + substrate and the Lumi-imager were 

fromm Boehringer Mannheim (Mannheim, Germany). 

MurineMurine models of disease 

Thee animals used were 8-week-old female BALB/c mice (Harlan Nederland, Horst, The 

Netherlands).. All animal experiments were approved by the Institutional Animal Care and 

Usee Committee of the Academic Medical Center. Experimental groups consisted of 8 mice. 

Forr in vivo experiments, mice were subjected to luMol SB203580 per kilogram body weight 

(b.w.)) by i.p. injection in 1 ml sterile saline or lul solvent control (DMSO) in 1ml sterile 

salinee for controls. 1.5 h before inducing disease SB203580 was administered, then given 

oncee daily, for up to 2 weeks if appropriate. No apparent toxicity was observed. 

Pneumococcall  pneumonia was induced as described91. Briefly 5. pneumoniae serotype 3 was 

obtainedd from American Type Culture Collection (ATCC 6303; Rockville MD). 

Pneumococcii  were grown for 6 hours to midlogarithmic phase at 37 °C in 5% C02 using 

Todd-Hewitttt brom (Difco, Detroit, MI), harvested by centrifugation at 1500 x g for 15 

minutes,, and washed twice in sterile isotonic saline. Bacteria were then suspended in sterile 

isotonicc saline at 2xl06 CFU/ml, as determined by plating serial 10-fold dilutions onto sheep-

agarr plates. Mice were lightly anesthetized by inhalation of isoflurane (Abott, 
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Queensborough,, Kent, UK). During this short anesthesia, intranasal inoculation was 

conductedd by placing 50 1̂ suspension on the nares. At 24 hours after inoculation mice were 

anesthetizedd with Hyponorm (Jansen Pharmaceutica, Beerse, Belgium) and midazolam 

(Roche,, Meidrecht, the Netherlands) and blood and whole lungs or bronchoalveolar lavage 

(BAL)) fluid were obtained. Blood was collected from the vena cava inferior. Whole lungs 

weree harvested and homogenized in 5 volumes of sterile isotonic saline with a tissue 

homogenizerr that was carefully cleaned and disinfected with 70% alcohol after each 

homogenization.. Serial 10-fold dilutions in sterile isotonic saline were made of these 

homogenates,, and 50JJL1 volumes were plated onto sheep-blood agar plates and incubated at 37 

°CC and 5% C02. CFU were counted after 16 hours. Homogenates of lungs were diluted 1:1 

withh lysisbuffer (150mM NaCl, 15mM Tris, ImM MgCl, ImM CaCl2, 1% Triton (X-100) and 

proteasee inhibitors) for 30 minutes at 4 °C. Homogenates were then spun at 1500 x g at 4 °C 

forr 15 minutes, to remove cell debris, after which the supernatants were stored at -20 °C until 

cytokinee measurements. For BAL the trachea was exposed trough a midline incision and 

cannulatedd with a sterile 22-gauge Abbocath-T catheter (Abott, Sligo, Ireland). BAL was 

performedd by instilling two 0.5 ml aliquots of sterile isotonic saline. 0.8 ml of lavage fluid 

wass retrieved per mouse, spun at 750 x g for 5 minutes at 4 °C, supernatants were frozen at -

200 °C until measurements were performed. 

Forr induction of murine tuberculosis, M. tuberculosis (H37Rv laboratory strain) was grown in 

liquidd Dubos medium containing 0.01% Tween 80 for 4 days. A replicate culture was 

incubatedd at 37 °C and stirred gently, harvested at mid-log phase and stored at -70 °C. Before 

experimentss a vial was thawed and washed twice with sterile saline to clear the mycobacteria 

off  medium. Mice were lightly anesthetized by inhalation of isoflurane. During this short 

anesthesia,, intranasal inoculation was conducted by placing 105 viable M. tuberculosis 

organismss in 50ul saline on the nares. The inoculum was plated immediately after inoculation 

too check on viable counts. At 2 weeks after inoculation mice were anesthetized with 

Hyponormm and midazolam and whole lungs were obtained. Lungs were handled as described 

previously,, except for serial 10-fold plating which was done on Middlebrook 7H11 plates 

containingg oleic acid, albumin, dextrose, and catalase enrichment (Difco, Braunschweig, 

Germany)) and CFU counting which was done 3 weeks after plating. 

