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Abstract 

Barbiturates are known to suppress protective immunity and their therapeutic use is 

associated with nosocomial infections. Although barbiturates inhibit T cell proliferation, 

differentiation and cytokine synthesis, only thiobarbiturates markedly reduce the activation of 

immune regulatory transcription factors such as nuclear factor-κB (NF-κB) and nuclear factor 

of activated T cells (NFAT). In this study we investigated barbiturate-mediated effects on the 

regulation of the transcription factor activator protein 1 (AP-1) in primary T lymphocytes. We 

show that both thiobarbiturates and their oxy-analogues inhibit AP-1 dependent gene 

expression and AP-1 complex formation at clinically relevant doses. Furthermore, MAP-

kinase activity, which transcriptionally and posttranslationally regulates AP-1 complex 

formation is suppressed by most barbiturates. CD3/CD28 or PMA/ionomycin induced p38 

and ERK1/2 phosphorylation or JNK1/2 kinase activity was significantly diminished by 

pentobarbital, thiamylal, secobarbital or methohexital treatment. These barbiturates also 

inhibited the initiators of the MAP-kinase cascade, the small G proteins ras and rac-1, and 

prevented binding to their partners raf-1 and PAK, respectively. Thiopental, unlike the other 

barbiturates, only reduced ras and JNK activity upon direct CD3/CD28 receptor engagement. 

Contrarily, upon PMA/ionomycin stimulation, thiopental blocked AP-1 dependent gene 

expression independently of the small G protein ras and MAP-kinases, thus suggesting an 

additional, unknown mechanism of AP-1 regulation. In conclusion, our results contribute to 

the explanation of a clinically manifested immune suppression in barbiturate treated patients 

and support the idea of a MAP-kinase independent regulation of AP-1 by PKC and calcium in 

human T cells.  
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Barbiturates such as thiopental are used in patients suffering from severe traumatic brain 

injury to control intracranial hypertension and cerebral perfusion (Tsai et al., 2000). 

Prolonged infusion and high dose administration is necessary to achieve this effect but this 

regimen is associated with a loss of protective immunity and an increased incidence of 

infectious diseases (Eberhardt et al., 1992). 

Numerous pharmacological and cell biological effects of barbiturates have been 

described, including immunosuppressive and immunomodulatory actions on lymphocyte and 

leukocyte function. Barbiturates impair phagocytosis and superoxide generation in 

macrophages or polymorphonuclear leukocytes (Krumholz et al., 1995; Salman et al., 1998), 

inhibit neutrophil function (Nishina et al., 1998) and reduce natural killer cell activity (Ben-

Eliyahu et al., 1999). Most important, barbiturates affect various T cell functions such as 

cytokine synthesis, mitogen or antigen responsiveness and cytotoxicity (Thomas et al., 1982; 

Correa-Sales et al., 1997). T cells play a central role in the immune response and their 

inhibition is known to affect innate as well as adaptive immunity. However, it is still not 

completely understood which of the molecular effects precipitate the increased rate of 

infections observed clinically.  

Small G proteins, MAP-kinases and AP-1 are among the most conserved signal 

transduction molecules and are involved in all aspects of immune responses, from lymphocyte 

development, the initiation phase of innate immunity, to activation of adaptive immunity and 

programmed cell death when immune function is complete (Dong et al., 2002). T cell receptor 

activation includes the induction of central molecular switches (Berridge, 1997). The p21ras 

pathway mediates the activation of mitogen activated protein kinases (MAP-kinases), 

including extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK) and 

p38. p38 and JNK can additionally be activated by the Rho family of GTPases, including Rac 

and Cdc42 (Lopez-Ilasaca, 1998). MAP-kinases are serine/threonine kinases that 

phosphorylate various transcription factors and thereby regulate gene expression. One major 
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downstream target is the transcription factor activator protein 1 (AP-1). MAP-kinases regulate 

the transcriptional activation of AP-1 and control AP-1 protein function by phosphorylation 

(Foletta et al., 1998). 

In previous studies we demonstrated that two important regulators of immune function, 

the transcription factors nuclear factor of activated T cells (NFAT) and nuclear factor-κB 

(NF-κB), are significantly inhibited by thiobarbiturates but are only marginally affected by 

their oxy-analogues (Humar et al., 2004; Loop et al., 2002). However, cellular 

immunomodulatory effects such as impaired proliferation, cytokine expression, and CD69 

activation marker expression, are exerted by both thiobarbiturates and their oxy-analogues, 

indicating additional, crucial immunosuppressive mechanisms. Since such T cell responses 

were described to be directly or indirectly dependent on MAP-kinase and AP-1 activation 

(Foletta et al., 1998; Castellanos et al., 1997) we provide detailed insight into barbiturate 

mediated effects on these targets. Thus our data considerably enhance the understanding of 

how these substances exert their immunomodulatory effects. 
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Materials and Methods 

Barbiturates were obtained as sodium-salts: thiopental from Byk Gulden (Konstanz, 

Germany), pentobarbital from Alvetra (Neumünster, Germany), thiamylal from Pharmacia & 

Upjohn (Erlangen, Germany), secobarbital from Sigma-Aldrich (Saint Louis, MO) and 

methohexital from Lilly Deutschland GmbH (Erlangen, Germany). All other reagents were 

obtained from Sigma (Deisenhofen, Germany) unless indicated otherwise. 

