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Abstract t 

Background:: All three major members of the MAPK family (i.e. p38 MAPK. p42 p44 

MAPK,, and c-Jun N terminal kinase (JNK)) have been shown to control cellular responses to 

inflammationn in vitro. Therefore these kinases have been designated suitable targets for anti-

inflammatoryy therapy. However, the extent to which these kinases are actually activated 

duringg inflammation in humans in vivo has not been investigated. We employed experimental 

humann endotoxemia, a model of systemic inflammation, to address this question. Materials 

andd Methods: Male volunteers were intravenously infused with 4 ng/kg bw 

lipopolysaccharidee (LPS). Directly before LPS infusion up to 24 h thereafter, activation of 

p388 MAPK. p42 p44 MAPK and JNK was assessed in peripheral blood, using Western blot 

andd in vitro kinase assays. Results: We observed that LPS induced a strong but transient 

phosphorylationn and activation of p38 MAPK and p42/p44 MAPK, maximal activity being 

reachedd after 1 hr of LPS infusion. Strikingly, no JNK phosphorylation or activation was 

detectedd under these circumstances. Conclusions: These results suggest that both inhibitors of 

p388 MAPK and p42/p44 MAPK but not JNK are potentially useful for anti-inflammatory 

therapy. . 
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Introduction n 

Inn recent years it has emerged that members of the Mitogen Activated Protein Kinase 

(MAPK)) family are critically involved in intracellular signal transduction, mediating cell 

responsess to a variety of different infectious and inflammatory' stimuli. In vitro, inflammatory 

mediatorss such as lipopolysaccharide (LPS). Tumor Necrosis Factor (TNF) and interleukin-1 

activatee p38 MAPK. c-jun N-tenninal kinase (JNK). and p42/44 MAPK (1. 2). In addition, 

variouss studies have shown that pharmacological inhibitors of p38 MAPK and p42/p44 

MAPKK strongly influence the production of inflammatory cytokines after such stimulation 

(3-5).. Hence, inhibitors of specific MAPK family members are promising new targets for 

anti-inflammatoryy therapy. 

Importantly,, in studies addressing the in vitro activation of MAPK family members by 

infiTm«-int.)p'' a'rents the conecntration used of these agents often exceeds the physiological 

relevantt concentration many fold. Hence important questions remain both with regard to the 

extentt and the kinetics of the activation of p38 MAPK. p42/p44 MAPK, or JNK by 

inflammatory'' stimuli in humans in vivo. 

Thiss consideration prompted us to assay activation of the three major MAPK family members 

inn a well-established model of systemic inflammation in humans, human endotoxemia (6). 

Bothh phosphorylation and in vitro kinase activity of p38 MAPK, p42/p44 MAPK and JNK 

weree determined in peripheral blood leukocytes. At the LPS concentration employed, clear 

phosphorylationn and activation of both p38 MAPK and p42/p44 MAPK but not JNK was 

observed,, contrasting the prevailing view that p38 MAPK and JNK. but not p42 p44 MAPK 

aree the ma]or targets for LPS signal transduction. In addition, enzyme phosphorylation was 

maximall  1 hr after the onset of LPS treatment, which is much slower than the kinetics 

describedd for these kinase in literature (1. 6-8). We conclude that LPS is able to mediate 

MAPKK family member activation in vivo, although both the nature of the kinases involved, as 

welll  as the temporal characteristics of this activation are different from that expected from 

existingg literature data. 
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Materialss and Methods 

hihi vitro stimulation of leukocyte cell fractions 

Endotoxin-freee reagents and plasticware were used throughout the experimental process. 

