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Each year ~1 billion kg of herbicides are used worldwide to control 
the unwanted growth of plants. In the United States, over a quarter 
of a billion kg of herbicides are used, representing 28% of world-
wide use. (Kiely, T., Donaldson, D., and Grube, A. [2004]. Pesticide 
Industry Sales and Usage. 2000 and 2001 Market Estimates. Available 
at: http://www.epa.gov/pesticides/pestsales/01pestsales/market_esti-
mates2001.pdf. Accessed October 25, 2012.) Propanil (3,4-dichloro-
propionanilide [DCPA]) is a commonly used herbicide in the United 
States, with 2–4 million kg applied annually to 2 million acres of crop 
land. The immunomodulatory effects of DCPA have been well docu-
mented, but limited data are available on the effects of its metabolites. 
(Salazar, K. D., Ustyugova, I. V., Brundage, K. M., Barnett, J. B., and 
Schafer, R. [2008]. A review of the immunotoxicity of the pesticide 
3,4-dichloropropionanalide. J. Toxicol. Environ. Health B Crit. Rev. 
11, 630–645.) In mammals, hepatic enzymes metabolize DCPA, 
resulting in the production of 3,4-dichloroaniline (DCA). Further 
biotransformation of DCA leads to the production of 6-hydroxy-
3,4-dichloroaniline (6OH-DCA) and N-hydroxy-3,4-dichloroaniline 
(NOH-DCA). We report, for the first time, the immunotoxic effects 
of DCPA metabolites on T-cell function. Human Jurkat T cells were 
exposed to varying concentrations of DCPA or its metabolites and 
assayed for effects on T-cell function. In addition, fluorine analogs 
of DCPA and DCA were investigated to determine the relative role 
of chlorine substituents on T-cell immunotoxicity. Here we report 
that exposure of Jurkat T cells to DCPA and DCA alters IL-2 secre-
tion, nuclear factor of activated T cells (NFAT) activity, and calcium 
influx. However, exposure to 6OH-DCA and NOH-DCA reduces 
IL-2 secretion and NFAT activity but has no effect on calcium flux. 
When both chlorines in DCPA and DCA were substituted with fluo-
rines all effects were abrogated. Our data indicate that metabolites of 
DCPA have differential effects on T-cell function and the presence of 
chlorines plays an important role in eliciting these effects.
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Approximately half a billion kg of pesticides are applied 
annually across the United States, with 15 of the top 25 most 
used pesticides falling under the class of herbicides (Kiely 
et  al., 2004). Propanil (3,4-dichloropropionanilide [DCPA]) 
is a postemergent contact herbicide that is applied several 
times per crop season for control of broadleaf and grassy 
weeds. Annual use of DCPA is estimated to be 2–4 million 
kg per year and is distributed over 2 million acres of crop 
land, primarily rice fields. Rice plants are able to avoid the 
herbicidal effects of DCPA because they produce acylamidase, 
an enzyme that cleaves the DCPA amide bond, resulting in 
the production of two metabolites, 3,4-dichloroaniline (DCA) 
and propionic acid (Gaynor and Still, 1983). In mammals, 
DCPA can also be metabolized to DCA and propionic acid 
via hepatic acylamidases (McMillan et al., 1990a). Although 
propionic acid is nontoxic and quickly converts into carbon 
dioxide and water, limited data are available on the effects of 
DCA and its oxidative metabolites. DCA is a stable compound 
that persists in the environment with a predicted half-life of 
1000 days (European Union Risk Assessment Report, 2006). 
DCA can undergo further transformation in the liver to produce 
the oxidative metabolites, N-hydroxy-3,4-dichloroaniline 
(NOH-DCA) and 6-hydroxy-3,4-dichloroaniline (6OH-DCA) 
(McMillan et al., 1990a) (Fig. 1A).

Workers involved in manufacturing or handling (applica-
tors) of DCPA are at greatest risk of exposure, but there have 
also been reports of non-applicator exposure (Richards et  al., 
2001). Numerous in vitro and in vivo studies have reported 
the immunomodulatory effects of exposure to DCPA and have 
been reviewed in Salazar et al. (2008). Exposure to DCPA alters 
cytokine production and the phagocytic ability of macrophages 
as well as the lytic function of CD8+ T cells after secondary stim-
ulation. Other immunotoxic effects include decreased natural 
killer (NK) cell function and an increase in antibody secreting 
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cells. Recent studies have also demonstrated that exposure of 
human Jurkat T cells to DCPA results in a concentration-depend-
ent decrease in IL-2 production that is mediated by alterations 
in nuclear factor of activated T cells (NFAT) translocation and 
calcium (Ca2+) homeostasis (Lewis et  al., 2008). Limited data 
are available on the toxic effects of DCA, NOH-DCA, and 
6OH-DCA. It has been reported that DCA and NOH-DCA are 
toxic to the bladder, liver, and kidney of rats (Valentovic et al., 
1995). DCA can also alter the male reproductive system and 
binds weakly to the androgen receptor, possibly acting as an 
endocrine disruptor (Bauer et al., 1998; Zhang and Lin, 2009). 
In a study examining occupational exposure to DCPA, several 
alterations in immune parameters were reported (Corsini et al., 
2007). Agricultural workers exposed to DCPA had increased 
plasma IgG

1
 and IL-6 production in whole blood assays and 

decreased IL-10 and interferon-γ (IFN-γ), when compared with 
control subjects. In vitro assays demonstrated similar results and 
at molar equivalent concentrations, both DCPA and DCA inhib-
ited IL-10 and IFN-γ production in enriched human CD4+CD8+ 
cells. In addition, alterations in calcium homeostasis and cytokine 
production were observed in anti-CD3 and phytohemagglutinin-
stimulated peripheral blood mononuclear cells, suggesting that T 
cells may be sensitive to the effects of DCPA.

