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Recent studies have shown that aromatic compounds, such as B[a]P, inPuence the immune system even at low concentrations. Although the 
activation of immune cells is the Qrst and thereby pivotal step in the immunological cascade, the current knowledge about the impact of envi-
ronmental pollutants on this process is quite limited. Jerefore, we investigated the eBect of a subtoxic B[a]P concentration (50 nM) on the 
proteome and the metabolome of non-activated and activated Jurkat T cells. Je GeLC-MS/MS analysis yielded 2624 unambiguously identi-
Qed proteins. In addition to typical regulatory pathways associated with T cell activation, pathway analysis by Ingenuity IPA revealed several 
metabolic processes, for instance purine and pyruvate metabolism. Je activation process seems to be inPuenced by B[a]P suggesting an im-
portant role of the mTOR pathway in the cellular adaptation. B[a]P exposure of non-activated Jurkat cells induced signaling pathways such as 
protein ubiquitination and NRF2 mediated oxidative stress response as well as metabolic adaptations involving pyruvate, purine and fatty acid 
metabolism. Jus, we validated the proteome results by determining the concentrations of 183 metabolites with FIA-MS/MS and IC-MS/MS. 
Furthermore, we were able to show that Jurkat cells metabolize B[a]P to B[a]P-1,6-dione. Je combined evaluation of proteome and metabo-
lome data with an integrated, genome-scale metabolic model provided novel systems biological insights into the complex relation between 
metabolic and proteomic processes in Jurkat T cells during activation and subtoxic chemical exposure. 
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AhR: aryl hydrocarbon receptor; APC: antigen presenting cell; APCI: atmospheric-pressure chemical ionization; ARE: antioxidant re-
sponse element; B[a]P: benzo[a]pyrene; FDR: false discovery rate; FIA-MS/MS: Pow injection assay mass spectrometry; GeLC-MS/MS: 1D 
PAGE protein separation followed by liquid chromatography-tandem mass spectrometry; IC-MS/MS: ion chromatography coupled to mass 
spectrometry; IL-2: interleukin-2; mTOR: mammalian target of rapamycin; NRF2: nuclear factor erythroid 2-related factor 2; PI: propidium 
iodide; XRE: xenobiotic response element. 
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1. Introduction 

T cell development, subset lineage speciQcation, survival 
and death are dependent on the initial step of T cell receptor 
activation [1]. Many major milestones in understanding this 
process originate from experiments with transformed T cell 
lines, such as Jurkat T cells [2]. Only very few proteomic 
studies focus on the activation of Jurkat cells. Jose experi-
ments either established new proteomic methods [3], or fo-
cused on detecting the protein composition of lipid raYs [4] 
and on elucidating general signaling pathways [5]. Jus the 
consequences of the diBerent signaling patterns on the prote-
ome are not well characterized yet. Furthermore, metabolom-
ic processes are known to play an important role in T cell 
activation and diBerentiation [6]. 

Je speciQc outcome of T cell stimulation is based on the 
integration of complex signals from the cellular microenvi-
ronment, which can be aBected by environmental pollutants, 
such as B[a]P. Earlier Qndings showed that B[a]P and its me-
tabolites inPuence cell mediated as well as humoral immunity 
[7] at rather low concentrations, but the mechanisms remain 
largely unknown. Je chemical and biological inert B[a]P can 
be metabolically activated in the cell by three diBerent path-
ways - the diol epoxide, the o-quinone and the radical cation 
pathway [8]. Je cytochromes P4501A1/1B1, which are in-
volved in the diol epoxide and o-quinone pathway, can be 
induced via AhR signaling [9]. Although it is known that 
some T lymphocytes, such as J17 cells, express AhR at high 
levels, most of the other T helper cell subpopulations are re-
ported to lack AhR [10, 11]. This led to the hypothesis of 
AhR-independent pathways causing the observed eBects. 
One possible pathway is the activation of the transcription 
factor NRF2. Electrophilic compounds, such as those gener-
ated in the course of B[a]P transformation, directly or indi-
rectly cause oxidative stress. Jis stress leads to the oxidation 
of the Kelch-like ECH-associated protein 1 (KEAP1), which 
then loses its ability to sequester NRF2 in the cytosol. AYer 
dissociation from KEAP1, NRF2 translocates into the nucleus 
and binds to ARE-elements. Jis binding activates the tran-
scription of phase II detoxifying enzymes [12] and other pro-
teins [13] that are partly redundant and partly complemen-
tary to the eBects of the AhR signaling pathway. 