 

Luciferase reporter gene assay  

The human T cell leukemia cell line, Jurkat, was used for transfection with pAP-

1(PMA)-TA-Luc (BD Biosciences, Heidelberg, Germany), an AP-1 dependent luciferase 

reporter gene construct, containing 6 tandem repeats of an AP-1 binding site in front of a 

TATA box. 1.5 x 106 cells per 1.5 ml were distributed into 6 well plates and starved over 

night in RPMI 1640 medium supplemented with 2 mM glutamine at 37°C in the presence of 

5% CO2. According to the manufacturer’s description, cells were transfected with 3 µg 

plasmid DNA and 30 µl Superfect (Qiagen, Hilden, Germany). After 4 h cells were diluted 

1:1 in serum free medium and plated at 1 ml per well onto 24 well plates. T cells were treated 

with 0.1 to 5 mM barbiturates for 15 h, activated by 15 ng/ml PMA and 1 µg/ml ionomycin 

for the last 13 h, and lysed in 100 µl luciferase reporter lysis buffer (Promega, Madison, WI). 

Luciferase reporter gene activity was measured by a luminometer (Microluminat Plus LB96P, 

Berthold Technologies, Bad-Wildbach, Germany) and normalized to protein content. 

 

Isolation and activation of CD3 positive T cells  

Peripheral blood mononuclear cells were purified by Ficoll-Paque™ PLUS (Amersham 

Biosciences, Freiburg, Germany) centrifugation from whole blood. T cells were enriched by 

immunomagnetic cell sorting with anti-CD3 microbeads according to the manufacturer’s 
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description (Miltenyi Biotech, Auburn, CA). CD3+ cells were suspended in RPMI 1640 

medium supplemented with 10 mM Hepes, pH 7.3, 50 µM β-mercaptoethanol, and 2 mM 

glutamine. T-cells were treated with 0.1 to 5 mM barbiturates for 6 h and activated by 0.5 

CD3/CD28 T cell Expander Dynabeads® (Dynal Biotech, Hamburg, Germany) per cell for 10 

min. Alternatively, cells were activated by 15 ng/ml PMA plus 1 µg/ml ionomycin for 10 min 

to substitute for CD3 T-cell receptor activation. For EMSA cells were activated for 30 min. 

 

Nuclear protein extraction and electrophoretic mobility shift assays  

Nuclear cell extracts were prepared from isolated CD3+ lymphocytes as described 

previously (Schreiber et al., 1989). Briefly, cells were incubated for 15 min at 4°C in 400 µl 

extraction buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and 

2.5 µl Nonidet P40). Pellets were solubilized in 50 µl suspension buffer (20 mM Hepes, pH 

7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM 1,4-dithiotreitol) and centrifuged at 

15000x g at 4°C for 15 min. Supernatants were used for electrophoretic mobility shift assays. 

Inhibitors of proteinases and phosphatases were added at the following concentrations to the 

extraction and suspension buffer: 10 µg/ml aprotinin, 25 µM leupeptin, 2 mM PMSF, 2 mM 

iodoacetamide, 10 mM NaF, and 10 mM Na4PO2O7. EMSAs were performed using the AP-1 

motif 5’-CGCTTGATGAGTCAGCCGGAA-3’ as a probe (Promega, Madison, WI). Binding 

reactions were carried out at room temperature for 30 min in a volume of 20 µl containing 20 

µg nuclear cell extract, 22 mM Hepes, pH 7.9, 70 mM KCl, 50 µM EDTA, 2.2 mM 1,4-

dithiotreitol, 2% glycerol, 4% Ficoll, 0.025% Nonidet P40, 0.03% PMSF, 20 µg bovine serum 

albumin, 2 µg poly dI-dC and 1.75 pmol of 32P end-labeled double stranded oligonucleotides 

(5 µCi/pmol). DNA-complexes were displayed by electrophoresis on 4% nondenaturating 

polyacrylamide gels. 
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Detection of p38 and p42/44 MAP-kinase  

106 CD3+ T lymphocytes were plated in 100 µl aliquots on a 96 well plate and 

incubated with barbiturates and CD3/CD28 T cell Expander Dynabeads® as indicated. Total 

cell lysates were prepared by addition of 25 µl SDS sample buffer (250 mM Tris, pH 6.8, 

10% SDS, 500 mM 1,4-dithiotreitol, 50% glycerol and 0.5% bromphenol blue). For Western 

blotting 20 µl of total cellular extracts were separated on 12% SDS polyacrylamide gels, 

blotted to a polyvinylidene difluoride membrane and analyzed by chemiluminescence with 

phosphospecific p38 or p42/44 antibodies (1:1000 dilution, New England Biolabs, Frankfurt, 

Germany). For normalization, blots were reprobed with antibodies to detect total amounts of 

p38 or p42/44 MAP-kinases (1:1000 dilution, New England Biolabs, Frankfurt, Germany). 