Endotoxemiaa was induced by injecting 150jig of LPS i.p., 1.5 h after injection with SB203580 

orr DMSO control. Animals were sacrificed 0,15, 30,60, or 90 min after LPS injection. Blood 
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wass removed through cardiac puncture and spun at 7000 x g, supernatant» were collected and 

storedd at -20 °C for later cytokine determination. Spleens were removed and snap frozen in 

liquidd N02, then stored at -80 °C until further processing. 

WesternWestern Blot Analysis 

Spleenss were thawed at 4 °C and passed through a 40ujn strainer, which was then rinsed with 

ice-coldd PBS. Cells were spun down and resuspended in ice-cold cell lysis buffer (20mM Tris 

(pH7.5),, 150Mm NaCl, ImM EDTA, ImM EGT A, 1% Triton X-100, 2,5 niM sodium 

pyrophosphate,, 1 mM fi-Glycerolphosphate, ImM Na3V04 1 ng/ml Leupeptin and ImM 

Pefabloc).. Samples were sonicated 4 x5 seconds on ice and spun at 7000 x g for 10 min at 4 

°C.. Protein concentration in the clear supernatant was determined according to Bradford, the 

supernatantt was then stored at -80 °C. Approximately 37\ig splenic cell lysate was mixed 

withh 4x SDS-sample buffer, the mixture was boiled for 5 min followed by brief 

centrifugation.. Samples were loaded on 10% SDS-polyacrylamide gels and transferred to 

polyvinylidenee difluoride membranes (Millipore, Bedford, MA). To check for equal loading of 

proteinn in each lane, Coomassie Brilliant Blue staining of the membrane was performed. 

Subsequently,, membranes were blocked in 2% non-fat dry milk in PBS supplemented with 

0,1%% Tween-20 and washed in 0,2% non-fat dry milk in PBS supplemented with 0,1% Tween-

20.. The extent of p38 MAPK activation was determined using antibodies against phosphorylated 

(Thr180/Tyr182)) p38 MAPK, used in a 1:1000 dilution overnight. After three washes for 10 min 

secondaryy antibody incubation was performed for 1 hour with GAR-PO in a 1:2000 dilution. 

Afterr enhanced chemoluminescence using Lumilighf1" substrate, antibody binding was visualized 

usingg a Lumi-imager. The membranes were then stripped with stripbuffer (62.5 mM Tris-HCl, 

pHH 6.8, 2% SDS, and 100 mM p-mercaptoethanol) and reprobed with antibody for p38 

MAPKK (New England Biolabs, Beverly, MA), by a similar procedure. 

InIn vitro p38 MAPK assay 

Thiss assay was performed using the p38 MAPK assay kit purchased from New England 

Biolabs,, Beverly, MA. Splenic cell lysates were prepared as described previously for 

immunoblotting.. A once diluted slurry of agarose hydrazide-bound antibodies to 
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phosphorylatedd (Thr180/Tyr182) p38 MAPK (40uJ) was utilized to selectively 

immunoprecipitatee active p38 MAPK from approximately lOOng splenic cell lysate (in 200ui 

celll  lysis buffer) by gently shaking overnight at 4 °C. The immunoprecipitate was washed 

twicee with 500 JJI of ice cold cell lysis buffer and twice with 500 ul of ice cold kinase buffer 

(255 mM Tris, pH 7.5, 5 raM P-glycerolphosphate, 2 mM DTT, 0.1 mM Na3V04, 10 mM 

MgCl2)) at 4 °C. The kinase reactions were carried out in the presence of 200 uM ATP and 2 

ugg of ATF-2 fusion protein at 30 °C for 30 min. After the reaction had been terminated by the 

additionn of 3x SDS-sample buffer, the mixture was boiled for 5 min followed by brief 

centrifugation.. ATF-2 phosphorylation was selectively measured by Western immunoblotting 

ass described previously using specific antibodies against phosphorylated (Thr ) ATF-2. 

CytokineCytokine determination 

Cytokiness were measured by using commercially available ELISAs according to the 

manufacturerss recommendations: murine TNFa (Genzyme, Cambridge, MA) and IL-6 

(Pharmingen,, San Diego, CA) and human TNFa (Central Laboratory of the Netherlands Red 

Crosss Blood Transfusion Service, Amsterdam, The Netherlands). 