In our previous experiments [14] and other studies about 
the eBects of B[a]P on the proteome [15] mostly gel-based 
methods were applied. As the number of regulated proteins 
identiQed and quantiQed with this method is quite limited, we 
chose a GeLC-MS/MS setup this time. We were able to in-
crease the number of identiQed and quantiQed proteins up to 
2624 in total in comparison to 608 quantiQed and 112 identi-
Qed protein spots in the previous study. Furthermore, our 
recent work showed strong evidence for alterations in meta-
bolic pathways caused by B[a]P exposure in activated Jurkat 
T cells, especially in the glutamine metabolism [14]. Hence, 
we intensively examined the metabolomic changes with the 
help of FIA-MS/MS and IC-MS/MS in addition to proteomic 
alterations. We were able to analyze 183 metabolites in con-

trast to only 2 metabolites in the earlier study. Moreover, we 
investigated the eBect of activation itself and the inPuence of 
B[a]P to gain deeper insights into the activation process and 
the toxicological eBects of B[a]P on it. Je proteome data 
were used to identify the involved cellular and metabolic 
pathways, which were veriQed and complemented by West-
ern blotting and metabolomic analysis. Additionally, we ana-
lyzed the biotransformation of B[a]P in this cell line. 

2. Material and Methods 

2.1. Activation and B[a]P exposure 

Jurkat T cells (clone E6-1, TIB-152, LGC Promochem, 
Wesel, Germany) were maintained as described earlier [16]. 
Four diBerent treatments were performed: incubation with 
DMSO (control); exposure to B[a]P (B[a]P); activation and 
incubation with DMSO (activated); activation and exposure 
to B[a]P (activated + B[a]P). At Qrst the cells were activated 
with 750 ng/ml ionomycin (IO) and 10 ng/ml phorbol-12-
myristat-13-acetate (PMA) for 4 h or leY untreated for the 
non-activated samples. AYerwards the cells were collected 
and resuspended in fresh medium supplemented with 50 nM 
B[a]P (all Sigma-Aldrich, Steinheim, Germany) dissolved in 
dimethylsulfoxide (DMSO; Applichem, Darmstadt, Germa-
ny) or fresh medium supplemented only with DMSO (for 
samples without B[a]P exposure). AYer B[a]P exposure for 
24 h, all cells and supernatants were collected for all further 
analysis (except B[a]P metabolite analysis). All experiments 
were carried out in triplicates.  

2.2. Determination of cell viability and activation status 

AYer 4 h of activation and the following 24 h B[a]P expo-
sure the viability and the activation status of the cells was 
analyzed by Pow cytometry. 1 µl propidium iodide (Miltenyi 
Biotech, Bergisch Gladbach, Germany) or 1 µl annexin V-
FITC (Abcam plc, Cambridge, UK) were used to stain 
1x105 cells for 5 min at room temperature to verify the viabil-
ity of the cells. In order to determine the cell activation, 
1x105 cells were stained with 1 µl anti-CD25-PE (Miltenyi 
Biotech, Bergisch Gladbach, Germany) or 1 µl anti-CD69-PE 
(Immunotech, Marseille, France) at 4°C. Je samples were 
measured on a FACSCalibur (Becton-Dickinson, Erembode-
gem, Belgium). Je cell viability was assessed for all cells, 
whereas the activation markers were evaluated only for viable 
cells (based on cell size). 

2.3. Cell fractionation, 1D-SDS-PAGE and Western blotting 

For analysis with GeLC-MS/MS the cells were fractionated 
with the Qproteome Cell Compartment Kit (Qiagen, Hilden, 
Germany) as described previously [16]. 