Using Jurkat T cells, we investigated the effects of DCA, NOH-
DCA, 6OH-DCA, and the role of halogen substitution on T-cell 
function (Fig.  1). Pesticides containing chlorine substituents 
are widely used, with 45% of all pesticides introduced into the 
market after 1989 containing a chlorine-carbon bond (Crinnion, 
2009). The addition of chlorine to many chemical compounds 
can increase its activity with negative biological consequences 
(Crinnion, 2009). DDT (dichlorodiphenyltrichloroethane) is a 
well-known organochlorine pesticide whose effects are medi-
ated through the presence and positioning of two key chlorines. 
Although alterations in calcium-dependent signaling events 
have been reported in human Jurkat T cells exposed to DCPA, 
the effects of its metabolites in humans are unknown. We report 
that exposure of Jurkat T cells to DCA altered IL-2 secretion in 
a calcium-dependent manner but required higher concentrations 
than that observed with DCPA. In addition, NOH-DCA and 
6OH-DCA are cytotoxic to T cells at lower concentrations than 
that of DCPA and DCA and inhibited IL-2 secretion in a calcium-
independent manner. Finally, fluorine substitution of chlorines in 
DCPA and DCA (Fig. 1B) resulted in an abrogation of all effects 
indicating that the location of the chlorines is critical in elicit-
ing immunotoxic effects. We report, for the first time, the adverse 
effects of DCA metabolites on T-cell function and advance our 
knowledge on the metabolic and structural effects of DCPA.

Materials and Methods

Cell lines and reagents.  Experiments were performed using the human 
T-cell leukemia cell line, Jurkat clone E6-1, obtained from the American Type 
Culture Collection (Manassas, VA). Jurkat cells were maintained in com-
plete Roswell Park Memorial Institute media (RPMI 1640; Mediatech Inc., 
Herndon, VA) supplemented with 10% heat-inactivated fetal bovine serum 
(FBS; vol/vol; Hyclone Inc., Logan, UT), 10 units/ml penicillin (BioWhittaker, 
Walkersville, MD), 100 µg/ml streptomycin (Bio Whittaker), 20mM glutamine 
(BioWhittaker), and 50  µM 2-mercaptoethanol (Sigma, St Louis, MO). The 
cultures were kept at 37°C in 5% CO

2
.

Stock solutions of DCPA (ChemServices, West Chester, PA), DCA 
(ChemServices), 3,4-difluoropropionanilide (DFPA), and 3,4-difluoroaniline 
(DFA; Sigma) were prepared by dissolving the compounds in absolute ethanol 
(AAPER Alcohol and Chemical Company, Shelbyville, KY). Vehicle control 
samples were treated with an equivalent concentration (0.1% vol/vol) of etha-
nol. The NOH-DCA and 6OH-DCA (a generous gift from G. Rankin) were 
dissolved in dimethyl sulphoxide (DMSO; Sigma) and vehicle control sam-
ples were treated with an equivalent concentration (0.1% vol/vol) of DMSO.

Synthesis of DFPA and NOH-DCA.  DFPA was synthesized from DFA 
(Sigma-Aldrich, Milwaukee, WI). Two grams of propanoic acid (Sigma-
Aldrich) was added to 1 g of DFA and heated to 100°C for 1 h followed by addi-
tion of 5 ml of water and continued heating at 100°C for an additional hour. The 
precipitate was cooled to room temperature, filtered through a sintered glass 
funnel, washed with water, and dried in vacuo resulting in 1.26 g of DFPA. 
The crude DFPA was then recrystallized from a 1:1 water and ethanol solution.

NOH-DCA was synthesized by methods described by Lerman et al. (2005). 
In the presence of nitric acid, dichloromethane, and tetra-n-butylammonium bro-
mide, 3,4-dichlorophenol was converted to 4,5-dichloro-2-nitrophenol, which 
was analyzed using nuclear magnetic resonance (NMR) and mass spectroscopy 
and was found to be in agreement with others (Lerman et al., 2005). Ethanol 
(100%) was added to 0.32 g 4,5-dichloro-2-nitrophenol and 20 mg platinum 
dioxide and hydrogenated (30–50 psi) on a Parr shaker for 1 h. The mixture was 
filtered through celite and concentrated in vacuo to yield NOH-DCA.

Fig. 1.  (A) Metabolic pathway and structures of DCPA and its metabolites 
in mammals and (B) structures of DFPA and DFA, fluorine analogs of DCPA 
and DCA.
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Production and purity of DFPA, NOH-DCA, and the intermediate, 
4,5-dichloro-2-nitrophenol were verified using NMR spectra from a Varian 
Unity-300 NMR spectrometer (Palo Alto, CA) and exact mass data were 
obtained using a Thermo-Fisher LTQ-FTICR and were in agreement with pre-
viously reported analytical data (Lerman et al., 2005; Lok et al., 1996).

The following concentrations of compounds were used for various assays: 
DCPA and DCA: 25, 50, 100, and 200µM; 6OH-DCA and NOH-DCA: 5, 25, 
50, and 100µM; DFPA and DFA: 100, 200, and 400µM.