 

JNK/SAP-kinase activity immunoassay  

JNK/SAPK activity was determined by using the JNK activity immunoassay kit 

(Calbiochem, Schwalbach, Germany). 107 CD3+ T lymphocytes were harvested and lysed in 

200 µl ice-cold extraction buffer (20 mM Tris, pH 7.5, 135 mM NaCl, 25 mM C3H7O6PNa2, 2 

mM EDTA, 2 mM Na4PO2O7, 2 mM 1,4-dithiotreitol, 1 mM Na3VO4, 10% glycerol, 1% 

Triton X-100, 1.5 µg/ml aprotinin). Following centrifugation, supernatants were incubated 

with 2 µl of a polyclonal JNK specific antibody on a rocking platform for 45 min, then for 1 h 

after addition of 50 µl protein A sepharose slurry. Protein A sepharose beads were washed 

twice with 0.5 ml extraction buffer and once with 0.5 ml kinase assay buffer (25 mM Tris, pH 

7.5, 5 mM C3H7O6PNa2, 12 mM MgCl2, 2 mM 1,4-dithiotreitol, and 100 µM Na3VO4). Beads 

were suspended in 50 µl kinase assay buffer containing 2 µg c-Jun protein plus 1 nM ATP 

and incubated at 30°C for 25 min. Reactions were terminated by 30 µl of 3x SDS sample 

buffer and boiling. Proteins were separated on 12% SDS-PAGE gels. Immunoblots were 

analyzed with a polyclonal phosphospecific c-Jun antibody (1:1000 dilution). 
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Ras  activation assay 

2 x 107 primary human CD3+ T lymphocytes were used for each assay and analyzed by 

the Ras Activation Assay kit (Biomol, Hamburg, Germany). Briefly, cells were harvested and 

lysed in 300 µl ice-cold extraction buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM 

MgCl2, 1 mM EDTA, 1% Igepal CA-630, and 2% glycerol). Insoluble material was removed 

by centrifugation at 15000x g. Cell lysate supernatants were incubated with 10 µg of Raf-1 

RBD agarose on a wheel at 4°C for 30 min. Agarose beads were washed 3 times with 1 ml 

extraction buffer, then resuspended and boiled in 40 µl 2x SDS sample buffer. Proteins were 

separated on a 12% SDS-PAGE gel. Immunoblots were analyzed with 1 µg/ml anti-Ras 

antibody (clone RAS10).  

 

Preparation of GST-PAK-fusion protein and Rac-1 Activation Assay 

Escherichia coli BL21, transformed with a GST-PAK-CD expression vector, were a 

generous gift from Dr. J.G. Collard, The Netherlands Cancer Institute, Amsterdam. A 

bacterial over night culture was diluted 1:100 in 1 l LB medium, containing 100 µg/ml 

ampicillin, and grown to an OD600 of 0.6. Protein expression was induced with 100 µM IPTG 

for 2 h before bacterial pellets were lysed in 0.5 ml bacterial lysis buffer (20% sucrose, 10% 

glycerol, 50 mM Tris, pH 8.0, 0.2 mM Na2S2O5, 2 mM MgCl2, 2 mM 1,4-dithiotreitol, 1 mM 

PMSF, 1 µg/ml leupeptin, and 2 µg/ml aprotinin). Lysates were sonicated and centrifuged at 

15000x g for 15 min. Supernatants were mixed with 500 µl of a 50% glutathione-Sepharose 

4B slurry (Amersham Biosciences, Freiburg, Germany) and rotated on a wheel at 4°C for 1 h. 

Beads were washed twice with GST fish buffer (10% glycerol, 50 mM Tris, pH 7.4, 100 mM 

NaCl, 1% Nonidet P40, 2 mM MgCl2, 1 mM PMSF, 1 µg/ml leupeptin, 2 µg/ml aprotinin) 

and used as a 50% slurry for pull down experiments. 
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2 x 107 primary human CD3+ T lymphocytes were used for each Rac-1 activation assay. 

Cells were lysed in 200 µl ice-cold GST fish buffer for 5 min. For Rac-1 activation, cell lysate 

supernatants were induced with 50 µM GTPγs (Roche Molecular Biochemicals, Mannheim, 

Germany) plus 1 mM EDTA on a rocker platform for 10 min at room temperature. Reactions 

were stopped by addition of 50 mM MgCl2. Samples were incubated with 20 µl of 

glutathione-Sepharose GST-PAK-CD fusion protein beads on a wheel at 4°C for 40 min. 

Beads were washed twice with 1 ml GST fish buffer and boiled in 40 µl 2x SDS sample 

buffer. Proteins were separated on a 12% SDS-PAGE gel. Immunoblots were analyzed with 

0.25 µg/ml Rac-1 antibody (clone102, BD Biosciences, Heidelberg, Germany). 