Bloodd from healthy volunteers was collected with 10 U/ml heparin (Leo Pharmaceutical 

Products.. Weesp, the Netherlands). PBMCs were isolated by density-gradient sedimentation 

onn Ficoll-Paque (Pharmacia. Uppsala. Sweden) from blood diluted 1:1 with PBS. After 

isolationn of the PBMC fraction, the remaining non-PBMC leukocyte fraction was isolated by 

lysingg the erythrocytes with ice-cold isotonic NH4C1 solution (155 mmol/1 NH4C1, 10 mmol/1 

KHCO?.. 0.1 mmol/1 EDTA. pH 7.4. and 1 mM Pefabloc) for 15 min. PBMCs and non-

PBMCss were washed twice with PBS and resuspended in RPMI (GIBCO, Grand Island. NY) 

supplementedd with 10% human serum (from the original blood donor) in 15 ml tubes (Beeton 

Dickinson,, Franklin Lakes. NJ). Samples, containing the PBMCs (approximately 2 x 10'' cells 

each)) or non-PBMCs (approximately 10 x 106 cells each) from 2 ml blood, were incubated at 

377 °C for 45 min, and then stimulated with LPS from E. coli serotype 0111:B4 (Sigma, St. 

Louis,, MO) at the concentrations indicated. After 15 min. ice-cold PBS was added to each 

rube,, and cells were centrifuged at 400 x g for 5 min at 4 °C. The cell pellets were lysed in 

1000 \i\ 3x SDS-sample buffer; this mixture was briefly sonicated (2 x 10 s) and boiled for 5 

minn followed by brief centrifugation and storage at -20 °C. Aliquots of the PBMC and non-

PBMCC samples (25ul) were analyzed for MAPK phosphorylation using Western blot (see 

further). . 

LPSLPS administration to humans in vivo 

Thee institutional scientific and ethics committees approved the study, and written informed 

consentt was obtained from each subject prior to the start of the study. Eight healthy male 

volunteerss (mean age 22. range 19-26 years) and a group of non-LPS treated volunteers (n=3) 

participatedd in the investigation. LPS (Escherichia coli lipopolysaccharide, lot GL United 

Statess Pharmacopeial Convention, Rockville, MD) was administered as a bolus intravenous 

injectionn at a dose of 4 ng/kg body weight as described earlier (9. 10). 

SampleSample collection LPS volunteers 

Venouss blood was collected in heparin-containing vacutainer tubes directly before LPS 

administrationn (t = 0 h). and at 5. 15. 30. and 60 min and 4. X. and 24 h thereafter. 
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Erythrocytess from 4.5 ml aliquots were lysed by adding 40 ml ice-cold isotonic NHiCl 

solutionn for 30 min. The remaining leukocytes were centrifuged for 5 min. 400 x y. at 4 °C. 

washedd twice with ice cold PBS. and resuspended in 400 \x\ of PBS. 200 u.1 of the cell 

suspensionn were added to 125 u.1 of 3x SDS-sample buffer, briefly sonicated (2x 10 s) and 

boiledd for 5 min followed by brief centrifugation and storage at -20 UC. To the remaining cell 

suspension,, intended for the kinase assay, 800 u.1 ice-cold cell lysis buffer (20 mM Tris (pH 

7.5),, 150 mM NaCl. ImM EDTA, ImM EGTA. 1% Triton, 2.5 mM sodium pyrophosphate, 1 

mMM (3-glycerolphosphate, 1 mM Na.iVO.1, 1 u.g/ml Leupeptin and ImM Pefabloc) were 

added.. Samples were sonicated 4 x 5 s on ice and spun at 7000 x g for 10 mm at 4 "C. Protein 

contentt in the clear supernatant was determined using a bicinchonmic acid (BCA) protein 

assayy kit (Pierce. Rockford, IL), using BSA as the standard, and the supernatant was stored at 

-800 °C. 

WesternWestern blotting and kinase assays 

Analysiss of MAPK phosphorylation was performed using Western blotting and polyclonal 

rabbitt antibodies against phosphorylated (Thr2"2/Tyr2"4) p44/42 MAPK, phosphorylated 

(Thr'^Tyr1* 5)) JNK. and phosphorylated (Thrls"/Tyr l!C) p38 MAPK (Cell Signaling. Beverly. 

MA).. MAPK enzymatic activity was assayed using commercial in vitro kinase assays (Cell 

Signaling.. Beverly. MA) according to the manufacturers protocol as described (3, 11. 12). 

Extractss from UV-treated 293 cells served as a positive control for JNK (Cell Signaling. 

Beverly.. MA). 