Viability assays.  Viability assays were performed for DCPA, DCA, 
NOH-DCA, 6OH-DCA, DFPA, DFA using 7-aminoactinomycin (7-AAD; 
BD Pharmingen, San Diego, CA), and following the manufacturer’s protocol. 
Briefly, 1.0 × 106 Jurkat cells were treated with or without varying concen-
trations of DCPA, DCA, NOH-DCA, 6OH-DCA, DFPA, DFA, and including 
ethanol and DMSO vehicle controls and incubated at 37°C in 5% CO

2
 for 24 h. 

Cells were then incubated in PBS with 5 µl (0.25 µg) 7-AAD and incubated on 
ice for 20 min in the dark. Cells were then washed and resuspended in 0.4% 
paraformaldehyde and analyzed by flow cytometry. Emission was detected in 
the FL-3 channel (> 650 nm) using a FACSCalibur flow cytometer (Becton 
Dickson, Franklin Lakes, NJ).

Calcium fluorescence measurements.  Jurkat T cells were loaded with 
the calcium-indicator dye fluo-3 AM (Invitrogen, Carlsbad, CA) as previ-
ously described (Grynkiewicz et al., 1985). Briefly, cells were harvested and 
resuspended at a concentration of 5 × 106 cells/ml and incubated for 30 min 
(37°C in 5% CO

2
) in complete RPMI media (1.5% FBS, vol/vol) contain-

ing 0.1µM fluo-3 AM in the presence of 0.02% pluronic F-127 (Invitrogen) 
and 2.5mM probenecid (Invitrogen). Cells were washed twice in Ca2+- and 
Mg2+-free Hanks Balanced Salt Solution (Mediatech Inc.) containing 10mM 
N-(2-hydroxyethyl)-piperazine-N´-2-ethanesulfonic acid, pH 7.4, 2% FBS 
and 2.5mM probenecid, resuspended to a concentration of 1  × 106 cells/ml 
and incubated 30 min at room temperature. Because the addition of 2% FBS 
is essential for cell viability, the media contains a nominal concentration of 
Ca2+ (2.5µM). Samples were kept at room temperature and protected from light 
until ready for analysis. For each sample, 2 × 106 cells were placed in a quartz 
cuvette and the fluorescence was measured using a PTI QM-2000-4 spectro-
fluorometer (Photon Technology International [PTI], Birmingham, NJ) with 
constant stirring. The fluorescence of the fluo-3 dye was measured with excita-
tion at 490 nm and emission at 525 nm. The fluorescence was measured and 
digitized at 1 Hz using the software program FeliX 1.42b (PTI). Data points 
were collected every second and cells were either treated with vehicle con-
trol, DCPA, its metabolites or analogs and 2µM thapsigargin (Sigma) or 2µM 
thapsigargin alone. Reagents were added after baseline data were collected 
for 45 s. Following the return of fluorescence to background levels, 2.5mM 
CaCl

2
 (Sigma) was added to the media. Addition of 200µM ionomycin (Sigma) 

ensured even loading of the cells. Cell membranes were lysed with 0.1% (vol/
vol) Triton X-100 (Fisher Scientific, Hampton, NH) to measure the maximum 
fluorescence (F

max
) parameter for calculation of [Ca2+]

i
 and to monitor compart-

mentalization of the dye. To chelate the free Ca2+ to a nominally Ca2+-free level 
(F

min
), 50mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N´,N´-tetraacetic 

acid tetrasodium salt (EGTA), pH 7.5 (Sigma) was added to the cuvette.
Fluorescence values were converted to [Ca2+]

i
 using the following equation:

free Ca2
i D min max[ ] [( ) /( )],+ = - -K F F F F

where K
D
 (360 nM) is the dissociation constant of the fluo-3/Ca2+ complex, F is 

the measured fluorescence intensity, F
min

 is the minimum fluorescence at very 
low [Ca2+]

i
 (fluorescence after the addition of 50mM EGTA), and F

max
 is the 

fluorescence measured at high [Ca2+]
i
 (fluorescence after the addition of Triton 

X-100) (Grynkiewicz et  al., 1985). The background fluorescence obtained 
from unloaded cells over a 3-min time period was subtracted from all data 
points before [Ca2+]

i
 was calculated.

Measurement of IL-2 production.  Jurkat cells were cultured in complete 
RPMI media at 5  × 105 cells/well in 48-well plates (Costar, Corning, NY) 
coated with mouse antihuman CD3 antibody (10 µg/ml) (BD Biosciences, San 
Diego, CA). Cells were treated with varying concentrations of DCPA, DCA, 

DFPA, DFA, NOH-DCA, 6OH-DCA, ethanol, or DMSO vehicle control. Cells 
were also simultaneously stimulated with anti-CD28 antibody (2 µg/ml) (BD 
Biosciences). Cells were incubated at 37°C in 5% CO

2
 for 24 h, after which 

supernatants were collected and placed at −20°C. IL-2 production was deter-
mined using the sandwich ELISA method and following the manufacturer’s 
protocol (BD Pharmingen). All cultures and ELISA analyses were performed in 
triplicate and the experiment was repeated at minimum of three times. IC

50
 for 

the metabolites based on IL-2 production was determined from linear regres-
sion analysis employing JMP v 8.0.1 software (SAS Institute Inc., Cary, NC).