 

Statistical analysis 

Data are shown as mean ±SEM. Statistical analysis was performed using a one-way 

analysis of variance on ranks followed by a nonparametric Student-Newman-Keuls test for 

multiple comparison. P values less than 0.05 were considered significant. 
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Results 

Barbiturates inhibit AP-1 dependent luciferase reporter gene expression  

In this study, we investigated whether AP-1, an essential transcription factor for 

numerous T cell functions, is affected by barbiturates. Jurkat cells were transiently transfected 

with an AP-1 dependent luciferase reporter gene construct and effects of thiobarbiturates were 

compared to their structurally similar oxy-analogues: thiopental versus pentobarbital, 

thiamylal versus secobarbital. The oxybarbiturate methohexital has no respective thio-

analogue (Fig. 1). AP-1 dependent reporter gene expression was induced by incubation with 

PMA plus ionomycin (Fig. 2). Barbiturates inhibited AP-1 dependent reporter gene 

expression. Maximal inhibitory potential of the barbiturates was reached at 2 mM, half 

maximal inhibition was observed at 0.1 to 0.5 mM. These concentrations are within clinically 

relevant dose ranges and comparable to tissue concentrations in organs that play a central role 

in the development of nosocomial infections (Neuwelt et al., 1982; Schalen et al., 1992; 

Yasuda et al., 1993). Previous results demonstrate that 2-thiobarbiturates are more potent 

inhibitors of transcription factors such as NFAT or NF-κB than their structurally identical 

oxy-analogues (Humar et al., 2004; Loop et al., 2002). In contrast to those results, AP-1 was 

affected similarly by both thiopental and pentobarbital or thiamylal and secobarbital, 

suggesting that C2 thiosubstitutions to the barbiturate backbone do not noticeable influence 

the potency of AP-1 inhibition. 

 

Barbiturates inhibit the transcription factor AP-1 in primary CD3+ T cells  

Effects of barbiturates on the formation of active AP-1 complexes were analyzed by 

EMSA shifts using nuclear cell extracts of primary human CD3+ T lymphocytes. Activation 

of naive T cells requires ligation of the T cell receptor conferring specificity and the provision 

of a second, co-stimulating signal (Bretscher, 1992). Therefore, AP-1 was induced by 

CD3/CD28 T cell receptor crosslinking. Supershift experiments using various antibodies 
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directed against different AP-1 protein family members demonstrated the contribution of c-

Jun, JunD, c-Fos and FosB proteins (data not shown). Similar to the results of the reporter 

gene expression assays, thiobarbiturates and their oxy-analogues inhibited AP-1 complex 

formation (Fig. 3). Identical results were obtained when direct CD3/CD28 receptor activation 

was replaced by stimulation with PMA and ionomycin (data not shown). In contrast, a direct 

co-incubation of barbiturates with activated nuclear extracts had no effect on AP-1 complex 

formation at corresponding DNA-binding sites (Fig. 4). Apparently, a direct interaction of 

barbiturates with AP-1 protein family members is not responsible for repression. These 

observations rather implicate the participation of biological processes, regulating the 

transcriptional and posttranslational activation of AP-1.   

 

Differential effects of barbiturates on the phosphorylation dependent activation of p38 

and ERK1/2 MAP kinases. 

In non-stimulated cells, AP-1 expression is low or undetectable, whereas there is a rapid 

induction of AP-1 activity by MAP kinases upon T cell receptor activation (Foletta et al., 

1998). The activity of these MAP kinases is critically regulated by their phosphorylation 

status. Effects of barbiturates on the phosphorylation of p38 MAP-kinase (Fig. 5) and ERK1/2 

(Fig. 6) were analyzed. Maximal MAP-kinase phosphorylation was induced within 10 min 

following CD3/CD28 T cell receptor activation. The barbiturates pentobarbital, thiamylal, 

secobarbital and methohexital inhibited the phosphorylation of p38 MAP-kinase and ERK1/2 

MAP kinase in a dose dependent manner (Fig. 5/6). Surprisingly, thiopental had no influence 

on p38 or ERK1/2 phosphorylation, suggesting a different mechanism of AP-1 inhibition. The 

structural similarities of thiopental with thiamylal or pentobarbital implicate that a distinctive 

combination of side chains at the C2 and C5 of the barbiturate backbone exerts differential 

effects on the phosphorylation of MAP-kinases, whereas such substitutions per se are not a 

prerequisite for this kind of inhibition. Structural components of the barbiturate backbone 
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such as malonic acid, barbituric acid, and thiobarbituric acid had no effect on MAP-kinase 

phosphorylation (data not shown).  

 

Differential effects of barbiturates on the phosphorylation of c-jun by JNK1/2.  

In contrast to p38 and ERK1/2, phosphorylation of JNK1/2 upon CD3/CD28 or PMA 

plus ionomycin stimulation could not be detected in total cellular lysates (data not shown). 