A salt fractionation with increasing KCl concentrations (10, 
200 and 400 mM) and diBerent centrifugation steps with in-
creasing velocity was performed to verify the expression of 
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NF-κB1 and phospho-eIF2α in diBerent cellular compart-
ments. All KCl buBers contained 10 mM HEPES, pH 7.4; 
1.5 mM MgCl2; 339 mM sucrose; 10% glycerol; 1x protease 
inhibitor (Roche, Mannheim, Germany) and the additions 
stated in brackets. AYer activation and B[a]P exposure the 
cells were washed two times with cold 1x PBS (5 min; 300 x g; 
4°C). Je volume of the packed cells was determined and the 
triple of that volume was used for all following buBers. Je 
pellet was resuspended in 10 mM KCl buBer (0.1% Triton X-
100; 10 mM KCl) and incubated on ice for 5 min. AYer cen-
trifugation at 1,300 x g and 4°C for 5 min the supernatant was 
saved as 10 mM fraction (cytoplasm) and the pellet was 
solved in 200 mM KCl buBer (200 mM KCl) and incubated at 
4°C for 60 min shaking at 850 rpm. Je suspension was cen-
trifuged at 15,000 x g and 4°C for 15 min and the supernatant 
was saved as 200 mM fraction. Je pellet was dissolved in 
400 mM KCl buBer (400 mM KCl) and again incubated at 
4°C for 60 min shaking at 850 rpm. AYer a last centrifugation 
step at 15,000 x g and 4°C for 15 min the supernatant con-
tained the 400 mM fraction. Je pellet was resuspended in 
Benzonase buBer (50 mM Tris-HCl; 1 mM MgCl2; 1x prote-
ase inhibitor) and 1 µl Benzonase (Novagen) was added. Jis 
mixture was incubated at 37°C for about 1.5 h with shaking 
(400 rpm) until the big clump of DNA and proteins was ho-
mogenized and saved as pellet fraction (nucleus). Je protein 
content of all fractions was determined using the Pierce 
660 nm Protein Assay (Jermo Fisher ScientiQc, Bonn, Ger-
many) according to the manufacturer’s instruction, but with 
5 µl of all samples and standards. 30 µg of the indicated frac-
tions from the salt fractionation were analyzed with im-
munoblots as described elsewhere [17]. Anti-NF-κB1 (1:200, 
#3035), anti-H2A (1:1000, #2578), anti-phospho-eIF2α 
(1:200, #3398, all Cell Signaling Technology) and anti-
PSMA4 (1:100, H-128, Santa Cruz Biotechnology) were used 
as primary antibodies. Chemiluminescence signal was meas-
ured using Pierce ECL Western Blotting Substrate (Jermo 
Fisher ScientiQc, Bonn, Germany) on a FluorChem 8900 
(Alpha Innotech). Immunoblot signals were quantiQed with 
ImageJ soYware (http://rsbweb.nih.gov/ij/). Je content of 
cytoplasmic and nuclear proteins was normalized using the 
signals of the two ‘housekeeping’ proteins PSMA4 or H2A, 
respectively. 

2.4. Sample preparation, LC-MS/MS analysis and data pro-
cessing 

Je proteins were digested and analyzed with GeLC-MS/
MS as described elsewhere [16]. Je MS/MS data were evalu-
ated with MaxQuant (version 1.2.2.5) using the human Uni-
prot database (version 11/16/2011). Carbamidomethylation 
of cysteine was speciQed as a Qxed modiQcation, whereas oxi-
dation of methionine and acetylation of the protein N-
terminus were speciQed as variable modiQcations. Peptide 
and protein FDR were set to 1%. A minimum of two peptides 
with at least one unique peptide was used for protein identiQ-
cation. Proteins were quantiQed by label-free quantiQcation 

with a minimum ratio count of 1 and a match between runs 
time window of 4 min. Je overall label-free quantiQcation 
intensity of each sample was normalized to the average over-
all label-free quantiQcation intensity of all samples from one 
fraction. Only proteins found in at least two of three repli-
cates in all four diBerent treatments were further analyzed. 
Fold changes were calculated between the label-free quantiQ-
cation intensities from the diBerent treatments and a Stu-
dent’s t-test was conducted on the log2 label-free quantiQca-
tion intensities for each comparison. Proteins with a p-value 
less than 0.05 and an average linear fold change higher than 
1.5 were considered as signiQcantly regulated.  

2.5. Extraction and measurement of cellular metabolites  

Concentrations of 163 metabolites from cell lysates were 
determined using a targeted metabolic approach with the 
AbsoluteIDQ p150 kit (BIOCRATES Life Sciences AG, Inns-
bruck, Austria) as described earlier [18]. BriePy, extraction of 
cell pellets was carried out using 300 µl methanol/water 
(1/1 v/v) and ultrasonic homogenization for 2 min on ice. 
Samples were centrifuged and 30 µl of supernatants were pre-
pared according to the manufacturer’s protocol [19]. FIA-
MS/MS analyses were carried out on an Agilent 1100 series 
binary HPLC system (Agilent Technologies, Waldbronn, 
Germany) coupled to an 4000 QTrap mass spectrometer (AB 
Sciex, Concord, Canada) equipped with a TurboIon spray 
source. QuantiQcation was achieved by positive and negative 
multiple reaction monitoring (MRM) detection in combina-
tion with the use of stable isotope-labeled and other internal 
standards. Data evaluation for quantiQcation of metabolite 
concentrations was performed with the MetIQTM soYware 
package. 

For IC-MS/MS analysis, extracts were diluted ten-fold in 
Milli-Q water and measured on an ICS-5000 (Jermo Fisher 
ScientiQc, Dreieich, Germany) coupled to an API 5500 QTrap 
(AB Sciex). Separation was achieved on an IonPac AS11-HC 
column (2 x 250mm, Jermo Fisher ScientiQc) with an in-
creasing potassium hydroxide gradient. MS analysis was per-
formed in MRM mode using negative electrospray ionization 
and included organic acids, carbohydrates and nucleotides 
involved in central metabolite pathways. 