Transfections and measurement of NFAT activity by luciferase assay.  
Jurkat cells were plated in RPMI media with 1.5% FBS at 6 × 105 cells/well in 
a 6-well plate (Costar). For each well, 750 ng of pNFAT-luc (firefly luciferase 
plasmid; Stratagene, Wilmington, DE) and 10 ng pRL-TK (Renilla luciferase 
plasmid; Promega, Madison, WI) were transfected with 1  µl Lipofectamine 
2000 (Invitrogen). Cells were incubated for 5 h at 37°C in 5% CO

2
 and media 

was then replaced with complete RPMI + 10% FBS and incubated over night 
at 37°C in 5% CO

2
. Following transfection, cells were treated with or without 

varying concentrations of DCPA, DCA, DFPA, DFA, NOH-DCA, 6OH-DCA, 
ethanol, or DMSO and stimulated with antihuman CD3 (10  µg/ml; BD 
Biosciences) and antihuman CD28 (2  µg/ml; BD Biosciences). In addition, 
robust experimental T-cell stimulation was achieved using phorbol 12-myristate 
13-acetate (10 ng/ml PMA; Sigma) and calcium ionophore A23187 (1 µg/ml). 
Cells were incubated for 4 h at 37°C in 5% CO

2
, centrifuged, lysed, and stored 

at −70°C until ready for analysis. NFAT activity was determined using the Dual 
Luciferase Assay Kit and following the manufacturer’s protocol (Promega). 
Briefly, 25 µl of lysate was added to 100 µl of Luciferase Assay Reagent II and 
the firefly luciferase activity measured. Addition of Stop & Glo quenched the 
firefly luminescence and provided a substrate for the Renilla luciferase activ-
ity. Luminescence was detected using a Berthold Lumat LB 9507 (Berthold 
Technologies, Oak Ridge, TN). NFAT-firefly luciferase transfection efficiency 
was normalized to the Renilla luciferase activity and the percent change com-
pared with the vehicle control was reported. All luciferase assays were per-
formed in triplicate and the experiment was repeated at least twice.

Statistical analyses.  Cell viability, IL-2 secretion, and NFAT expression 
data were analyzed using MS Excel 2007 (Redmond, WA) and Sigma Stat 3.1 
(Port Richmond, CA). ANOVA with a Student-Newman-Keuls post hoc test 
was used to determine statistical significance with a p value of < 0.05 consid-
ered significant. Calcium fluorescence was quantified using the area under the 
curve (AUC) from the time point when external calcium was added, until uni-
fied length of time, on at least three experiments completed at three independent 
replicates/times. The statistical analysis of the effect of DCPA, DCA, 6OH-DCA, 
NOH-DCA, DFPA, DFA at their treatment levels (independent variable) on Ca2+ 
fluorescence curves—AUC (dependent variable) was done using polynomial 
orthogonal contrasts applied in PROC GLM of SAS (Statistical Analysis System 
vs. 9.2, Cary, NC). This allowed us to indirectly test if there is a linear, quadratic, 
or cubic relationship of the dose of the herbicide or its metabolites on the Ca2+ 
influx following intracellular Ca2+ depletion. For instance, if linear effect is sig-
nificant (p < 0.05) with negative slope of the line, we can conclude that the Ca2+ 
influx in Jurkat cells is linearly decreasing with respect to increasing concen-
tration of the particular herbicide. In addition, ANOVA followed by a Student-
Newman-Keuls multiple comparison test was used on AUC calcium influx data 
to depict the differences between the treatment levels, with alpha of 0.05.

Results

Hydroxylated Metabolites of DCPA Are More Cytotoxic 
Than the Parent Compound

Metabolism of DCPA is reported to occur in the liver through 
the action of acylamidases, which cleave the amide side chain, 
resulting in the production of DCA (McMillan et al., 1990a). 
Several studies have also reported detectable levels of DCA 
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in the blood and urine of DCPA-exposed individuals (Roberts 
et al., 2009). In mammals, hydroxylation of DCA to 6OH-DCA 
and NOH-DCA also occurs in the liver and both oxidative 
metabolites are capable of converting oxyhemoglobin (Hb) 
to metHb. In order to assess the cytotoxicity of DCPA and its 
metabolites on Jurkat T cells, viability and proliferation assays 
were conducted over a range of concentrations. Cells exposed 
to DCPA, DCA, DFPA, and DFA required the use of ethanol 
(0.1% vol/vol) as a vehicle control and DMSO (0.1% vol/vol) 
was used as a vehicle control for 6OH-DCA and NOH-DCA. 
Jurkat T cells were treated or left untreated, loaded with 7-AAD 
and viability was assessed after 24 h (Supplementary data). The 
viability of cells, treated with increasing concentrations of 
DCPA, did not decrease up to 100µM DCPA (Supplementary 
fig.  1). Treatment with 200µM DCPA decreased viability by 
~14.6% (Supplementary fig. 1A) and subsequent studies were 
conducted using a maximum concentration of 100µM of 
DCPA. DCA appeared to be less toxic and concentrations up 
to 200µM were not cytotoxic (Supplementary fig. 1B). Jurkat 
T cells were more sensitive to the hydroxylated DCA metabo-
lites and cytoxicity was observed at 100µM for both 6OH-DCA 
(Supplementary fig.  1C) and NOH-DCA (Supplementary 
fig. 1D). Proliferation assays were also conducted on Jurkat T 
cells and inhibition was observed only at those concentrations 
that were also cytotoxic (data not shown).