AnalysisAnalysis of MAPK phosphorylation 

Phosphorylationn of MAPKs was measured by Western blot. Antibody binding was quantified 

usingg image analysis software (EFM Software. Rotterdam, the Netherlands) and 

measurementss were corrected for the amount of protein loaded to allow quantitative 

comparisonn between blood samples, which may contain different amounts of leukocyte 

proteinn as a consequence of the LPS challenge, and were compared to a reference sample (set 

onn a 100 arbitrary units) as to allow investigation into the variation in MAPK 

phosphorylationn between the subjects. 
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Results s 

ActivationActivation of MAPKfamily members bv endotoxin in vitro 

Inn order to investigate the effects of endotoxin on the phosphorylation status of MAPK family 

members,, peripheral blood was obtained from volunteers. Subsequently, the PBMC fraction 

(mainlyy monocytes and lymphocytes) was separated from the leukocyte non-PBMC fraction 

(mainlyy granulocytes). Both fractions were stimulated with LPS as to obtain insight into 

possiblee differences between the different cell types of the blood with respect to their reaction 

too endotoxin. As evident from figure 1. both the PBMC fraction as well as the non-PBMC 

fractionn reacted to LPS with enhanced phosphorylation of both p38 MAPK. p42/p44 MAPK 

andd JNK. especially at LPS concentrations in excess of 1 ng/ml. We concluded that ex vivo 

alll  three MAPK family members are a target for endotoxin signal transduction and that -ex 

vivo-- no significant differences between blood cell fractions exist. 

PBMCs s non-PBMCs s 

pp38 8 

pp42/44 4 

pp54 4 

pp46 6 

LPSS (ng/ml) 0 4 ' 1 10 100 1000 0 4 ' 1 10 100 1000 

Figuree 1. LPS activates p38 MAPK. p42/44 MAPK and .INK in PBMCs and non-PBMCs in 
vitro.PBMCss and non-PBMCs were isolated from whole blood, incubated for 45 min at 37 "C. 
andd stimulated with LPS for 15 nun at the concentrations indicated. The leukocyte fraction 
(PBMCC or non-PBMC) was loaded on one gel. in a quantity relative to their proportion in whole 
bloodd as to allow comparison of their relative contribution to MAPK activation in the total 
leukocytee fraction. MAPK activation was assessed on Western blot using phosphospecific 
antibodiess for p38 MAPK (pp38, A). p42 44 MAPK (pp42 44. B), and JNK (pp46/pp54, C). 
Westernn blots shown are representative of three experiments. 

pp38 8 

pp42/44 4 

pp54 4 
pp46 6 

* * 

to to 

+ + 7 7 10 0 11 1 

— — 

18 8 

Figuree 2. No variation in MAPK phosphorylation 
throughoutt the day. Peripheral blood leukocytes from 
nonn LPS-treated volunteers, obtained at 7:00 h. 10:00 
h.. 11:00 h and 18:00 h (7. 10. 11. and 18 in figure), 
weree analyzed for p.38 MAPK (pp38), p42/44 MAPK 
(pp42/44).. and JNK (pp46/pp54) phosphorylation 
status.. (Representative examples out of three.) UV light 
treatedd 293 cells served as a positive control for JNK 
phosphorylationn (-). 
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TheThe phosphorylation status of MAPK family members is not subject to a circadian rhythm 

Inn order to investigate the effects of endotoxin on the phosphorylation status of MAPK 

memberss throughout a 24 hr study period, it is essential that in unchallenged volunteers this 

phosphorylationn status is not subject to a circadian rhythm. Hence blood was obtained from 3 

volunteerss at different time points and MAPK phosphorylation was investigated using 

Westernn blot analysis and phosphospecific antibodies. It appeared that p38 MAPK and 

p42/p444 MAPK phosphorylation in leukocytes of non LPS-treated volunteers is not subject to 

variationn throughout the day (figure 2). Strikingly, no basal JNK phosphorylation was 

observed,, although such phosphorylation was easily discernable in UV-treated human cancer 

cells,, and thus the absence of basal INK activation is not due to a detection problem. Hence it 

iss possible to study the effects of LPS on this phosphorylation over a multi-hour time course. 