2.6. Measurement of B[a]P and B[a]P metabolites 

Cell pellets from Jurkat T cells exposed to 50 nM, 5 µM, 
10 µM and 50 µM B[a]P for 4 h and 24 h, were dissolved in 
1 ml ethylacetate, homogenized and internal standards were 
added and vortexed for 2 min. Je ethylacetate phase was 
evaporated and the residue was re-suspended in 50 µl metha-
nol:water (1/1 v/v). 10 µl were injected into a Shimadzu LC-
20 HPLC system (Shimadzu, Duisburg, Germany) coupled to 
an API 4000 QTrap mass spectrometer (AB Sciex). Chroma-
tography was performed on an Envirosep PP column 
(125 mm × 2 mm, 5 µm particle size, Phenomenex, 
AschaBenburg, Germany) at 20°C with a Pow rate of 0.2 ml/
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min using 5 mM ammonium acetate in methanol:water 
(1/1 v/v) and 5 mM ammonium acetate in methanol for gra-
dient elution within 25 min. Analysis was conducted in the 
APCI mode (source temperature: 350°C) under MRM mode 
for quantiQcation.  

2.7. Pathway analysis 

Proteins quantiQed in at least two out of the three replicates 
in all four treatments were analyzed further using IPA Inge-
nuity build 131235, version 11904312 (Ingenuity Systems, 
Inc., Redwood City, CA, USA). Je analysis was performed 
using the preset parameters (see supplement) and excluding 
pathways related to cardiovascular signaling as well as neuro-
transmitter and other nervous system signaling.  

2.8. Metabolic network construction 

In order to integrate the content of the KEGG, EHMN and 
BiGG databases, identical compounds were merged based on 
common identiQers like KEGG IDs. Jereby, additional in-
formation on enzymes catalyzing identical biochemical reac-
tions from the individual databases was preserved. Database-
speciQc compounds that could not be mapped were built into 
the integrated metabolic network according to the reactions 
they participate in. Je largest connected component of the 
integrated network was used for further analysis. It consisted 
of 3657 metabolite nodes and 5389 reaction nodes, and 45696 
edges between the two node partitions. 

2.9. Subgraph extraction by k-walks algorithm 

In order to infer the relationships between the diBerentially 
regulated entities and to identify the metabolic pathways that 
are most relevant for the experimental condition, we mapped 
the lists of signiQcantly regulated proteins from all three frac-
tions as well as metabolites onto the integrated network. Giv-
en these signiQcantly regulated species as seed nodes, the k-
walks algorithm and a minimal threshold as described in [20] 
were applied to extract meaningful subgraphs from the meta-
bolic network.  

3. Results and discussion 

3.1. In0uence of B[a]P exposure on the cell viability and acti-
vation status 

Je cell viability and activation status of the Jurkat T cells 
was assessed aYer activation and B[a]P exposure by FACS 
measurement (Figure 1). In control cells and B[a]P treated 
cells, between 7 and 8% were annexin V or PI positive. Acti-
vated cells showed a fraction of 28% PI positive and 34% an-
nexin V positive cells. In both, activated and non-activated 
cells, there was no diBerence in viability due to B[a]P expo-
sure, indicating that a concentration of 50 nM B[a]P is not 
cytotoxic for Jurkat T cells within the time of exposure (24 h). 

Je higher amount of apoptotic cells in the activated samples 
can be attributed to the known phenomenon of activation-
induced cell death, a speciQc form of apoptosis initiated in 
previously activated T cells following restimulation via the T 
cell receptor complex [20]. A comparable number of around 
30% apoptotic cells was measured by Chwae et al. in Jurkat T 
cells aYer stimulation with 100 ng/ml PMA and 1 g/ml iono-
mycin for 24 h [21]. 

Nearly all activated cells (with or without B[a]P exposure) 
were positive for the early activation marker CD69. In con-
trast, around 37% and 34% of the cells were CD25 positive in 
the activated and activated plus B[a]P exposed cells, respec-
tively. For both activation markers, the amount of positive 
cells in non-activated and activated cells was slightly lower 
with B[a]P exposure, but the diBerence was not statistically 
signiQcant. Our results are in line with experiments with lym-
phocytes isolated from blood, which showed about 30% 
CD25 and 80% CD69 positive cells aYer stimulation with 
PMA and IO [22]. 