DCPA and Its Metabolites Decrease IL-2 Secretion

We have previously reported that exposure to DCPA decreased 
IL-2 production in Jurkat T cells in a calcium-dependent man-
ner (Lewis et  al., 2008). IL-2 is an important early cytokine 
produced by T cells and is critical for the activation, differentia-
tion, and proliferation of several immune cells, including NK 
cells, T cells, and B cells. The effects of DCPA metabolites 
on T-cell function are unknown. To determine if exposure to 
DCPA metabolites alter IL-2 production, Jurkat T cells were 
treated with increasing concentrations, with or without vehicle 
controls (DMSO for the hydroxylated metabolites and ethanol 
for all others), and stimulated with anti-CD3 and anti-CD28 
antibodies. After 24 h in culture IL-2 secretion levels in the 
supernatant were assessed using an ELISA. DCPA decreased 
IL-2 secretion in a concentration-dependent manner with sig-
nificant decreases compared with vehicle control observed at 
25, 50, and 100µM DCPA and representing a 20, 48, and 74% 
decrease in IL-2 production, respectively (Fig. 2A). These data 
are in agreement with previously reported decreases of IL-2 in 
response to DCPA treatment (Lewis et al., 2008).

When Jurkat T cells were exposed to increasing concentra-
tions of DCA (25–200µM), concentration-dependent decreases 
in IL-2 secretion were also observed (Fig.  2B). A  trend of 
decreasing IL-2 production is observed at a concentration of 
50µM with statistically significant decreases at 100 and 200µM 
DCA (Fig. 2B). Exposure to 50, 100, and 200µM DCA results 
in a 10, 45, and 78% decrease in IL-2, respectively. In addi-
tion, IC

50
 values for DCPA and DCA were calculated as 70.3 

and 123µM, respectively. These results suggest that, in T cells, 
DCPA is more potent than its metabolite DCA.

Because NOH-DCA and 6OH-DCA are cytotoxic at 100µM 
in Jurkat T cells, lower concentrations were evaluated to assess 
the effects on IL-2 secretion. Both 6OH-DCA and NOH-DCA 
decreased IL-2 secretion; however, NOH-DCA is a more 
potent inhibitor of IL-2 (Figs. 2C and 2D). IL-2 production was 
decreased by 30% at the highest concentration of 6OH-DCA 
(50µM), whereas exposure to 25 and 50µM NOH-DCA signifi-
cantly decreased IL-2 secretion by 51 and 90%, respectively. No 
change in IL-2 secretion was observed in cells treated with 5µM 
NOH-DCA. The IC

50
 value for NOH-DCA was 24.7µM but the 

IC
50

 for 6OH-DCA was not determined, as it would be greater 
than 50µM (133.2µM by extrapolation) and toxic to the cells. 
These data indicate that Jurkat T cells are highly sensitive when 
exposed to NOH-DCA and greatly reduced IL-2 production.

DCPA and Its Metabolites Alter NFAT Expression

 In T cells, optimal transcription of the IL-2 gene requires 
the coordinated binding of three transcription factors; NFAT, 
NF-κB, and activator protein-1 (AP-1; Jain et  al., 1995). 
AP-1 is a heterodimer that includes c-fos and c-jun members 
and has been previously shown that exposure of Jurkat cells 
to DCPA decreases AP-1 binding ability and c-jun protein 
and phosphorylation levels (Brundage et al., 2004). To further 
understand the effects of DCPA and its metabolites on IL-2 
secretion and to advance our previous studies (Lewis et  al., 
2008), we investigated the effects of DCPA and its metabolites 
on NFAT due to its direct dependence on intracellular calcium. 
Jurkat T cells were cotransfected with a NFAT luciferase 
plasmid and a Renilla luciferase plasmid that was used as a 
control for transfection efficiency. In cells exposed to 25, 50, 
and 100µM DCPA, and stimulated with antihuman CD3 and 
CD28 antibodies, we found a significant decrease in NFAT 
expression compared with vehicle control (Fig. 3A). A decrease 
of 26, 45, and 84% was observed in cells exposed to 25, 50, 
and 100µM DCPA, respectively. Cells treated with DCA and 
stimulated with antihuman CD3 and CD28 antibodies also 
decreased NFAT expression although significant decreases 
of 20 and 87% were only observed at the 100 and 200µM, 
respectively (Fig. 3A).

When we treated Jurkat cells with varying concentrations 
NOH-DCA and 6OH-DCA and stimulated with antihuman 
CD3 and CD28 antibodies there was a significant decrease in 
NFAT expression only at 50µM of 6OH-DCA (30% decrease) 
but at 25 and 50µM of NOH-DCA NFAT expression was 
reduced by 48 and 54%, respectively (Fig. 3B).

In addition to stimulation of Jurkat T cells with antihuman CD3 
and CD28 antibodies, which mimics the in vivo T-cell activation, 
cells were also robustly stimulated with PMA/A23187, finding 
similar significant reduction of NFAT expression (Supplementary 
fig.  2). Specifically, there was a 37, 63, and 87% decrease in 
NFAT expression in cells treated with 25, 50, and 100µM DCPA, 
respectively. Similarly, cells treated with DCA and stimulated 
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with PMA/A23187 also had decreases in NFAT expression 
(Supplementary fig. 2A) at the same concentrations that caused 
decreased IL-2 secretion (Fig.  2B). PMA/A23187-stimulated 
cells treated with 6OH-DCA had a 30% decrease in NFAT 
expression at 50µM with no change at 25µM (Supplementary 
fig.  2B). NOH-DCA decreased NFAT expression by 33 and 
47% at 25 and 50µM, respectively (Supplementary fig. 2B). All 
experiments, under both stimulation conditions, included cells 
treated with cyclosporine A, an inhibitor of NFAT that prevents 
dephosphorylation, and produced similar levels of NFAT as 
those in unstimulated cells. These data indicate that DCPA and 
its metabolites inhibit NFAT expression.

