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Abstract: Endogenous estrogens are known to modulate several components of immune response, including 
interleukin-2 (IL-2) production. IL-2 is a cytokine that plays an important role in adaptive immune responses.  
These responses may be modulated by xenoestrogens such as coumestrol, bisphenol A (BPA), DDT, and 
TCDD. In this research, we examined the effects and potential mechanisms of action of these estrogenic 
compounds on IL-2 production in activated CD4+ Jurkat T cells.  IL-2 production was analyzed by ELISA and 
Western Blot. At the transcriptional level, protein expression was examined by RT-PCR.  Coumestrol, DDT and 
TCDD (but not BPA) significantly suppressed IL-2 production in activated CD4+ Jurkat T cells, at the 
transcriptional and translational levels.  The transcriptional suppression of IL-2 was associated with decreased 
protein levels of NF-κβ, an important IL-2 positive transcription factor, without affecting the expression of 
Iκ−Βα  protein expression, an important inhibitor of NF-κβ nuclear translocation. Although the direct 
mechanisms of xenoestrogens modulation of the immune system remain to be elucidated, coumestrol-, DDT- and 
TCDD-induced suppression of IL-2 may have ramifications for our understanding of the impact of 
xenoestrogens on health and disease.  
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Introduction 

 Several investigations have shown that estrogens 
have direct effects on immune response through 
modulation of cytokine production, lymphocyte cell 
cycle distribution and transit, lymphoproliferation, and 
cell-mediated immune responses [1-15].  17-β-estradiol, 
the most common endogenous estrogen, is an aromatized 
steroid hormone that binds to a cytosolic estrogen 
receptor (ER); this hormone-receptor complex serves as 
a gene transcription regulatory unit [16-18].   Recently, it 
has been shown that 17-β-estradiol suppresses T 

lymphocyte IL-2 production at the molecular level 
through suppression of mRNA transcription and NF-kB 
protein levels [19].   
 Derived from plant or synthetic sources, 
xenoestrogens are exogenous environmental compounds 
having the common property of exhibiting estrogenic 
effects on classic endocrine target organs, such as the 
uterus or breast [20-24].  While endocrinological effects 
of these compounds (ecohormones) have been widely 
studied and the focuses of scientific and societal debates 
[25-27], their immunotoxicological effects have not been 
thoroughly elucidated. Direct xenoestrogenic effects on 
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T lymphoproliferation and apoptosis have recently been 
described [28], suggesting that xenoestrogens influence 
normal lymphocyte biology.  In the current study, 
representative xenoestrogens from major categories - 
phytoestrogens (coumestrol), plastic monomers 
(bisphenol A- BPA), herbicides/health waste incineration 
(TCDD), and pesticides (DDT)– were examined for their 
effects on Jurkat T cell IL-2 production and potential 
mechanisms by which modulation may occur.   

 
Materials and Methods  
 
Chemicals and Reagents 
 

Coumestrol, bisphenol A - BPA, DDT, fetal calf 
serum, and phorbol-myristate acetate (PMA) were 
obtained from Sigma Chemical Co. (St. Louis, MO).  17-
β-estradiol was also obtained from Sigma, and used as a 
positive control. TCDD was obtained from Cambridge 
Technologies (Cambridge, MA). RPMI medium, phenol-
free RPMI, and culture supplements were purchased 
from Gibco/BRL (Gaithersburg, MD).   

In order to detect potentially significant differences 
in xenoestrogen effects on IL-2 production, in vitro 
concentrations of xenoestrogens were used in a range of 
10-9 to 10-6 M, based on previous studies of 17-β-
estradiol required to show an effect in transformed T cell 
lines [19].  A23187 and antibodies for the IL-2 ELISA 
were obtained from Pharmingen (San Diego, CA). IL-2 
RT-PCR primers were purchased from Promega 
(Madison, WI). 

 
Cell Culture 
 

The CD4+ Jurkat T cell line was obtained from 
American Type Culture Collection (Rockville, MD). 
After thorough washing, Jurkat T cells were cultured at a 
density of 1 x 106 cells/ml in phenol-free RPMI 1640 
supplemented with 5% charcoal stripped (steroid free) 
FCS, 200 mM glutamine, and 1% 
penicillin/streptomycin.   Cells were cultured in 24 well 
plates and activated with 500 nM A23187 and 50 ng/ml 
PMA. These concentrations were previously determined 
to stimulate maximal IL-2 production (data not shown). 
Culture supernatants were collected by centrifugation. 
 