3.2. Biotransformation of B[a]P 

In addition to B[a]P itself, trans-B[a]P-7,8-dihydrodiol, 
trans-B[a]P-9,10-dihydrodiol, B[a]P-tetrahydrotetrol, B[a]P-
1,6-dione as well as 3-OH-B[a]P, 7-OH-B[a]P, 8-OH-B[a]P 
were measured to investigate the corresponding degradation 
pathways in Jurkat T cells. Intracellular B[a]P was detected in 
all samples. However, the only metabolite found was B[a]P-

Figure 1. Cell viability and activation status of Jurkat T cells 
a1er di2erent treatments. Je viability and the activation status of 
the Jurkat T cells was analyzed by measurement of PI and annex-
in V staining as well as anti-CD25 or anti-CD69 staining via Pow 
cytometry. Shown is the mean of three experiments ± SD. 
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1,6-dione (13.4 min). It was detected aYer exposure to 10 µM 
B[a]P for 4 h and 50 µM B[a]P for 4 h and 24 h (Figure S1) 
together with two other signals (13.7 min and 14.5 min) with 
the same MRM-transition (m/z 283->226). Je data suggest 
that B[a]P is initially oxidized by P450 peroxidases or the 
monooxygenase catalytic cycle or by other peroxidases to 
form a B[a]P-cation. Jis reactive intermediate can either 
form DNA adducts or is metabolized further to B[a]P-1,6-
dione.[8] Je two unidentiQed peaks are likely to be other 
B[a]P-diones formed via the same metabolic pathway [23]. 
However, their further identiQcation requires standard sub-
stances. For all other analyzed B[a]P-metabolites the concen-
trations were below the detection limit. Jus, it seems that in 
Jurkat cells B[a]P-dione formation via radical cation pathway 
is the main route of B[a]P-metabolism and –detoxiQcation. 

3.3. Fractionation into di2erent cellular compartments result-
ed in 2624 unambiguously identi8ed proteins 

Je proteome analysis yielded 2624 unambiguously identi-
Qed proteins that were quantiQed by calculation of the pep-
tide peak intensities (Table S1). With 1969 and 1842 hits, 
most of the proteins were found in the cytoplasm and mem-
brane, respectively, whereas only 1506 proteins were identi-
Qed in the nuclear fraction. In the cytoplasm and membrane 
fraction, similar numbers of proteins were quantiQed in all 
four diBerent treatments, whereas in the nuclear fraction 
clearly more proteins (about 150 more) were quantiQed in the 
two activated samples. 1582 cytosolic, 970 nuclear and 1292 
membrane proteins were used for enrichment and pathway 
analysis.   

Based on the study of Beck et al. in 2011, which postulates a 
number of at least 10,000 proteins as typical for a human cell 
line [24], we achieved a reasonable coverage with a compara-
bly simple fractionation method and only 108 LC-MS/MS 
runs. With the switch to a LC-MS/MS method we considera-
bly improved the quantiQcation rate compared to our previ-
ous B[a]P exposure experiments with Jurkat cells [14]. More 
precisely we identiQed and quantiQed in total 2624 proteins 
which is a 4-fold and 23-fold increase in comparison to the 
previously quantiQed and identiQed protein spots, respective-
ly. Je possibility of simultaneous identiQcation and quantiQ-
cation of proteins by LC-MS is one of the clear advantages in 
comparison to gel-based approaches. Hence, the signiQcance 
of subsequent pathway analysis is considerably improved. 

In a global protein survey study on Jurkat T cells published 
in 2007, a total of 5381 proteins were identiQed with high 
conQdence, but seven diBerent cellular fractions, numerous 
replicates and about 16 times more LC-MS/MS runs than in 
our experiments had to be performed [25]. In respect to the 
nuclear fraction the number of 1506 detected proteins is 
higher than in another study that identiQed 872 proteins in 
the proteome of the T cell nucleolus [26]. De Wet et al. iden-
tiQed 1517 proteins in the T cell plasma membrane. In con-
trast, we were able to identify 325 additional proteins in the 
membrane fraction with more stringent identiQcation criteria 

of at least two peptides and less LC-MS/MS runs as they cut 
every sample lane in ten pieces [27]. 