DCPA and Its Metabolites Have Differential Effects on Ca2+ 
Homeostasis

It has been previously reported that exposure of Jurkat T 
cells to DCPA results in decreased intracellular calcium influx 
following endoplasmic reticulum (ER) Ca2+ store depletion 

(Lewis et al., 2008). To examine the effect of DCPA metabo-
lites on calcium homeostasis, Jurkat T cells were loaded with 
a calcium-sensitive dye and changes in intracellular calcium 
were monitored over time. At the start of these experiments, 
depletion of ER Ca2+ stores with thapsigargin, an inhibitor of 
the Sarco/ER Ca2+ ATPase pump, results in a small, transient 
increase in intracellular Ca2+ (Fig. 4). Addition of 2mM Ca2+ to 
the media results in a large and sustained increase in intracel-
lular Ca2+ and reflects store-operated calcium influx (Fig. 4). In 
agreement with previous reports (Lewis et al., 2008), Jurkat T 
cells exposed to DCPA showed decreased calcium influx fol-
lowing store depletion in a concentration and linear manner 
(Fig. 4A). Specifically, calcium influx was significantly lower 
at 100µM of DCPA than at vehicle control and 25µM DCPA. 
Similarly, a linear  decrease in calcium influx occurred with 
increased doses of DCA, with a significant decrease at 200µM 
when compared with vehicle control and 50µM (Fig.  4B). It 
should be noted that DCPA and DCA-treated cells do not alter 

Fig. 2.  DCPA and its metabolites inhibit IL-2 secretion. Jurkat T cells were treated with (A) DCPA, (B) DCA, (C) 6OH-DCA, (D) NOH-DCA in the concen-
trations indicated on the figure. Additional treatment groups included a vehicle (veh) control and a no treatment (labeled “cells”). All experimental groups were 
stimulated with anti-CD3 and anti-CD28 for 24 h as described in the Materials and Methods section. Supernatants were analyzed by standard ELISA methods to 
quantitate IL-2 secretion. Graphs are representative of three separate experiments, each performed in triplicate wells. Error bars reflect ± SEM and asterisks (*) 
indicate statistically significant results for all experimental units, p < 0.05 using ANOVA with a Student-Newman-Keuls post hoc test.
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the transient increase in intracellular calcium observed when 
ER calcium stores are depleted. Interestingly, cells treated with 
6OH-DCA and NOH-DCA did not inhibit ER calcium store 
depletion or calcium influx (Figs. 4C and 4D), as demonstrated 
by lack of linear, quadratic, or cubic relationship between the 
dose and Ca2+ influx for both 6OH-DCA and NOH-DCA. These 
data support the conclusion that the hydroxylated metabolites 
alter IL-2 secretion through a different mechanism than DCPA 
and DCA.

Chlorine Substituents Play a Role in the Immunotoxic 
Effects of DCPA

To assess the role that chlorines, in the 3 and 4 positions on 
DCPA, may have on the immunotoxic effects in T cells, we 
synthesized the fluorine analog of DCPA, DFPA (see Materials 
and Methods section) and used DFA, a commercially available 
fluorine analog of DCA. Viability assays indicate that exposure 
to DFPA and DFA is nontoxic compared with their chlorine 
counterparts. Concentrations up to 400µM of both DFPA and 
DFA were not cytotoxic to Jurkat T cells (Supplementary figs. 3A 
and 3B). Proliferation assays were also conducted and no changes 
in proliferation after 24 h were observed at concentration up to 
400µM (data not shown). To determine the effect of DFPA and 
DFA on IL-2 secretion, Jurkat T cells were stimulated and IL-2 
was measured as described above. No changes in IL-2 secretion 
were detected when exposed to DFPA or DFA with increasing 
concentrations up to 400µM (Figs. 5A and 5B). These results 
indicate the presence of chlorine at the 3 and 4 positions plays 
an important role in the inhibition of IL-2 in DCPA- and DCA-
exposed Jurkat T cells. To confirm the apparent inert effects when 
fluorine is substituted for chlorine, NFAT expression and Ca2+ 
influx were also examined as described above. Consistent with 
the viability, proliferation, and IL-2 secretion data, Jurkat T cells 
exposed to DFPA and DFA did not alter NFAT expression (Figs. 
5C and 5D) or Ca2+ homeostasis (Figs. 6A and 6B). These data 
provide clear evidence that the immunotoxic effects of DCPA 
and its metabolites on Jurkat T cells can be attributed, in large 
part, to the presence of chlorine.

Discussion

The effects of DCPA on the immune system have been well 
documented (reviewed by Salazar et al., 2008). In mouse mod-
els, in vivo and in vitro exposure to DCPA results in an anti-
inflammatory effect by macrophage inhibition. DCPA also 
decreases IL-2 secretion by activated T cells by altering NFAT 
translocation and calcium homeostasis (Lewis et al., 2008).

The focus of this report was to determine whether NOH-
DCA and 6OH-DCA, reactive metabolites of DCPA (McMillan 
et  al., 1990b), as well as fluorine-based analogs also inhibit 
IL-2 production by reducing NFAT expression and Ca2+ 
influx. Previously known toxic effects of both NOH-DCA 
and 6OH-DCA include binding to hemoglobin leading to 
methemoglobinemia, a serious medical condition that results 
in the formation of methemoglobin adducts that do not bind 
or transport oxygen. NOH-DCA has also been reported as a 
nephrotoxicant and can induce hemolytic anemia (McMillan 
et al., 1991; Rankin et al., 2008). There are no reports on the 
effect of DFPA or DFA on T-cell function.