This might be due to the fact that JNK is expressed at low levels in naive T cells (Weiss et al., 

2000). For this reason, we determined the c-Jun NH2-terminal kinase activity. JNK1/2 were 

immunoprecipitated from total T cell lysates and immunoprecipitates were used to 

phosphorylate c-jun in vitro. Results are shown in Fig. 7A. Pentobarbital, thiamylal, 

secobarbital and methohexital inhibited the kinase activity of JNK1/2 when stimulated by 

CD3/CD28 T cell receptor activation. Similar results were obtained upon activation with 

PMA plus inomycin (Fig. 7B, data shown only for thiopental and pentobarbital). Thiopental 

showed differential effects on JNK1/2, depending on the type of activation. While it inhibited 

CD3/CD28 induced JNK1/2 activity and c-jun phosphorylation, thiopental did not affect 

JNK1/2 when stimulated with PMA plus ionomycin (Fig. 7B).  

 

Differential effects of barbiturates on p21 ras  activation.  

The p21ras pathway has been assigned a crucial role in T cell activation (Izquierido-

Pastor et al., 1995). Moreover p38, ERK1/2, and JNK1/2 are jointly regulated by p21 ras. 

Therefore, we investigated whether barbiturate dependent MAP-kinase inhibition is 

associated with an inactivation of the ras protein. The GTP-bound, activated form of ras was 

selectively precipitated with glutathione-sepharose beads coupled to a GST-fusion protein 

containing the RAF-1 binding domain for ras. Activated, barbiturate treated T cells showed a 

dose dependent decrease of the GTP-bound ras. Effects were most pronounced with thiamylal 

and methohexital, followed by secobarbital and pentobarbital (Fig. 8A). Similar results were 
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obtained upon activation with PMA plus ionomycin. Results are shown for pentobarbital, the 

oxy-analogue of thiopental (Fig. 8B). Likewise, inhibition of ras by thiopental was 

pronounced upon CD3/CD28 receptor activation, but again, following PMA and ionomycin 

stimulation, not further detectable (Fig. 8B). These findings are consistent with the 

observations described above (Fig. 4/5) and thus substantially support the assumption that 

barbiturate mediated impairment of MAP-kinase activity is regulated on the level of the small 

G proteins.  

 

Differential effects of barbiturates on Rac-1 activation.  

Rac-1 is another GTPase that is also involved in early T cell receptor signaling 

(Arrieumerlou et al., 2000), regulates the actin organization and cytoskeletal rearrangements 

(Zaffran et al., 2001) and participates in signals triggering cytotoxicity via the MAP-kinase 

pathway (Djeu et al., 2002). For this reasons we investigated whether barbiturates also affect 

rac-1 (Fig. 9). Our results demonstrate that, except for thiopental, all other barbiturates 

completely suppressed GTPγs-induced rac-1 activation. Once again, these differential effects 

of thiopental indicate, that a predetermined combination of side chains at the barbiturate 

backbone modulates distinctive cellular effects. Thiopental and its structural analogue 

pentobarbital only differ in the replacement of the 2-thio group by oxygen (Fig. 1). In this 

case, C2-oxygenation is necessary for an efficient inhibition of the GDP-GTP exchange on 

rac-1. In contrast, thiamylal, another thiobarbiturate (Fig. 1), also effectively blocked rac-1 

activation without bound oxygen at the C2-atom of the barbiturate backbone. Therefore C2-

oxygenation is an efficient but not absolutely required component for inhibition. A structural 

comparison of thiopental with thiamylal argues for the 5-allyl-5-(1-methyl-buthyl)-side chain 

at the C5 as an additional component for rac-1 inhibition. In conclusion, we thus propose that 

both side chains at the C2 and C5 equally modulate differential effects on rac-1. 
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Discussion 

Brain-injured patients are susceptible to secondary brain damage by decreased cerebral 

perfusion through edema formation and increased intracranial pressure (Tsai et al., 2000). 

Induction of barbiturate coma is used to control intracranial pressure, but its application is 

impeded by an increased incidence of infections (Eberhardt et al., 1992). In vitro, numerous 

immunomodulatory and immunosuppressive effects of barbiturates on leukocyte and 

lymphocyte function have been described (Corea-Sales et al., 1997; Salman et al., 1998). 

However, to avoid these side affects and to improve barbiturate therapy, the molecular 

mechanisms and structural requirements for barbiturate mediated immunosuppression need to 

be identified.  

Here we present evidence that barbiturates inhibit the activation of AP-1, a central 

transcription factor of T cell function. We show by different criteria that barbiturates are 

effective inhibitors of AP-1 in Jurkat T cells and primary human T lymphocytes. (1) 

Barbiturates suppress AP-1 dependent gene transcription; (2) barbiturates inhibit 

PMA/ionomycin or CD3/CD28 induced AP-1 complex formation; and (3) effects are dose 

dependent and occur at clinically relevant concentrations, attained in the plasma of patients 

during therapeutic coma (Neuwelt et al., 1982). 