3.4. E2ects of activation and B[a]P on the proteome  

In order to understand the eBect of activation on Jurkat T 
cells as well as the inPuence of B[a]P on this process, fold 
changes of the proteins as well as p-values were compared 
between the diBerent treatments (Table S2). Je signiQcantly 
regulated proteins are visualized by plotting the log2 of the 
fold changes against the -log10 of the p-values (Figure 2A-D). 
B[a]P changes the expression of about 4% of the quantiQed 
proteins in the cytoplasm and membrane fraction (Figure 
2E), whereas nearly no changes were detectable in the nuclear 
fraction (0.8%). Activation led to apparent changes of the 
protein abundance ranging from 5.3% to 16% in the three 
diBerent cellular compartments in non-treated as well as 
in B[a]P exposed cells. Activation alone caused similar 
changes in the cytoplasm and nuclei fraction of about 12%, 
whereas activation in the presence of B[a]P modiQed the ex-
pression of nuclear proteins (16%) stronger than the expres-
sion of cytoplasmic proteins (9.2%). In addition, B[a]P expo-
sure of activated cells caused only few signiQcant changes in 
the proteome (0.9 - 1.4%) in all three fractions. 

3.5. Pathways in0uenced by activation and B[a]P exposure  

Je abundance data from about 2500 proteins were ana-
lyzed using the Ingenuity Systems pathway program to un-
ravel the aBected cellular processes and pathways. Je top ten 
regulated canonical pathways based on IPA p-values are sum-
marized in Figure 3. 

E2ects of activation 

Activation of Jurkat T cells aBects the eIF2 pathway (Figure 
3). Most of the quantiQed translation initiation factors and 
ribosomal proteins were down-regulated, and only very few 
were up-regulated. As the global regulation of translation 
mainly occurs by changes in the phosphorylation state of 
translation initiation factors [28], we analyzed the phosphor-
ylation of eIF-2α (Figure 4A) and found that it was decreased 
in the activated cells. A reduced phosphorylation leads to an 
enhanced translation since the phosphorylation of eIF-2α 
inhibits the translation by blocking the GDP–GTP exchange 
on eIF2, which is required to reconstitute a functional com-
plex for a new round of translation initiation [28]. Jis shows 
that changes in the protein abundance have to be carefully 
veriQed and that posttranslational modiQcations, especially 
phosphorylation, are very important for pathway regulation. 

CD28 signaling in T helper cells is in the top ten of inPu-
enced pathways, which demonstrates on the proteomic level 
that the activation of the Jurkat cells was successful. Most of 
the proteins were found to be highly up-regulated, sometimes 
in several cellular fractions. NFKB1 and NFKB2 are induced 
by the CD28 co-stimulation pathway and play an important 
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role in the regulation of the immune response, particularly 
for the transcription of cytokines such as IL-2 [29]. We veri-
Qed the induced expression of NFKB1 by detecting its 
120 kDa precursor as well as a substantial increase of the pro-
cessed 50 kDa protein in the nucleus (Figure 4A). Further-
more, several actin-related proteins, α-actinin-1, vimentin 
and other proteins involved in reorganization of the cytoskel-
eton, were found to be signiQcantly regulated. Jey are also 
important in T cell activation, especially in the formation of 
the immunological synapse [30].  

Two metabolic pathways (purine and pyruvate metabo-
lism) were identiQed and ranked within the top ten pathways 
by IPA. In order to conQrm the results from pathway analysis 
we determined the concentrations of involved metabolites 
(Table S3). A signiQcant down-regulation of AMP, ADP, 
ATP, UDP and UTP was observed and underlines the proteo-
mic Qndings regarding nucleotide metabolism. In accordance 

Figure 2. Comparison of protein abundances between di2erent 
treatments. A-D: Je log2 expression ratios are plotted against the 
-log10 of the p-values. Je cutoBs for signiQcantly changed pro-
teins are indicated by solid lines (A - B[a]P/control; B - activated/
control; C - activated+B[a]P/activated; D - activated+B[a]P/B[a]P); 
E: Shown is the distribution of diBerentially abundant proteins 
among the diBerent compartments. Reduced protein abundance is 
illustrated by a fasciated pattern, increased protein abundance by 
no pattern. 