IL-2 ELISA 
 

IL-2 protein concentrations in the supernatant of cell 
culture were determined by standard sandwich ELISA 
using antibodies and standards obtained from 
Pharmingen (San Diego, CA) according to 
manufacturer’s instructions.  Assays were performed as 
previously described [19] on neat and diluted samples in 
duplicate on 96 well plates.  Absorbance was measured 
on a Bio-Rad spectrometer at 450 nm, and IL-2 
concentrations were determined by comparison to a 
standard curve. 

RNA Preparation and Analysis   
 

RT-PCR was performed as previously described [19].  
Total cellular RNA from Jurkat T cells was obtained by 
guanidium isothiocyanate lysis and centrifugation 
through a CsCl2 cushion.  Three million cells were plated 
at 0.5M/ml in 65 mm tissue culture dishes and stimulated 
with hormones.  At the designated time of harvest cells 
were transferred to a 4 ml polypropylene tube, pelleted, 
washed twice in 1 X PBS and lysed in 3 ml guanidinium.  
Centrifugation was performed for 16 hrs at 33,000 rpm.  
RNA was resuspended, precipitated and quantitated 
spectrophotometrically.   

In some experiments, mRNA was harvested using a 
Fast Trak kit (InVitrogen, Carlsbad, CA) according to 
manufacturer’s instructions.  Aliquots of RNA were run 
on an ethidium stained gel to ensure good quality.  
Identical qualitative results were obtained with both 
forms mRNA and total cellular RNA. Reverse 
transcription (RT) of RNA was performed under 
standard conditions using equal µg input RNA from each 
condition.  

The PCR reaction was performed under the following 
conditions in a 25 ul reaction: 30 cycles of denaturing 
(94oC, 1 min), annealing (60oC, 2 min) and extension 
(72oC, 5 min).  The reaction was performed in a Perkin 
Elmer DNA Thermal Cycler: 10 pmoles each primer, 
200 (M dNTP, 1.25 U Taq, 1 X Taq reaction buffer (all 
Promega) as previously described [67].  PCR primers 
were specific for human IL-2.  PCR reactions were 
optimized for annealing temperature and were performed 
at various cycle numbers to ensure that the result 
obtained was within linear range of the amplification 
curve. GAPDH was amplified from the same RT 
reaction as a control.  Polaroid photos of ethidium 
stained gels are shown.  The results are semi quantitative 
when performed in this fashion. 
 
Western Blot Analysis 

 
For Western analysis as previously described [19], 2 

to 5 X 106 cells were cultured (1.0 X 106/ml) and 
stimulated.  Cells were harvested and pelleted in an 
Eppendorf microcentrifuge (1,200 g, 5 min, 40C), 
washed in 1 X PBS and resuspended in a cell lysis buffer 
containing 20 mM Tris pH 8.0, 0.5% Nonidet P-40, 1 
mM EDTA, 1 ug/ml leupeptin, 1 µg/ml pepstatin, 1 mM 
dithiothreitol, 1 mM PMSF and 0.1 M NaCl (all from 
Sigma).  After 20 min of incubation at 40C, supernatants 
were prepared (8,000 g, 5 min, 40C) and total protein 
concentrations determined by the method of Bradford 
and Lowry using Bio-Rad Protein Assay reagents in a 
microtiter assay.  Fifteen µg of total cellular protein was 
electrophoresed on a 12.5% SDS-PAGE gel, transferred 
to a polyvinylidine difluoride membrane (Amersham, 
Arlington Heights, IL) by electroblotting overnight (25 
mM Tris pH 8.3, 192 mM glycine, 20% methanol, 15 V, 
100 mA, 4oC).  Membranes were blocked with 10% 
electrophoresis grade biotin-depleted non-fat dry milk 
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(BioRad) in 1 X PBS (10 mM Tris pH 7.5, 100 mM 
NaCl, 0.1% Tween-20), rinsed in PBS, probed with 
monoclonal mouse anti-human NF-kB and IkB 
(Pharmingen) at 1:1000 and 1:500 dilutions, 
respectively, and washed 3 times in PBS.  The secondary 
antibody was HRP-conjugated goat anti-mouse whole 
IgG used at 1:1000 (Transduction Laboratories, San 
Diego,CA).   