Figuree 3. Endotoxemia induces 
transientt fever in humans. Eight 
healthyy male volunteers were 
intravenouslyy infused with a holus 
off  LPS (4 ng/kg bw). Body 
temperaturee was measured just 
beforee LPS infusion (0'), and I. I1', 
(90').. 2. 4, 6, 8. 10 and 24 h after 
LPSS infusion. Results arc given as 
meann ("C)  SEM. 

time e 

EndotoxemiaEndotoxemia induces transient phosphorylation ofp38 MAPK and p42/p44 MAPK 

Subsequently,, we studied the effects of human endotoxemia on the phosphorylation of these 

MAPKs.. Infusion of LPS caused mild fever and other typical symptoms as is well described 

forr human experimental endotoxemia (6. 10) (6. 9. 10). Importantly, strong phosphorylation 

off  p38 MAPK and p42/p44 MAPK was observed (figure 4A and 5A). Using digital imaging 

software,, the relative phosphorylation levels at different time points were determined and an 

aggregatee curve of the combined volunteers was constructed (see experimental procedures) 

revealingg the temporal characteristics of this phosphorylation. On average maximal 

phosphorylationn was observed 60 min after LPS infusion, followed by a striking 

dephosphorylationn of both kinases (figure 4C and 5C). Importantly, however, in vivo LPS 

challengee was not accompanied by increased phosphorylation of either p54 JNK or p46 JNK 

39 9 
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(figuree 6A). whereas in vitro this phosphorylation was easily detectable. Thus human 

endotoxemiaa provokes strong but transient phosphorylation of both p38 MAPK and p42 p44 

MAPK.. but JNK phosphorylation is not detected. 

--
PATF-; ; 

00 30 60 4h 8h 24h 

Figuree 4. Human endotoxemia activates p38 MAPK. 
Peripherall  blood leukocytes from LPS-treated 
volunteerss were obtained just before LPS infusion 
(()').. and 5. 15. 30. and 60 min. and 4. X and 24 h after 
LPSS infusion. p38 MAPK phosphorylation and 
enzymaticc activity was then assessed at various time 
points.. Al l Western blots shown are representative of 
att least three experiments. (A) p38 MAPK 
phosphorylationn was determined using antibodies 
againstt phosphorylated p38 MAPK (pp38). (B) p38 
MAPKK enzymatic activity was determined by 
measuringg phosphorylation of ATF-2 (pATF-2) in an 
inn vitro kinase assay, using immunoprecipitated 
phosphorylatedd p38 MAPK from leukocyte lysates. 
(C)) Kinetic analysis of p38 MAPK phosphorylation 
inn leukocytes samples from 8 LPS-treated volunteers. 
Resultss (mean  SEM) were obtained by image 
analysiss of Western blotting with phosphospecific 
antibodiess and expressed relative to a reference 
sample,, which was set on a 100 arbitrary units. 

ppd2/44 4 pElk-1 1 

00 30 60 4h 8h 

Figuree 5. Human endotoxemia activates p42'44 
MAPK.. Peripheral blood leukocytes from LPS-
treatedd volunteers were obtained just before LPS 
infusionn (0'), and 5, 15, 30, and 60 min. and 4, 8 and 
244 h after LPS infusion. P42/44 MAPK 
phosphorylationn and enzymatic activity was then 
assessedd at various time points. All Western blots 
shownn are representative of at least three 
experiments.. (A) p42/44 MAPK phosphorylation was 
determinedd using antibodies against phosphorylated 
p42/444 MAPK (pp42/44). (B) p42/44 MAPK 
enzymaticc activity was determined by measuring 
phosphorylationn of Llk-1 (pElk-1) in an in vitro 
kinasee assay. using immunoprecipitated 
phosphorylatedd p42 44 MAPK from leukocyte 
lysates.. (C) Kinetic analysis of p42/44 MAPK 
phosphorylationn in leukocytes samples from LPS-
treatedd volunteers (number of samples analyzed as 
indicatee in the figure). Results (mean  SEM) were 
obtainedd by image analysis of Western blotting with 
phosphospecificc antibodies and expressed relative to a 
referencee sample, which was set on a 100 arbitrary 
units. . 