Previously, we described that two transcription factors, NF-κB and NFAT, were 

inhibited by thiobarbiturates but only marginally by their oxybarbiturate analogues (Humar et 

al., 2004; Loop et al., 2002). Surprisingly, at the same time, certain biological effects such as 

proliferation, cytokine production, or CD69 activation marker expression were repressed by 

all barbiturates, suggesting further mechanisms of barbiturate-mediated immunosuppression. 

The results depicted here explain this discrepancy. AP-1, which cooperatively binds to NFAT, 

is inhibited by thiobarbiturates and their oxy-analogues at comparable concentrations. 

Consequently, T cell function, which is regulated by numerous interacting transcription 

factors, is dependent on the activity of the most affected link in the chain. 
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In T cells, AP-1 induction requires MAP-kinase dependent c-fos and c-jun gene 

transcription and posttranslational protein modification (Foletta et al, 1998). Here we have 

analyzed the impact of barbiturates on regulatory protein kinases. Pentobarbital, thiamylal, 

secobarbital and methohexital blocked the phosphorylation of p38, ERK1/2 and JNK1/2 

kinase activity, thus explaining AP-1 inhibition. The inhibition of kinase activity by 

barbiturates has already been described for the IKK-kinase and might involve a common 

mechanism (Loop et al., 2003). However, here we provide evidence, that the GDP/GTP 

exchange and thus G protein function is additionally impaired by these barbiturates. While 

CD3/CD28 or PMA plus ionomycin induced activation of p21ras necessitates a sophisticated 

pre-sequence of cellular events, GTPγs directly induces Rac-1 and thus excludes the 

participation of further biological processes. Therefore we postulate, that barbiturates can 

directly affect small G-proteins. Indeed, our data are supported by reports demonstrating 

altered activity of GTP binding proteins upon phenobarbital treatment in rat brain or in a rat 

basophilic leukemia cell line (Dan’ura et al., 1987; Robinson-White et al., 1990).  

Barbiturates are derived from barbituric acid, a cyclic compound obtained by the 

combination of urea and malonic acid forming a pyrimidine nucleus. Different substitutions at 

the carbon atoms number 2 and 5 of barbituric acid confer sedative-hypnotic and 

anticonvulsant activities and influence the pharmacokinetic properties. The latter is of 

particular importance due to the observed divergence of thiopental mediated effects. Unlike 

the other barbiturates, thiopental has no effect on MAP kinases and the small G proteins upon 

stimulation by PMA and ionomycin. A structural comparison of thiopental with the other 

barbiturates suggests that depending on the stimulus for cell activation both C2 oxygenation 

and the molecular structure of the side chain at the C5 determine the biological effects. These 

substitutions seem to be equipotent and interchangeable as differences between thiopental and 

pentobarbital (or thiamylal) affect only a single molecular modification.  
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Differential effects of barbiturates deliver new insight into T cell signaling. Thiopental, 

unlike the other barbiturates, can inhibit AP-1 without directly affecting the p21ras/MAP-

kinase pathway. For the first time we therefore provide evidence for a new AP-1 modulating 

pathway by PMA and ionomycin, bypassing p21ras and MAP-kinases. A direct inhibition of 

the formation of active AP-1 complexes was excluded by coincubation experiments with 

thiopental and activated nuclear extracts. Furthermore, thiopental exerts opposing effects on 

JNK and p21ras upon PMA/ionomycin stimulation as compared to direct CD3/CD28 receptor 

activation. PMA and ionomycin substitute for CD3 T cell receptor activation. Therefore, 

opposing effects are CD28 dependent, thus linking JNK and p21ras with CD28 signaling. 

Indeed, CD28 signaling has been found to converge with signals triggered by the CD3 

receptor at the level of JNK (Su et al., 1994). 

Our present data might explain the impairment of many immune functions upon 

barbiturate therapy. Growing evidence suggests that the p21ras/MAP-kinase/AP-1 pathway 

participates in all aspects of immune responses and thus regulates T cell activation and 

differentiation (Castellanos et al., 1997; Foletta et al., 1998; Dong et al., 2002). Therefore, it 

is not surprising, that barbiturates compromise various T cell functions, such as cytokine 

synthesis, antigen or mitogen reactivity, DTH-responsiveness, CD69 activation marker 

expression and cytotoxicity (Thomas et al., 1982; Correa-Sales et al., 1997; Loop et al., 

2002). In other cell types, reduced superoxide generation, phagocytosis, mitogen 

responsiveness, cytokine expression and cytotoxicity have been described upon barbiturate 

treatment (Krumholz et al., 1995; Salman et al., 1998; Nishina et al., 1998; Ben-Eliyahu et al., 

1999). Again, accumulating evidence suggests that these pathways require efficient MAP-

kinase/AP-1 signaling (Raeder et al., 1999; Xaus et al., 2001; Djeu et al., 2002; Dong et al, 

2002). Indeed, TNFα production and MAP-kinases are also suppressed by barbiturates in 

primary human monocytes (M. Humar, unpublished observation).  
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Moreover, our results demonstrate that Rac-1, a small GTPase of the Rho family of 

proteins, may be a central target for mediating immunosuppressive properties of barbiturates. 