Figure 3. Pathway analysis of proteins with Ingenuity IPA. Je 
bar chart displays the identiQed canonical pathways along with 
their signiQcance (calculated by Ingenuity IPA). Je top ten path-
ways are listed from most signiQcant to least signiQcant.  
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to the inPuence of activation on the pyruvate metabolism, 
several enzymes and intermediates of the glycolysis such as 
hexokinase-1, phosphoenolpyruvate, glucose- and fructose 6-
phosphate were up-regulated, although only pyruvate kinase 
isozymes M1/M2 and a subunit of the pyruvate dehydrogen-
ase had a signiQcantly increased expression. It is known that 
T cell stimulation leads to activation of the serine-threonine 
kinase AKT, which in turn promotes the localization of the 
glucose transporter GLUT1 to the membrane. Jis facilitates 
an increased glucose uptake, which was detected by a signiQ-
cant up-regulation of hexose concentration aYer activation 
[31]. Lactate and L-lactate dehydrogenase B chain were both 
signiQcantly down-regulated, indicating that pyruvate may be 
metabolized in the citrate cycle rather than being dehydro-
genated to lactate. Moreover, three intermediates of the cit-
rate cycle, malate, succinate and α-ketoglutarate, were found 
to be down-regulated. Conversely, several citrate cycle en-
zymes were found to be induced, including the mitochondrial 
malate dehydrogenase. Je opposite trends in regulation of 
enzymes and metabolites may be caused by the fact that the 
up-regulated enzymes egciently metabolize their substrates 
and therefore their substrates are present in lower concentra-
tion, which is the case for malate and malate dehydrogenase. 
Glutamine, which was observed to be signiQcantly up-
regulated aYer T cell activation, can be deaminated in the 
mitochondria to generate α-ketoglutarate. Jis can be metab-
olized by the citrate cycle, regenerating the oxaloacetate re-
quired for continued biosynthesis. Even though glycolysis is 
regarded as the primary source of ATP generation in activat-
ed T cells, oxidative phosphorylation might represent an ad-
ditional process for energy generation [32].   

E2ects of activation in the presence of B[a]P 

According to IPA, the most striking eBects of B[a]P on the 
activation process are changes in the pathway of cleavage and 
polyadenylation of pre-mRNA as well as in the mTOR and in 
the eIF4 and p70S6K signaling (Figure 3). Je protein kinase 
mTOR acts as a central sensor and integrator of diverse envi-
ronmental and metabolic inPuences. Je best characterized 
downstream eBectors of the mTOR signaling are the riboso-
mal protein p70S6K and eIF4EBP1. Both are phosphorylated 
in the activated mTOR pathway and promote translation 
initiation and therefore protein synthesis [33]. Furthermore, 
it is known that the mTOR signaling intersects with T cell 
metabolism and is involved in T cell fate decision and diBer-
entiation [6]. A disturbance in the mTOR pathway provoked 
by an environmental pollutant, such as B[a]P, could lead to 
an attenuation of the mTOR activity contributing to the 
down-regulation of T cell activity and even the induction of T 
cell anergy. 

On the metabolic side we detected an increase of lysophos-
phatidylcholine concentrations aYer activation in the pres-
ence of B[a]P. Lysophosphatidylcholines play an important 
role in cell signaling via speciQc G-protein coupled receptors. 
It was shown that lysophosphatidylcholines activate the phos-

Figure 4. Veri8cation of proteomic results from LC-MS/M. A: 
Shown are representative Western blots and the mean expression 
levels ± SD of NFKB1 and phospho-eIF2α from three replicates 
normalized to the indicated proteins used as input controls. B: 
Shown are the genes, metabolites and reactions involved in the 
citrate cycle. Je normalized fold changes of the treatments are color
-coded, which allows a comprehensible visualization of the integrated 
protein and metabolite data (1 - B[a]P/control; 2 - activated/control; 
3 - activated+B[a]P/activated; 4 - activated+B[a]P/B[a]P). 
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pholipase C, which releases diacylglycerols and IP3, causing 
an increase in the intracellular Ca2+ concentration and the 
activation of the protein kinase C [34]. In addition, Okajima 
et al. demonstrated that the ability of IP3 production in HL-60 
leukemia cells depends on the fatty acid moieties of the phos-
phatidylcholines [35]. We detected signiQcantly increased 
concentrations of 1-stearoyl lysophosphatidylcholine (lyso 
PC a C18:0) and additionally elevated levels of 1- lyso PC a 
C6:0, lyso PC a C14:0 and other lysophosphatidylcholines 
(fold changes 1.20 – 1.49). 

In comparison to these results, the gel-based approach re-
sulted in a more prominent identiQcation of toxicological 
pathways such as AhR and NRF2 [14]. Jis is probably 
caused by the high abundance of proteins from these path-
ways (e.g. PRDX1, ACTB), which elevates the likeliness to 
detect them as aBected proteins in gel-based approaches [36]. 
In contrast the eBects on the mTor signaling and pre-mRNA 
processing found in this experiment depend as well on the 
quantiQcation of less abundant proteins, again illustrating the 
value of LC-MS based approaches.  