StatisticalStatistical Analysis 

Dataa were statistically analyzed by the Student's t test unless otherwise mentioned. All data 

aree given as the mean +/- SEM. 
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4-44 macrophages 

Peritoneall  macrophages 

Stimulus s 

rhTNFot t 

LTA A 

HKSP P 

No. . 

3 3 

2 2 

2 2 

Cytokine e 
Measured d 

mTNFoc c 

IL- 6 6 

mTNFa a 

Cytokinee release (pg/ml) 
Concentrationn SB 203580 

<VM M 

3433 5 

911 1 

14866  545 

ljxM M 

1 1 

1200 7 

27344  224 

lOuM M 

4955 1 

1511 9 

26844 9 

Tablee 1: Effect ofp38 MAP kinase inhibition on cytokine release induced by different stimuli. 4-4 m<|>'s 
andd freshly isolated peritoneal mouse macrophages were exposed to the stimuli indicated after 
preincubationn with SB 203580. Subsequently cytokine production was measured with ELISA (see 
MaterialsMaterials and Methods). 

Results s 

TheThe role ofP38 MAPK in the regulation of cytokine production in vitro 

AA large variety of inflammatory stimuli activate p38 MAPK and a role for p38 MAPK in the 

regulationn of cytokine production has been suggested. The nature of this role is unclear. Most 

authorss report reduced cytokine production upon p38 MAPK inhibition (e.g. Lee et al.12), but 

enhancedd cytokine release has also been reported (e.g. Zhang et al.211). We investigated, 

therefore,, the influence of the p38 MAPK inhibitor SB203580 on TNFa-induced IL-6 

productionn in L929 fibrosarcoma cells and on LPS or HKSP stimulated TNFa and IL-6 

productionn by 4-4 macrophages. In agreement with Beyaert99, cells pre-treated with 

SB2035800 showed reduced IL-6 production upon stimulation with TNFa (P=0.01; Fig 1A). 

Inn contrast, SB203580 pre-treated 4-4 macrophages stimulated with HKSP showed enhanced 

IL-66 production (P<0.05; Figure IB). 4-4 macrophages pre-treated with SB203580 showed 

enhancedd TNFa production upon stimulation with LPS as compared to vehicle-treated cells 

(P<0.05(P<0.05 when pooled experiments are tested with the Wilcoxon test; a representative 

experimentt is shown in figure 1C). and also HKSP induced enhanced TNFa production upon 

p388 MAPK inhibition in these cells (P<0.01\ Figure ID). Subsequently we decided to 

investigatee the effects of p38 MAPK inhibition on cytokine release in non-transformed cells. 

LPS-stimulatedd whole blood showed inhibition of TNFa production by SB20358O (10 u.M 

SB203580:: P<0.01\ 1 uM SB203580: P<0.01; Fig. 2A) but peritoneal macrophages 
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exhibitedd increased TNFa levels upon p38 MAPK inhibition (10 \OA SB203580: P<0.01; 1 

]xM]xM SB203580: P<0.05; Fig 2B). To further exclude the possibility that the differences in 

effectt of p38 MAPK inhibition on cytokine production may be condition dependent rather 

thann a cell type specific effect, we stimulated 4-4 macrophages with rhTNFoc and LTA, and 

peritoneall  macrophages with HKSP. The results are summarized in table I and all show 

increasedd cytokine release upon p38 MAPK inhibition in macrophages. Apparently p38 

MAPKK has distinct functions in the regulation of cytokine release in different cell types, 

macrophagess responding to p38 MAPK inhibition with increased cytokine production but 

otherr cell types showing diminished release. 