All antibodies were diluted in 1% milk in TBS.  
Membranes were washed three times and detection was 
performed by enhanced chemiluminescence with an ECL 
reagent kit (using 0.06 ml/cm2 of reagent) and Hybond 
autoradiography film (both Amersham).  Biotinylated 
standards were used for molecular weight determination 
and were detected with 1:3000 streptavidin-horseradish 
peroxidase (Amersham).  This reagent was only used 
after initial detection with the secondary antibody 
(Transduction Laboratories) because it was found to alter 
the signal of some primary antibodies if used 
simultaneously.  It also performed better than avidin-
horseradish peroxidase (BioRad) provided with the 
biotinylated markers.  Blots were stripped as per the 
manufacturer’s instructions and probed up to three times 
with different primary antibodies.  Incubations were 
performed at 370C for 30 min or RT for 1 hr.  A Bio-Rad 
GS670 densitometer was used to determine the relative 
band intensity. 
 
Statistical Analysis 

 
Statistical analysis was performed by one-way 

ANOVA for multiple samples or by Student t testing with 
matched pairing if appropriate. Statistical significance was 
considered at p < 0.05. Data were graphically presented as 
means  + standard errors of the means.   

 
Results 
 
Coumestrol, TCDD, and DDT Suppression of IL-2 
Production   

 
The effects of coumestrol, BPA, TCDD, and DDT on 

the production of IL-2 were initially examined in Jurkat 
T cells activated with A23197/PMA for 48 hours.  IL-2 
was measured by ELISA as described in Materials and 
Methods.  As shown in Figure 1, IL-2 concentrations 
were variably but significantly suppressed (p < 0.05) by 
10-8 M to 10-6 M coumestrol, DDT and TCDD.   
Bisphenol A showed a trend towards suppression of IL-2 
production that did not reach statistical significance.  
TCDD suppression of IL-2 production showed definite 
concentration dependence whereas coumestrol and DDT 
showed more of a threshold phenomenon at 
concentrations of 10-8 M and 10-6 M, reaching a 
statistically significant suppression without obvious 

concentration dependence. Concentrations of 
xenoestrogens at < 10-9 M did not show statistically 
significant suppression of IL-2. 17-β-estradiol (10-6 M), 
known to suppress IL-2 production [7-9,19], was used as 
a positive control; non-activated cells (i.e., absent 
A23187, absent PMA, or both) or xenoestrogen-exposed 
cells without activation, did not produce detectable 
supernatant IL-2 (data not shown).       

 
Coumestrol, BPA, TCDD, and DDT Suppression of IL-2 
mRNA Transcripts 

 
 Since steroid hormones act as transcription factors 

[17, 18], it was postulated that xenoestrogens modulate 
IL-2 production through suppression of mRNA.  Using 
qualitative reverse transcription polymerase chain 
reaction (RT-PCR), and estrogen as a positive control 
[19], coumestrol, BPA, TCDD and DDT (10-6 M) were 
shown to suppress IL-2 mRNA transcripts at 18 hours of 
exposure, as indicated in the representative experiment 
(Figure 2).  Similar results were seen in two additional 
experiments.  In comparison to the ELISA results, in 
which BPA trended towards IL-2 suppression but did not 
reach statistical significance, all of the selected 
xenoestrogens variably suppressed IL-2 mRNA 
transcripts as assessed by RT-PCR.   

 
Coumestrol, TCDD, and DDT Suppression of NF-κB 
Binding 

 
IL-2 transcription is dependent on the binding and 

cooperation of several positive regulatory transcription 
factors including NF-κB [29,30].  Coumestrol, TCDD, 
and DDT appeared to inhibit the transcription of IL-2 in 
Jurkat T lymphocytes through the suppression of nuclear 
transcription.  While multiple transcription factors are 
involved in the regulation of IL-2 production, the initial 
focus was on xenoestrogenic modulation of NFκB as 
being quantitatively more important in Jurkat T 
lymphocytes [29].    