E2ects of B[a]P exposure on non-activated cells 

Je B[a]P exposure of non-activated cells led to major 
changes in the cell metabolism as seven of the top ten path-
ways identiQed by Ingenuity are metabolic pathways (Figure 
3). Several enzymes of the pyruvate, propanoate and fatty 
acid metabolism are up-regulated indicating a higher need 
for energy producing processes. Hexokinase-1, one of the key 
enzymes of glycolysis, which leads to pyruvate production, 
shows a 2.5-fold increased expression aYer B[a]P exposure. 
Hexokinases catalyze the ATP-dependent phosphorylation of 
glucose to yield glucose-6-phosphate and thereby control the 
Qrst step of the glucose metabolism. Jus, they sustain the 
concentration gradient that permits facilitated glucose entry 
into cells and initiate all major pathways of glucose utilization 
[37]. In our previous work from Murugaiyan et al. we only 
identiQed the glutamine and pyrimidine metabolism as path-
ways aBected by 50 nM B[a]P exposure in non-activated cells 
[14]. Hence, we obtained more detailed information about 
aBected metabolic pathways in this new study.   

Figure 5. Summary of signaling and metabolic pathways a2ected by activation and B[a]P exposure. Shown is a summary of substances 
and intracellular pathways, which are aBected by activation with PMA and IO (leY side) or 50 nM B[a]P exposure (right side). 
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In order to further narrow down speciQcally aBected areas 
in the metabolism, the integration of proteome and metabo-
lome data was additionally performed by a random walks 
based approach. Je enriched pathways and the correspond-
ing biochemical connectivities between proteins and metab-
olites are shown in supplemental Qgure S2A-D. Since the 
citrate cycle was found to be aBected under all examined 
treatments, it was chosen to illustrate the potential of inte-
grated pathway analysis (Figure 4B). 22 diBerent proteins 
covering nearly all reaction steps and the metabolites iso-
citrate, α-ketoglutarate, NADPH, ADP, ATP, succinate, mal-
ate and citrate as key molecules were detected. Jree inter-
mediates of the citrate cycle, malate, succinate and α-
ketoglutarate, were found to be down-regulated. Conversely, 
several citrate cycle enzymes were found to be induced, in-
cluding the mitochondrial malate dehydrogenase, indicating 
variations of enzyme activities rather than a simple abun-
dance dependent correlation. 

Our previous results indicated that B[a]P aBects the IL-2 
secretion as well as the glutamine and glutamate metabolism 
via the NRF2 pathway in Jurkat T cells [14]. Consistently, 
the NRF2 pathway is ranked on place six in this experiment, 
indicating a oxidative stress response aYer B[a]P exposure. 
Furthermore, we were able to show that B[a]P can be metab-
olized to B[a]P-quinones via the radical cation pathway. 
Jese quinones can undergo one-electron reduction by 
NAD(P)H-dependent reductases and form semiquinone 
anion radicals. Je radicals redox-cycle back to diones in air 
and thereby generate ROS [9]. Jese reactive oxygen species 
can oxidize the disulQde bridges in KEAP1, which initiates 
the NRF2 pathway [38]. In addition to the transcriptional 
control of many phase I and phase II genes [12, 13] the 
NRF2 pathway can induce the expression of most pro-
teasomal subunits [39] and heat shock proteins [40]. Jis 
connects it to the also identiQed ubiquitination pathway.  

4. Concluding remarks  

Je eBects of a subtoxic B[a]P concentration on activated 
and non-activated Jurkat T cells were revealed by proteomic 
and metabolomic proQling combined with pathway and net-
work analysis. B[a]P is metabolized to B[a]P-1,6-dione and 
induces diBerent metabolic pathways and the NRF2 pathway 
as a response to the electrophilic transformation products 
(Figure 5). Activation of Jurkat cells leads to pronounced 
changes, indicating strong adjustments in several metabolic 
pathways, protein and nucleotide synthesis (Figure 5). 
Although the eBect of B[a]P is much stronger in non-
activated cells, B[a]P seems to have an inPuence on the acti-
vation process suggesting an important role of the mTOR 
pathway in the cellular adaptation. Je combined evaluation 
of proteome and metabolome data with an integrated, ge-
nome-scale metabolic model provided novel systems biolog-
ical insights into the complex relation between metabolic 
and proteomic processes in Jurkat T cells during activation 
and subtoxic chemical exposure. 

5. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/157/0 

 
Supplemental Table 1 contains the protein identiQcation and 
quantiQcation data from MaxQuant.  
Supplemental Table 2 shows the log-ratios and p-values of 
proteins for the four diBerent comparisons. Only proteins 
identiQed in at least two of three replicates in all four treat-
ments are listed. 
Supplemental Table 3 shows the log-ratios and p-values of the 
quantiQed metabolites for the four diBerent comparisons. 
Supplemental Figure 1. MRM-chromatograms for the detec-
tion of B[a]P-1,6-dione using LCMS/MS. 
Supplemental Figure 2. Metabolic subnetworks inferred from 
signiQcantly changed proteins and metabolites by the kwalks 
approach. 
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