300--

250--

II  200-

ff  150-

100 0 

B B 
L929L929 cells/TNFa 175-| 4-4 mip/HKSP 

150 0 

—— 125 
E E 
?? 100 

Vehicl ee 10uMS B Vehicl e 1{ iMS B 10uM SB 

5000-II 4-4 nup/LPS 4-4 mp/HKSP 
10000 --

4000 0 

gg 3000 -

ZZ 2000 -

1000 --

"ËË 750 0 

££ 5000 -

2500 --

Vehicl ee 1uMS B 10uM SB Vehicl e 1uM SB 10uM SB 

Figuree 1. Effects of p38 MAPK inhibition  on cytokine production in L929 cells and 4-4 
macrophagess (m<p). (A) Effect of pre-treatment with lOuM SB203580 (SB) of L929 fibrosarcoma 
cellss on TNFa induced IL-6 production, compared to vehicle (DMSO) control. (B) Influence of pre-
treatmentt with SB203580 on HKSP induced IL-6 production in 4-4 macrophages, compared to DMSO 
control.. (O Influence of pre-treatment with SB203580 on LPS (10ng/ml) induced TNFa production in 
4-44 macrophages, compared to DMSO control. A representative example is shown, statistical analysis 
forr this experiment employed: Student's t test. (D) Influence of pre-treatment with SB203580 on HKSP 
inducedd TNFa production in 4-4 macrophages, compared to DMSO control. * P<0.05, **  P< 0.01. 
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LPSS (ng/ml ) LPS (ng/ml ) 

Figuree 2. Effects of p38 MAPK inhibitio n on cytokine release in LPS-stimulated whole blood and U n -
stimulatedd peritoneal macrophages. (A) Whole blood was stimulated with LPS in increasing 
concentrations,, TNFa release was determined in the presence of 1 or 10 uM SB203580 or DMSO. (B) 
Freshlyy obtained peritoneal macrophages were stimulated with increasing concentrations of LPS in the 
presencee of 1 or 10 uM SB203580 or DMSO, the resulting TNFa release was determined. 

SB203580SB203580 inhibits p38 MAPK in murine endotoxemia 

Thee contrasting effect of p38 MAPK inhibition on cytokine production in different cell types 

promptedd us to investigate the relevance of this phenomenon in in vivo models of disease. The 

abilityy of SB203580 to inhibit p38 MAPK enzymatic activity in vitro is well established207 but 

itss potency in vivo is less clear. To test the capacity of SB203580 to inhibit p38 MAPK in 

vivo,vivo, we used a murine endotoxemia model. As shown in figure 3, LPS-dependent p38 

MAPKK phosphorylation and enzymatic activity was detectable in spleen cells obtained from 

micee treated with solvent control. In SB203580-treated mice, however, almost no enzymatic 

activityy of the kinase was detected although phosphorylation of the enzyme was much more 

pronounced,, demonstrating that the inhibitor interfered with kinase activity itself but did not 

inhibitt the signal transduction cascade leading to the phosphorylation of Thr180/Tyr182, further 

supportingg the specificity of this compound. However, despite the inhibition of p38 MAPK, no 

significantt differences in the LPS-induced TNFa production was measured in the plasma (Fig 

4A).. These results are, to our knowledge, the first demonstration of p38 MAPK activation in 

ann in vivo model of disease, but do not support a role for p38 MAPK in the regulation of 

endotoxemia-inducedd cytokine release. 
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B B 

0'' 15' 30' 60' 

Solventt control 

0'' 15' 30' 60' 

longlong exposure 

SB203580 0 

•pp3 8 8 

•pp3 8 8 

p38 8 

Figuree 3. Inhibitio n of p38 MAPK 
enzymaticc activity by SB203580 in 
vivo.vivo. P38 MAPK phosphorylation was 
determinedd in splenic cell lysate 
obtainedd from mice 0, 15, 30 and 60 
minn after endotoxin challenge, using 
antibodiess against phosphorylated 
(Thr180/Tyr182)) p38 MAPK (pp38; A). 

pATF-2 2 

Phosphorylationn of p38 MAPK in the 
solventt control-treated group was less 
apparentt than in the SB2O3580-treated 
group,, and needed long exposure to 
visualizee (B). Equal loading was 
checkedd using an antibody against 
totall  p38 MAPK (p38; Q. P38 MAPK 
enzymaticc activity was determined by 

measuringg phosphorylation of ATF-2 (pATF-2) in an in vitro kinase assay, using immunoprecipitated 
phosphorylatedd p38 MAPK from splenic cell lysate. In SB203580-treated mice hardly any enzymatic 
activityy of the kinase was detected, although phosphorylation of the enzyme, and thus the amount of 
immunoprecipitatedd protein, was much more pronounced (D). 