Rac-1 is involved in early T cell signaling (Arrieumerlou et al., 2000), participates in signals 

triggering cytotoxicity (Djeu et al., 2002), and regulates the actin organization and 

cytoskeletal rearrangements (Hall, 1998). Morphological changes are crucial to T cell 

activation, allowing the cell to migrate through blood vessels, home into lymphoid organs, 

adhere to target cells, or to interact with APCs (Penninger and Crabtree, 1999). During T cell 

activation the actin cytoskeleton permits the formation of immune synapses and scaffolds for 

signal transduction molecules (Grakoui et al., 1999; Dustin and Cooper, 2000). Indeed, 

barbiturate application affects the microtubular assembly (Ventilla and Brown, 1976) and 

multiple reports describe reduced neutrophil chemotaxis or leukocyte migration through 

human endothelial cell monolayers following barbiturate exposure (Nishina et al., 1998; 

Hofbauer et al., 1998). Our results suggest that barbiturates directly affect these processes on 

the level of rac-1, whereas thiopental interacts differently. How thiopental inhibits such 

fundamental immune functions is highly speculative and can not be substantiated by present 

data in the literature. We suspect that inhibition of inducible transcription factors such as AP-

1, NF-AT or NF-κB may generally render immune cells non reactive to extracellular signals.  

In summary, our data suggest that barbiturates are potent inhibitors of AP-1 and act 

differentially on regulatory signal transduction molecules such as MAP-kinases and the 

GTPases p21ras and rac-1. Thus, our results serve to explain the clinically manifested 

immunosuppression in barbiturate treated patients. Since AP-1, MAP-kinases and small G 

proteins are involved in numerous aspects of cellular responses and are ubiquitously 

expressed in most tissues, extensive consequences of high dose barbiturate treatment must be 

considered.  
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Legends for Figures 

Figure 1. Chemical structure of barbiturates. Barbiturates are derived from barbituric 

acid, a cyclic compound obtained by the combination of urea and malonic acid forming a 

pyrimidine nucleus. Different substitutions at the carbon atoms number 2 and 5 of barbituric 

acid confer sedative-hypnotic and anticonvulsant activities and influence the pharmacokinetic 

properties. Thiopental (5-ethyl-5-(1-methyl-butyl)-6-oxo-2-thioxo-1,2,5,6,-tetrahydro-

pyrimidin-4-olate) is the structural analogue of the oxybarbiturate, pentobarbital (5-ethyl-5-

(1-methyl-butyl)-2,6-dioxo-1,2,5,6,-tetrahydro-pyrimidin-4-olate); thiamylal (5-allyl-5-(1-

methyl-butyl)-6-oxo-2-thioxo-1,2,5,6,-tetrahydro-pyrimidin-4-olate) is the analogue of the 

oxybarbiturate, secobarbital (5-allyl-5-(1-methyl-butyl)-2,6-dioxo-1,2,5,6,-tetrahydro-

pyrimidin-4-olate). Methohexital (5-allyl-1-methyl-5-(1-methyl-pent-2-ynyl)-2,6-dioxo-

1,2,5,6,-tetrahydro-pyrimidin-4-olate).  

 

Figure 2. Barbiturates inhibit AP-1 dependent reporter gene expression. Jurkat cells 

were transfected with 3 µg pAP-1(PMA)-TA-Luc, and incubated with 0 to 5 mM thiopental 

or pentobarbital (A), thiamylal or secobarbital (B), or methohexital (C) for 15 h. Cells were 

stimulated with 15 ng/ml PMA plus 1 µg/ml ionomycin (A-C) to induce AP-1 for the final 13 

h of culture. Lysates were analyzed for luciferase reporter gene activity and the results were 

normalized to protein levels. Results are displayed as percentage of relative light units (RLU) 

compared to stimulated, transfected cells in the absence of barbiturates. Statistics represent 

the mean ± SEM of four independent experiments. *, P < 0.05 versus positive controls 

(stimulation in the absence of barbiturates). 

 

Figure 3. Barbiturates inhibit AP-1 DNA binding upon CD3/CD28 receptor stimulation 

of CD3+ T cells. Peripheral human T lymphocytes were purified from blood by Ficoll-Paque 

centrifugation and immunomagnetic cell sorting with anti-CD3 microbeads. Nuclear cell 
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extracts were prepared and analyzed for AP-1 DNA binding activity by electrophoretic 

mobility shift assays. T cells were either untreated (lane1) or co-incubated with 0.5 and 2 mM 

barbiturate (lanes 3 and 4) for 6 h. AP-1 was induced by CD3/CD28 T cell Expander 

Dynabeads® (0.5 beads per cell; lanes 2 to 4) for the last 30 min of the experiment. «, 

position of AP-1 DNA complexes; O, nonspecific binding activity of the probe; , free probe. 

Representatives of 3 independent experiments are shown. 