As shown in the representative experiment (n = 3), 
coumestrol, DDT and TCDD but not BPA, inhibited NF-
kB expression at 8 hrs in activated Jurkat T cells at 10-6 
M, as determined by Western blotting (Figure 3).  While 
coumestrol, TCDD and DDT exposure of Jurkat cells 
reduced nuclear NF-κB protein levels, these 
xenoestrogens had no effect on IκBα, the cytoplasmic 
inhibitor that binds NF-κB and prevents its translocation 
to the nucleus [31, 32].   

As it can be seen in the representative results (n = 3; 
Figure 3), coumestrol, DDT, bisphenol A and TCDD had 
no effect on Iκ-B after 8 hrs of exposure; compared to 
suppression of NF-κB protein levels by coumestrol, 
TCDD, and DDT. Similar results were seen in two 
additional experiments (not shown). 
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Figure 2.   Semi quantitative RT-PCR of IL-2 mRNA transcripts from activated Jurkat T
cells at 18 hrs in control (C) vs. 17-β-estradiol, coumestrol, bisphenol A, TCDD, and DDT
exposed cells (10-6M).  GAPDH is used as a housekeeping gene.  One representative
experiment (n = 3) is shown.  MRNA transcripts were variably suppressed (0.2-0.75x of
control) in 17-β-estradiol, coumestrol, BPA, TCDD, and DDT exposed Jurkat T cells
compared to control (1x).   

Figure 3.  Western blot analysis of coumestrol, bisphenol A, TCDD and DDT effects on
NF-kB in Jurkat T cell. Coumestrol, TCDD and DDT but not bisphenol A suppressed
(0.05x of control) NF-kB protein levels in Jurkat T cells as assessed by Western blotting at
8 hrs (10-6 M).   Coumestrol, DDT, bisphenol A and TCDD induced had no effect on IkB
protein in Jurkat T cells.  Similar results were obtained in two additional experiments.  
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Discussion 
 
Xenoestrogens are environmental hormones 

(ecohormones) or compounds that exhibit estrogenic 
activity. They may interact with or disrupt endogenous 
estrogenic activity, and, as suggested by some 
investigations, may have implications for health and 
disease [20-27].  In the present study, coumestrol, 
TCDD, and DDT, but not bisphenol A, were shown to 
variably but significantly suppress IL-2 production in 
Jurkat CD4+ T cells.  Bisphenol A did not achieve 
statistically significant suppression of IL-2, although 
there was a trend towards suppression.  Coumestrol and 
DDT suppressed IL-2 at defined concentrations (10-7 M 
and 10-8 M), whereas TCDD showed a clear 
concentration- dependent suppression of IL-2.  The 
variability is likely due to xenoestrogenic potency with 
respect to estrogenic activity [21, 22], as well as possible 
differences in mechanisms of action [23-25].  IL-2 
suppression appeared to occur at the level of 
transcription and was associated with inhibition of NF-
κΒ  by coumestrol, TCDD, and DDT.  Discrepancies 
between IL-2 ELISA data (no statistically significant 
suppression for BPA), IL-2 mRNA transcript assessment 
(RT-PCR), and NF-κB protein levels (BPA not 
suppressed) are not completely unexpected.  While 
having the common action of estrogen mimicry, they are 
unlikely to act (as discussed below) via identical 
mechanisms, and are likely to have pleiotropic effects 
that are time-, concentration-, and tissue-dependent.  
Nevertheless, our experimental data suggest that these 
specific xenoestrogens, at high concentrations, have 
specific effects on T lymphocyte IL-2 production and its 
transcriptional mechanisms.  

IL-2 is an essential growth factor for T cells [29, 33-
36] and is important not only for T cell survival but 
impacts proliferation and differentiation of T cells into 
TH1 or TH2 predominance [35-38].  Inadequate IL-2 
production may lead to T cell death or induction of 
clonal anergy [39,40], and deficient IL-2 production has 
been associated with autoimmune and inflammatory 
states [41,42].  Hence, the finding of xenoestrogenic 
modulation of IL-2 production may have ramifications 
for immunodeviation as well as manifestations of health 
or disease.  Suppression of IL-2 production has been 
found in humans with xenoestrogen exposure [43]. 
Animal studies have shown that TCDD exposure is 
associated with suppressed IL-2 production and altered 
lymphocyte biology [44-46]. Coumestrol, a 
phytoestrogen, and DDT, a pesticide, appear to also 
share this property. Hence, further studies may be 
needed to confirm our results in lymphocytes. Jurkat T 
cells are useful models to examine transcriptional 
mechanisms of IL-2 production [33-35], as they share 
many IL-2 signaling characteristics of normal T cells 
[29-34]. 