We report here the first evidence of the immunotoxic effects 
of the DCPA metabolites, DCA, NOH-DCA, and 6OH-DCA 
on Jurkat T-cell function. Jurkat T cells have been used for 
over 20 years as a model for human T-cell signaling (Jain et al., 

Fig.  3.  DCPA and its metabolite alter NFAT expression. Jurkat T cells 
were cotransfected with a firefly luciferase NFAT reporter plasmid and a Renilla 
luciferase reporter plasmid to control for transfection efficiency. Cells were 
treated with varying concentrations of (A) DCPA and DCA; (B) 6OH-DCA 
and NOH-DCA or vehicle (veh) as indicated on the figure. Unstimulated 
(unst) and cyclosporine A  (cyc)-treated cells were included as controls. All 
groups were stimulated with anti-CD3 and anti-CD28 for 4 h as described in 
the Materials and Methods section. Cell lysates were analyzed for luciferase 
activity and normalized to Renilla activity. Results are representative of at least 
two experiments each treatment performed in triplicate wells. Asterisks (*) 
indicate statistically significant results, p < 0.05 using ANOVA with a Student-
Newman-Keuls post hoc test.
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1995). Previous research has demonstrated that exposure of 
DCPA to human Jurkat T cells inhibited IL-2 secretion in a 
concentration and Ca2+-dependent manner (Lewis et al., 2008). 
Like DCPA, DCA inhibits IL-2 secretion, NFAT expression, 
and calcium homeostasis, although higher concentrations than 
that of DCPA were required (Figs. 2B, 3A, and 4B). This is 
in agreement with others who have reported that immune 
parameters including T-cell–dependent antibody production, 
myelotoxic effects, and IL-6 response in mouse T cells were 
altered by DCPA but required higher concentrations of DCA 
to produce similar effects (Barnett et al., 1992; Malerba et al., 
2002).

Activation of T cells requires the release of Ca2+ into the cyto-
sol from ER stores, which leads to the activation of calcineurin 
and dephosphorylation of NFAT resulting in secretion of IL-2. 
However, depletion of ER stores is not sufficient for the sus-
tained IL-2 production required for a robust immune response. 

Calcium release–activated calcium (CRAC) channels on the 
plasma membrane are activated by the Ca2+ released from ER 
stores and these CRAC channels allow the influx of extracel-
lular Ca2+ to ensure a sustained IL-2 production. Depletion of 
the ER stores results in the aggregation of STIM1 proteins that 
reside on the ER membrane and the further activation of CRAC 
channels through Orai1, an important CRAC protein. We 
recently reported that DCPA inhibits STIM puncta (aggregates) 
formation in HEK293 cells (Zhou et al., 2011). We have previ-
ously demonstrated that DCPA does not alter the release of Ca2+ 
from ER stores (Lewis et al., 2008) so decreases in Ca2+ influx 
are likely occurring through inhibition of Ca2+ influx through 
CRAC channels. Inhibition of STIM1 by DCPA or DCA would 
result in decreased Ca2+ influx leading to downstream conse-
quences including decreased levels of dephosphorylated NFAT 
and decreased IL-2 production. It is reasonable to conclude that 
DCPA may have similar effects in Jurkat T cells.

Fig. 4.  Differential effects of DCPA and its metabolites on calcium influx. Jurkat T cells were loaded with the calcium-sensitive dye, fluo-3, and treated with 
(A) DCPA, (B) DCA, (C) 6OH-DCA, (D) NOH-DCA at concentrations indicated on the figure. Additional treatment groups included a vehicle (veh) control and a 
no treatment control (labeled “control”). Following addition of the indicated treatment, 2µM thapsigargin was immediately added to deplete ER Ca2+ stores. When 
fluorescence returned to baseline, 2mM CaCl

2
 was added and the effect on Ca2+ influx was recorded. Graphs are representative of at least three experiments, and 

statistical analysis was done collectively on all experimental units (n = 3 for each of DCPA, DCA, and NOH-DCA).
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Of the metabolites tested NOH-DCA appears most overtly 
cytotoxic to T cells (Supplementary fig.  1) and inhibits IL-2 
secretion more potently, with a 90% reduction in IL-2 at 50µM, 
whereas at 50µM DCPA, IL-2 is decreased by 50% (Fig. 2A). 
Further, cells treated with 50µM NOH-DCA resulted in a 54% 
decrease in NFAT expression (Fig.  3B) when activated with 
antihuman CD3 and CD28 antibodies and to a similar degree 
when stimulated with PMA/A23187 (Supplementary fig.  2). 
Our data also show a toxic effect of 6OH-DCA on T-cell 
function, although 6OH-DCA required higher concentrations 
in order to observe a similar effect with that seen with 

NOH-DCA. Importantly, no change in Ca2+ influx was seen 
with either NOH-DCA or 6OH-DCA (Figs. 4C and 4D). The 
effect of these metabolites on calcium homeostasis suggests 
that the mechanism by which NOH-DCA and 6OH-DCA 
inhibit IL-2 secretion is different from that of DCPA (Figs. 4A 
and 4C). NOH-DCA and 6OH-DCA appeared to inhibit IL-2 
in a Ca2+-independent manner, whereas the effects of DCPA 
and DCA on T-cell function are elicited in a Ca2+-dependent 
manner. Although the mechanism(s) for the decreases in IL-2 
and NFAT expression caused by 6OH-DCA and NOH-DCA 
cannot be ascertained from these experiments, it is possible that 