 

Figure 4. Inhibition of DNA complex formation is not influenced by direct interaction of 

AP-1 proteins with barbiturates. CD3+ lymphocytes were either left untreated (lane1) or were 

treated with 0.5 CD3/CD28 T cell Expander Dynabeads® (0.5 beads per cell; lanes 2 - 7) for 

30 min. Nuclear extracts were prepared and used for co-incubation with thiopental at the 

indicated concentrations (lanes 3 - 7). Co-incubation was performed for 2 h at 37°C, and 

DNA binding was analyzed by electrophoretic mobility gel shift assays. «, position of AP-1 

DNA complexes; O, nonspecific binding activity of the probe; , free probe. A representative 

of 3 independent experiments is shown.   

 

Figure 5. Effect of barbiturates on the phosphorylation of p38 MAP-kinase upon 

CD3/CD28 receptor stimulation in human T cells. T cells were either left untreated (lane 1), 

or preincubated with 0.1 to 5 mM barbiturates for 6 h (lanes 3 - 9). p38 MAP-kinase 

phosphorylation was induced by CD3/CD28 T cell Expander Dynabeads® for the last 10 min 

of the experiment (0.5 beads per T cell; lanes 2 - 9). Whole cell proteins were separated by 

electrophoresis in 12% SDS-PAGE gels, transferred to polyvinylidene difluoride membranes, 

and analyzed by chemiluminescence with a phosphospecific anti-p38 MAP-kinase antibody 

(upper panels). To confirm that equal amounts of protein had been loaded in each lane, 

membranes were reprobed a phosphorylation independent p38 antibody (lower panels). 

Representatives of 3 independent experiments are shown. 
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Figure 6. Effect of barbiturates on the phosphorylation of ERK1/2 MAP-kinases upon 

CD3/CD28 receptor stimulation in human T cells. T cells were either untreated (lane 1), or 

preincubated with 0.1 to 5 mM barbiturates for 6 h (lanes 3 - 9). ERK1/2 MAP-kinases were 

induced by CD3/CD28 T cell Expander Dynabeads® for the last 10 min of the experiment 

(0.5 beads per T cell; lanes 2 - 9). Whole cell proteins were separated by electrophoresis in 

12% SDS-PAGE gels, transferred to polyvinylidene difluoride membranes, and analyzed with 

a phosphospecific anti-p42/44 MAP-kinase antibody (upper panels). Each experiment was 

normalized using a phosphorylation independent p42/44 antibody (lower panels). Reactions 

were detected by chemiluminescence. Representatives of 3 independent experiments are 

shown.  

 

Figure 7. Effect of barbiturates on the JNK-kinase activity as determined by an in vitro 

immune complex kinase assay. 107 peripheral human T lymphocytes were used per assay. 

JNK-kinases were induced by CD3/CD28 ligation (0.5 CD3/CD28 T cell Expander 

Dynabeads® per cell) or PMA (15 ng/ml) plus ionomycin (1 µg/ml) for 10 min. Position of 

precipitating JNK antibody and phosphorylated c-jun substrate is indicated. T cells were 

either left untreated (lane 1), or were preincubated with 1 to 5 mM barbiturates for 6 h (lanes 

3 - 7). JNK MAP-kinase activity was induced by CD3/CD28 T cell Expander Dynabeads® 

for the last 10 min of the experiment (0.5 beads per T cell; lanes 2 - 7). Representatives of 3 

independent experiments are shown. 

 

Figure 8. Effect of barbiturates on Ras activity as determined by a Raf-1 RBD pull 

down assay. (A): 2 x 107 peripheral human T lymphocytes were either left untreated (lane 1) 

or were stimulated with 0.5 CD3/CD28 T cell Expander Dynabeads® per cell for 10 min 

(lanes 2-7). Lanes 3-7: T cells were preincubated with 1 to 5 mM barbiturates for 6 h. Cell 

lysates were pulled down with Raf-1 RBD fusion proteins. Precipitated proteins (upper 
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panels) show the active fraction of the GTPase, whereas the lower panels show the total 

amount of p21ras in cell lysates. (B): same experimental setting but stimulation with PMA (15 

ng/ml) and ionomycin (1 µg/ml). Representatives of 3 independent experiments are shown. 

 

Figure 9. Effect of barbiturates on Rac-1 activity as determined by a GST-PAK-CD pull 

down assay. 2 x 107 peripheral human T lymphocytes were used per assay. T cells were either 

left untreated (lane 1) or were preincubated with 5 mM thiopental (lane 3), pentobarbital (lane 

4), thiamylal (lane 5), secobarbital (lane 6) or methohexital (lane 7) for 6 h. Rac-1 activity 

was induced by 50 µM GTPγs for 10 min (lanes 2 - 7) before GTP-bound rac-1 was pulled 

down with glutathione-sepharose beads coupled to GST-PAK-CRIB fusion proteins. 

Interacting proteins were eluted from the beads and analyzed by Western blotting using a rac-

1 specific antibody. Precipitated proteins (upper panel) show the active fraction of the 

GTPase, whereas the lower panel shows the total amount of Rac-1 used for the precipitation. 

Representatives of 3 independent experiments are shown. 
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