SB203580SB203580 enhances TNFa levels in murine models of pneumococcal pneumonia and 

tuberculosis tuberculosis 

Too further investigate the role of p38 MAPK in in vivo models of disease we tested SB203580 

inn murine pneumococcal pneumonia and tuberculosis. Induction of both diseases was 

associatedd with a marked increase in TNFa levels in lung homogenates or BAL fluid, in 

parallell  with a rise in the numbers of CFU in lung homogenates. TNFa levels were enhanced 

inn the SB203580 treated group compared to controls in both lung homogenates (P<0.01) and 

BALL fluid (P<0.05) from mice with pneumococcal pneumonia (Fig 4B,C) and the lung 

homogenatess from mice with tuberculosis (P=0.0I; Fig 4D). In both the pneumococcal 

pneumoniaa model and the tuberculosis model the numbers of CFU in the SB203580 treated 

groupp were significantly higher (pneumococcal pneumonia: P<0.01; Tuberculosis: P<0.05; 

Figg 5). We conclude that the stimulation of cytokine release observed in p38 MAPK-inhibited 

macrophagess in vitro is also reflected in increased cytokine production in vivo and is 

accompaniedd by severely reduced bacterial clearance, suggesting that p38 MAPK directed 

anti-cytokinee strategy in infectious disease is not advisable. 
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PneumococcalPneumococcal pneumonia: 
lung lung 

Noo LPS Vehicl e SB203580 

PneumococcalPneumococcal pneumonia: 
BALBAL fluid 

Tuberculosis:Tuberculosis: lung 

S 2 0 0 0 

Vehicl ee SB203580 

Figuree 4. Effect of pre-treatment with SB203580 on TNFa levels in murine models of 
disease.. (A) Plasma TNFa levels at 90 min post LPS challenge. Data are pooled from three 
separatee experiments (total of 13 mice per condition). (B) TNFa levels in lung homogenates 
and,, in a separate experiment, BAL fluid (C) from SB203580-treated mice with pneumococcal 
pneumoniaa were significantly enhanced at t=24 h. (D) TNFa levels in lung homogenates from 
SB203580-treatedd mice with tuberculosis were significantly enhanced at 2 weeks after 
inductionn of disease, compared to controls. * P<0.05, **  P< 0.01. 

PneumococcalPneumococcal pneumonia 

Vehicl ee SB203580 

|| Tuberculosis 

111 1 
Vehicl ee SB203580 

Figuree 5. Effects of SB203580 on number  of CFU in mice with pneumococcal pneumonia 
andd tuberculosis. Statistical analysis was done with the Mann-Whitney test. (A) Numbers of 
CFUU in lungs from mice with pneumococcal pneumonia at t=24h (B) Numbers of CFU in lungs 
fromm mice with tuberculosis at 2 weeks. * P<0.05, **  P<0.01 
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Discussion n 

Inn several cell types p38 MAPK inhibition was found to reduce cytokine release", although in 

mastt cells the opposite effect was observed217. In line with previous reports12,99 we observed 

thatt in TNFa-stimulated L929 fibrosarcoma cells and in LPS-challenged whole blood p38 

MAPKK activity is required for cytokine production. Strikingly, however, we observed that 

inhibitionn of p38 MAPK stimulated cytokine production in a macrophage cell line as well as 

inn non-transformed peritoneal macrophages. Hence we suggest that p38 MAPK acts in a cell 

specificc fashion, its inhibition increasing cytokine release in macrophages, while such 

inhibitionn reduces cytokine release in other cell types. 

Ass p38 MAPK has been suggested to be a suitable target for in vivo anti-cytokine therapy in a 

numberr of inflammatory diseases, the possible cell type-specific effects of p38 MAPK 

inhibitionn make it important to assess the action of p38 MAPK inhibition on cytokine 

productionn during pathophysiology in vivo. Interestingly, p38 MAPK inhibition had no effect 

onn plasma TNFa levels of LPS-challenged mice. This observation may be explained in two 

ways:: either different TNFa production from different cell types cancel each other out, or p38 

MAPKK contributes less to the generation of TNFa levels, induced by in vivo LPS challenge, 

thann hitherto assumed. In both the murine pneumococcal pneumonia model and the 

tuberculosiss model higher levels of TNFa were found in lung homogenates or BAL fluid 

fromm SB203580-treated mice. Macrophages are likely to play a role in cytokine production 

bothh in pneumococcal pneumonia as well as in tuberculosis , although other cell types are 

obviouslyy involved as well. Thus, the enhanced TNFa levels observed in these pneumonia 

models,, after p38 MAPK inhibition, may be an in vivo reflection of the increased cytokine 

productionn we encountered in p38 MAPK-inhibited macrophages in vitro. It should be 

stressedd however that our measurements cannot discriminate between different cell-types. 