Fig. 5.  Fluorine analogs do not alter IL-2 secretion and NFAT expression in Jurkat cells. Jurkat T cells were treated with DFPA or DFA at the concentrations 
indicated. Additional treatment groups included a vehicle (veh) control and a no treatment control (labeled “cells”). IL-2 secretion by treated and control Jurkat 
T cells after stimulation with anti-CD3 and anti-CD28 for 24 h was measured by standard ELISA techniques. Error bars reflect ± SEM and asterisks (*) indicate 
statistically significant results, p < 0.05 using ANOVA with a Student-Newman-Keuls post hoc test. NFAT expression in treated and control Jurkat T cells trans-
fected with a NFAT luciferase plasmid was assessed after treatment as previously described. Results are representative of three separate experiments performed 
in triplicate.
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the hydroxylated DCA metabolites alter Jurkat T-cell activation 
by directly interfering with activation of calcineurin. This could 
allow normal changes in cytosolic Ca2+ but prevent activation 
of NFAT and thus, production of IL-2. Several direct inhibitors 
of NFAT activation have been identified and these include 
cyclosporine A (Li et al., 2011) and the immunophilin FKBP12 
(Siamakpour-Reihani et  al., 2011). These molecules bind 
directly to calcineurin and inhibit its phosphatase activity, and 
thus, the translocation of NFAT (Li et al., 2011; Siamakpour-
Reihani et al., 2011).

Approximately 45% of all herbicides contain a carbon- 
chlorine bond and 17% of all organochlorines require spe-
cial safety precautions for use in the workplace (Naumann, 
2000). In many cases the biological activity of the compound 

is conferred by the presence of the chlorines. The best known 
example is DDT, as removal of specific chlorines renders this 
pesticide inactive. Other toxic chlorine-containing herbicides 
include chlordane and heptachlor. In order to determine the role 
that chlorine substituents have on DCPA-exposed T cells, we 
substituted fluorines for the chlorines found in both DCPA and 
DCA. In the last 20 years, the number of fluorinated chemicals 
has increased significantly and now 28% of all halogenated 
agrochemicals are fluorinated (Jeschke, 2004). The position 
and number of fluorines in agrochemicals determine the activ-
ity of many pesticides. Unlike DCPA and DCA, DFPA and 
DFA are not cytotoxic (up to 400µM) (Supplementary fig. 3) 
and do not alter IL-2 secretion, NFAT expression, or calcium 
homeostasis (Figs. 5 and 6). This indicates that chlorine substi-
tution plays an important role in exerting immunotoxic effects 
in T cells. Several possibilities exist for the differential effects 
observed with chlorine and fluorine. First, fluorines are highly 
electronegative and act only as hydrogen acceptors, whereas 
chlorine and other halogens act as both hydrogen acceptors and 
donors (Purser et al., 2008). This increase in electronegativity 
could alter the distribution of charge so that the fluorine ana-
logs cannot interact with its target in the same way as DCPA 
and DCA. Second, trifluoro-substitution can increase lipophi-
licity but mono- or difluoro-substitution have been known to 
decrease it (Purser et al., 2008). Changes in the lipophilicity 
may also alter interaction with the target of DCPA and because 
DCPA is targeted to the cytosol, increases in lipophilicity may 
prevent access into the cell (Hanson et al., 2010). Lastly, fluo-
rines are similar in size to hydrogen and may not produce the 
3D confirmation required to elicit the effects observed with 
DCPA. Further studies are required to determine the mecha-
nism of DCPA, in particular, how the chlorine location and 
position alter T-cell function. These specific properties of fluo-
rine appear to be responsible for the apparent reversal of effects 
observed in DFPA- and DFA-treated cells.

In conclusion, the hydroxylated metabolites of DCPA dis-
play differential effects on T cells. Although DCA elicits 
similar Ca2+-dependent effects on IL-2 secretion, the parent 
compound, DCPA, appears to be more active. However, DCPA 
is reported to be quickly metabolized in the body to DCA and 
persists in the body, possibly allowing DCA to accumulate to 
concentrations greater than that of DCPA (Roberts et al., 2009). 
Further exposure to DCA, as a breakdown of product of other 
herbicides such as linuron and diuron, may also increase over-
all exposure to DCA and its hydroxylated metabolites, result-
ing in alterations in human T-cell function. In addition, our data 
demonstrate that the position and location of the chlorines are 
critical in eliciting these effects. The hydroxylation of DCA 
occurs in mammals and has been reported for its role in met
hemoglobinemia (McMillan et al., 1990b), but its effects on the 
immune system are unknown. This is the first reported study of 
the immune effects of the hydroxylated metabolites of DCPA. 
Our data suggest that NOH-DCA is the most toxic metabo-
lite of DCPA, with significant functional consequences on 

Fig. 6.  Fluorine analogs do not alter the calcium flux in Jurkat cells. Jurkat 
T cells loaded with fluo-3 were assessed for changes in calcium influx in (A) 
DFPA and (B) DFA-treated samples as previously described. All results are 
representative of at least three different experiments, and statistical analysis 
was done collectively on all experimental units (n = 4 for each of DFPA, n = 3 
for DFA).
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human T-cell function at the concentrations used for this study. 
However, given the relatively high concentrations required to 
induce an effect with even NOH-DCA, the immunotoxic risk 
to humans of exposure to DCPA appears fairly minimal. Yet, to 
our knowledge, none of the reported human studies measured 
levels of either NOH-DCA or 6OH-DCA. Thus, further studies 
are needed to determine the nature and mechanism of exposure 
to DCPA and its metabolites and its potential adverse effects on 
human health.

Supplementary Material

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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