While concentrations of xenoestrogens used in this 
study may exceed those detected in the environment and 
the general population, chronic, low level of exposure is 

known to have biological effects [22, 26, 47].  The 
purpose of this investigation was to identify possible 
mechanisms of immunomodulation and not necessarily 
establish environmental exposure-based cause-and-effect 
evidence.  Furthermore, acute in vitro effects cannot be 
adequately extrapolated to chronic, low dose exposure in 
vivo effects, so results in the current study should be 
interpreted with utmost caution.  Observed effects also 
occurred only in select xenoestrogens, implying that 
effects may be compound-specific and that broad 
generalization for individual compounds are not 
appropriate.  As shown by the variability in degree of 
mRNA transcript or NF-kB protein levels, 
imunotoxicological effects are likely time-, 
concentration- or compound-specific, so that this 
preliminary study merely establishes the possibility that 
ecohormones may have an effect on IL-2 production and 
not that specific compounds used in this study have any 
direct relationship to effects on human health and 
disease. Nevertheless, xenoestrogens exhibit 
bioaccumulation such that immunomodulatory 
concentrations may be reached in exposed individuals 
over time; furthermore, these compounds may interact 
with each other or with endogenous estrogens, in either 
an additive, synergistic, or antagonistic manner [21, 23, 
27].     

Data in the current study suggest a direct 
suppressive effect of coumestrol, TCDD and DDT on 
NF-kB.  Moreover, coumestrol, TCDD and DDT did not 
affect IkB protein levels in Jurkat T cells.  Normally IkB 
sequesters NF-kB and prevents its translocation to the 
nucleus, thus preventing nuclear transcription, especially 
during the progression of the inflammatory cascade [30-
32].  While verification and extension of our results is 
needed, the changes induced in NF-kB by coumestrol, 
TCDD, and DDT suggests at least one of potentially 
several mechanisms, by which the transcription of IL-2 
is suppressed in xenoestrogens-treated Jurkat T 
lymphocytes.   

The effects observed in the current study may be 
estrogen receptor dependent or independent [48].  Jeon 
and Esser [49], in contrast to the findings of the current 
study, have shown that TCDD upregulated IL-2 
promoter activity and IL-2 production through binding of 
the AHR to distal DNA IL-2 promoter motifs.  However, 
xenoestrogens may also have AHR receptor independent 
effects on T lymphocytes [44] and xenoestrogen 
mechanisms of action are likely pleiotropic [50-52].  
Delineating xenoestrogen-mediated effects through the 
ER or AHR is pivotal to understanding molecular 
mechanisms of xenoestrogens, but is beyond the scope of 
this initial study.   

T-cell exposure to selective xenoestrogens at the 
time of activation may lead to variable, but less than 
optimal production of IL-2.  Since the quality and 
quantity of an immune response may be determined by 
the quantity of IL-2 produced [35-40], coumestrol, 
TCDD and DDT may act as immunomodulators, and, in 
key situations requiring an IL-2 response, a primary 
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immunosuppressant.  While TCDD has been best studied 
and shown previously to suppress IL-2 production [45, 
46], the current study expands the finding of IL-2 
suppression to other xenoestrogens (coumestrol and 
DDT) and further demonstrates their effects on 
transcription and the transcription factor NF-ΚB, an 
important signal transducer for inflammatory signaling 
[32].  Not unexpectedly, xenoestrogen effects on IL-2 
production are not uniform at equimolar concentrations, 
compatible with their structural and estrogenic potency 
heterogeneity [20-23].  Given the protean actions of NF-
kB [32, 54], its suppression by coumestrol, TCDD, and 
DDT expands the possible influence of ecohormones on 
lymphocyte biology.   Verification and expansion of 
current results is required; nevertheless, these data 
identify potential mechanisms by which accumulated 
ecohormones may influence immune or autoimmune 
responses.   
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