28 8 



Humann endotoxemia induced MAPK activation 

LPSLPS infusion enhances p38 MAPK andp42/p44 MAP enzymatic activity in peripheral blood 

leukocytes leukocytes 

Too confirm that enhanced phosphorylation of MAPKs after in vivo LPS challenge is 

accompaniedd by enhanced enzymatic activity of these enzymes, MAPKs were 

immunoprecipitatedd from peripheral blood lysates. As evident from figure 4B. 

phosphorylationn of p38 MAPK was accompanied by increased enzymatic activity. Also 

p42/'p444 MAPK showed enhanced enzymatic activity after LPS infusion, but the kinetics did 

nott completely correspond to enzyme phosphorylation, suggesting that other intracellular 

regulatoryy events, directing activity of p42/p44 MAPK, are present in vivo as well (figure 

5B).. Strikingly, neither phosphorylation nor activation of JNK was observed in the white cell 

fractionn of our LPS volunteers (figure 6A,B). These results confirm that human endotoxemia 

resultss in phosphorylation and activation of p38 MAPK and p42/p44 MAPK. Hence these 

resultss form the first formal proof of the activation of MAPK family members in an 

; „ f l „ m m ^ t „ „ ,, n „ « ; „ „ r h i r i n a h u m a n i n f l a m m a t i o n i i i n a i i i i i i a i w ii y v e i l i n g u u n i i g H u m a n i i i i i m n n i u i i u i i . 

AA B pp5 4 4 
__ <  — i  p  c-Ju n 

JJ  pp4 6 • •  «- ^ 
++ 0 '  30 :  60 '  -  +  0 !  3 0 60 '  4 h 8 h 

Figuree 6. Human endotoxemia does not activate JNK. Peripheral blood leukocytes from LPS-treated volunteers 
weree obtained just before LPS infusion (0'), and 5, 15, 30, and 60 min, and 4, 8 and 24 h after LPS infusion. 
JNK.. phosphorylation and enzymatic activity was then assessed at various time points. All Western blots shown 
aree representative of at least three experiments. (A) JNK phosphorylation was determined using antibodies 
againstt phosphorylated JNK (pp46/pp54), UV light treated 293 cells served as a positive control for JNK 
phosphorylationn (+). (B) JNK enzymatic activity was determined by measuring phosphorylation of c-Jun (p c-
Jun)) in an in vitro kinase assay, using immunoprecipitated phosphorylated JNK from leukocyte lysates, HeLa 
cellss treated with osmoshock or left untreated served as a positive and negative control (+. -). 

Discussion n 

AA large body of scientific research has led to the realization that the MAPK family is a 

principall  regulator of cell physiology. Activation of p38 MAPK, p42/p44 MAPK and JNK in 

responsee to a variety of inflammatory agents has been described and these MAPKs control 

manyy cellular responses to inflammation. As a consequence, inhibitors of these kinases have 

beenn proposed as anti-inflammatory therapy. Importantly, however, actual activation of these 

kinasess during human inflammation has not been verified and hence we set out to investigate 

24 4 
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thee effects of human endotoxemia on MAPKs. To this end we investigated endotoxin 

responsess in different blood cell fractions ex vivo and compared these to the effects observed 

inn the human endotoxemia model. This well-established model involves rapid systemic 

inflammationn and simultaneous activation of many inflammatory cells, and we argued that 

underr these circumstances MAPK activation should be readily detectable. 

Indeed,, endotoxemia induced both phosphorylation and enzymatic activation of p38 MAPK 

andd p42/44 MAPK in peripheral blood leukocytes, suggesting that these kinases are 

importantt in mediating LPS effects in vivo. Hence, it should be interesting to investigate 

whetherr pharmacological inhibition of such kinases wil l result in reduced fever and 

suppressionn of the other typical inflammatory symptoms observed in the human endotoxemia 

model.. Interestingly. LPS induced activation of MAPKs was followed by dephosphorylation 

off  both p38 MAPK and p42,44 MAPK. In vitro, LPS pre-treatment inhibits LPS-induced p38 

MAPKK and p42 44 MAPK activation, and this phenomenon is suggested to be involved in 