Thuss it is possible that at the concentrations used, p38 MAPK in macrophages is not really 

inhibitedd in vivo. Hence the final proof of the notion that the enhanced cytokine levels 

observedd in p38 MAPK-inhibited animals reflect a cell type specific effects of this inhibition, 

ass opposed to e.g. a dose-response specific effect for different cells under different conditions, 

awaitss experiments in which p38 MAPK is cell type specific knocked-out. Until then other 

possibilitiess should be kept in mind. For instance the increase in cytokine production in 
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SB203580-treatedd mice may have resulted from the observed increased bacterial burden in the 

p388 MAPK-inhibited group. 

Thee reduced bacterial clearance and increased cytokine production encountered in p38 

MAPK-inhibitedd mice strongly argue against a function of p38 MAPK inhibitors in 

therapeuticc anti-cytokine strategy in infectious disease or in individuals at risk for infectious 

disease.. As the main proposed beneficiaries of anti-p38 MAPK therapy are patients with 

autoimmunee disease, who typically are treated with immune-suppressive drugs, this is an 

importantt consideration. 

Althoughh stimulation of p38 MAPK is assumed to be a general response to inflammatory 

stimulii  in vivo, actual activation of this kinase in a disease model had not yet been shown. In 

orderr to assess the role of p38 MAPK we used a murine model for endotoxemia since acute 

i.p.. application of LPS should produce a rapid and synchronized activation of p38 MAPK. 

Indeedd we were able to demonstrate, using the endotoxemia model, in vivo activation of p38 

MAPK.. This was evident from both its enhanced phosphorylation state as well as by 

increasedd kinase activity when assayed by an in vitro kinase assay. Furthermore, the latter 

assayy showed the efficacy of i.p. administrated SB203580 to inhibit in vivo p38 MAPK 

activity.. These experiments also provided further proof as to the specificity of the inhibitor: 

wee observed enhanced levels of p38 MAPK phosphorylation in SB203580-treated animals, 

demonstratingg that the inhibitor does not interfere with an upstream activator of this kinase. 

Thiss SB203580-induced enhanced p38 MAPK phosphorylation may reflect the action of a 

p388 MAPK-dependent feedback mechanism, regulating the phosphorylation state of this 

kinase.. If such a feedback mechanism involves the deactivation of p38 MAPK upstream 

activators,, which may regulate other targets apart from p38 MAPK, inhibition of p38 MAPK 

enzymaticc activity would result in sustained stimulation of such other targets. In turn such 

targett may mediate the enhanced cytokine release observed in our study. If this hypothesis is 

confirmed,, this would imply that p38 MAPK inhibitors would be relatively ineffective for 

reducingg cytokine release (at least in macrophages) but in contrast, inhibitors of its upstream 

activatorss would be suitable targets for anti-cytokine therapy. 

Ourr results contradict a previous report in which a small number of mice was challenged with 

LPSS and inhibition of TNFa production was noted, although no actual inhibition of p38 
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MAPKK activity was shown in this study . This effect of SB203580, however, was only 

observedd in mice at concentrations in excess of 34 uMol/kg b.w., whereas in the present study 

wee have demonstrated complete inhibition of p38 MAPK enzymatic activity in vivo at a 

SB2035800 concentration of 1 uMol/kg b.w. As SB203580 has been reported to inhibit other 

kinasess at concentration in excess of 10 |iM58 it is possible that inhibition of these kinases 

mayy explain the discrepancy between this earlier report and our study. 

Thee most puzzling finding in the present study is the apparent cell-specific effect of p38 

MAPKK inhibition on cytokine release, enhancing cytokine production in peritoneal 

macrophagess and a macrophage cell line but inhibiting this production in other cell types and 

wholee blood. Recently it was reported that p38 MAPK inhibits TNFa-induced I-KB 

phosphorylationn and degradation227 and thus p38 MAPK may negatively regulate the NF-KB 

pathway,, of which the involvement in cytokine production is undisputed. Thus the effects of 

p388 MAPK inhibition on cytokine release may result from negative signaling of p38 MAPK 

towardss the NF-KB pathway, and we are currently exploring this possibility. 
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