LPSS tolerance (13, 14). The mechanism underlying LPS tolerance is thought to reflect a 

protectivee cellular reprogramming against shock due to hyperreactive inflammatory cells, but 

onn the other hand may render septic patients vulnerable to secondary infections. Our data 

supportt the notion that in vivo exposure to LPS eventually inhibits MAPK activation. This 

MAPKK inhibition possibly induces a refractory state in MAPK activation and may be 

involvedd in cellular hyporesponsiveness during shock, but obviously further experimental 

workk is warranted. LPS-induced phosphorylation and activation of p38 MAPK and p42'p44 

MAPKK was fairly slow compared to in vitro studies (1. 7. 8). even allowing for the time 

necessaryy to obtain homogenous plasma distribution of LPS. This may be due to the fact that 

thee final LPS concentration reached in endotoxemic volunteers is relatively low as compared 

too most in vitro studies. Alternatively. LPS presentation to cells in vivo is far more complex 

thenn in vitro, involving competing influences of LPS binding protein and 

bactericidall  permeability-increasing protein (15). which may explain kinetic differences. 

Nevertheless,, these experiments identify these kinases as relevant targets for LPS in vivo and 

suggestt that both p38 MAPK and p42 p44 MAPK are of interest with regard to therapeutical 

relevancee in systemic inflammation. F.xperiments addressing the effects of such inhibitors are 

currentlyy in progress. 

30 0 
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Inn contrast to p38 MAPK and p42 44 MAPK. JNK activation could not be detected during 

humann endotoxemia. while in vitro these kinases are often simultaneously stimulated by LPS 

andd other stimuli (8, 16. 17). JNK phosphorylation is in general more difficult to detect when 

comparedd to the phosphorylation of other MAPK members, thus the possibility exists that 

JNKK activation in vivo is below our detection limit. However, ex vivo JNK phosphorylation 

wass easily detectable and also positive controls were unambiguous. The absence of LPS-

dependentt JNK activity in vivo may also be a consequence of the low concentration of LPS 

reachedd in the volunteers, or reflect differences in cellular physiology occurring in circulating 

leukocytess compared to ex-vivo stimulated cells. 

MAPKK activation was assayed in total leukocyte samples from peripheral blood, as 

preliminaryy experiments suggested that more elaborate separations into different cell 

fractionss results in hyperphosphorylation and activation (unpublished observations). Earlier 

reports,, using ex vivo stimulated neutrophils, have explicitly not observed LPS-induced JNK 

activationn in neutrophils (IK), while LPS-induced JNK activation in monocytes is well 

describedd (1). This raises the concern whether the relative large proportion of neutrophils in 

thee peripheral blood of our volunteers might obscure LPS induced JNK activation in other 

leukocytee cell fractions such as PBMCs. However, in our ex vivo experiments we separated 

thee PBMC cell fraction from the non-PBMC fraction (i.e. mainly neutrophils). The amount of 

leukocytee fractions (PBMC or non-PBMC) loaded on a gel was relative to their proportion in 

wholee blood as to allow comparison of their relative contribution to the measured MAPK 

activationn in the total leukocyte samples assayed from the endotoxemia volunteers. In the 

non-PBMCC fraction we did find LPS-induced JNK activation, suggesting that LPS can 

activatee JNK in neutrophils, contrasting an earlier report (18). Recently, however, it was 

reportedd that TNF induces JNK activation in neutrophils in an adhesion dependent fashion 

(19).. It is very well conceivable that LPS induced JNK activation, similarly to TNF. is 

adhesionn dependent in neutrophils. The non-adherent peripheral blood neutrophils, obtained 

fromm endotoxemic volunteers, may thus lack adhesion-dependent JNK activation in contrast 

too the neutrophils present in the non-PBMC fraction that were stimulated in a fashion 

allowingg adhesion (see material and methods) and this may possibly explain the difference 

betweenn our in vivo and in vitro results. Experiments in which the phosphorylation status of 

MAPKK family members is investigated using intracellular FACS analysis may in the future 

helpp to address the problem of differential MAPK activation in different cell types. 
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Nevertheless,, the absence of LPS-induced JNK activity in vivo, relative to the clear p38 

MAPKK and p42 44 MAPK activation, suggests that JNK may not be an ideal target for anti-

inflammatoryy therapy. 
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