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Abstract

Human natural killer (NK) cells are a first-line immune defense against tumor cells and virally-infected cells. If
their function is impaired, it leaves an individual more susceptible to cancer development or viral infection. The
ability of compounds that contaminate the environment to suppress the function of NK cells could contribute
to the increased risk of cancer development. There are a wide spectrum of compounds that significantly con-
taminate water and food that are consumed by humans, leading to accumulation of some of these compounds
in human tissues. In the current study, we examined the ability of three such compounds to diminish the func-
tion of human NK cells. Triclosan (TC) is an antimicrobial agent used in a large number of antibacterial soaps.
Nonylphenol (NP) is a degradation product of compounds used as surfactants and as stabilizers in plastics. 4,4’
Dichlorodiphenyltrichloroethane (DDT) is a pesticide that is mainly used to control mosquitoes. The compounds
were examined for their ability to suppress NK function following exposures of 1h, 24 h, 48h, and 6 days. Each
agent was able to substantially decrease NK lytic function within 24 h. At a concentration of 5uM, both TC and
NP inhibited NK lytic function by 87 and 30%, respectively; DDT decreased function by 55% at 2.5 uM. The nega-
tive effects of each of these compounds persisted and/or intensified following a brief (1 h) exposure to the com-
pounds, indicating that the impairment of function cannot be eliminated by removal of the compound under

in vitro conditions.
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Introduction

Natural killer (NK) cells are the initial immune defense
against development of cancers and viral infections. They are
defined by the presence of the proteins CD56 and/or CD16 on
their cell surface (Lotzova, 1993; Vivier et al., 2004). NK cells
appear to be the predominant defense against tumor cells
(Lotzova, 1993); they limit the spread of blood borne metas-
tases and the development of primary tumors (Kiessling and
Haller, 1978; Hanna, 1980). The important role of NK cells in
protecting against viral infections has been demonstrated by
the increased incidence of viral infection seen in individu-
als where this subset of lymphocytes was completely absent
(Fleisher et al., 1982; Biron et al., 1989). Impairment of NK
function by any agent could then leave an individual with
increased risk of tumor development and/or viral infections.
Previously, we have shown that a number of man-made
chemicals that contaminate the environment are capable
of suppressing the target-cell-destroying function (i.e., lytic

function) of NK cells. These include organotin agents (Whalen
etal., 1999, 2002, 2003a), carbamate pesticides (Whalen et al.,
2003b; Wilson et al., 2004), and brominated flame-retardants
(Hinkson and Whalen, 2009; Kibakaya et al., 2009), among
others (Reed et al., 2004).

Triclosan (TC) is used widely in antibacterial soap prod-
ucts and other personal hygiene products, such as toothpaste
(Bhargava and Leonard, 1996). It contaminates the aquatic
environment (Koplin et al., 2002; Singer et al., 2002) and is
found in human blood (Allmyr et al., 2006, 2008), breast milk
(Allmyr et al., 2006), and urine (Calafat et al., 2008). TC enters
the human system through absorption through the skin or
by ingestion (Moss et al., 2000; Sandborgh-Englund et al.,
2006). TC has been shown to disrupt the thyroid hormone-
dependent aspects of metamorphosis in frogs (Veldhoen
et al., 2006). It has also been shown to interfere with thyroid
hormone regulation in rats (Crofton et al., 2007) and to act as
an inhibitor of sulfotransferase and a glucuronosyltransferase

Address for Correspondence: Margaret M. Whalen, Department of Chemistry, Tennessee State University, 3500 John A. Merritt Blvd., Nashville, Tennessee 37209,

USA. E-mail: mwhalen@tnstate.edu.

(Received 21 October 2009; revised 21 January 2010; accepted 01 February 2010)

ISSN 1547-691X print/ISSN 1547-6901 online © 2010 Informa UK Ltd
DOI: 10.3109/15476911003667470

http://www.informahealthcare.com/imt


http://informahealthcare.com/doi/abs/10.3109/15476911003667470
mailto:mwhalen@tnstate.edu.

206 Udoji et al.

enzymatic activity in human liver cytosolic and microsomal
fractions (Wang et al., 2004).

Nonylphenol polyethoxylates (NPEOs) are used as sur-
factants in a variety of applications, such as in cleaning
products, paints, and in herbicide and pesticide formulations
(Chen et al., 2005). 4-Nonylphenol (NP) is one degradation
product of NPEOs (Naylor et al., 1992) and a by-product of
an antioxidant stabilizer in plastic products; as such, it can
leach from plastics (Howe et al., 2001). As NP is very stable,
it persists in the environment as evidenced by its presence
in aquatic sediment and in rivers and lakes (Naylor et al.,
1992). Consequently, NP has been found in drinking water
(Clark et al., 1992). NP has been found in human blood sam-
ples at levels as high as 1 uM (Chen et al., 2005, 2008). In an
in vitro study, NP was shown to have weak estrogenic activity
in trout hepatocytes and in human breast cancer cell lines
(White et al., 1994). NP has also been shown to have effects
on immune system cells from exposed mice (Lee et al., 2003)
and rats (Karrow et al., 2004), on ex vivo-exposed rat immune
cells (Karrow et al., 2004), and on a human lymphocyte cell
line (Yao et al., 2007).

DDT is used to control mosquitoes. Though it has been
banned for use in the United States, it continues to be used
in many countries (CDC, 2003). DDT can still be found
in measureable quantities in blood samples from the US
population (Thornton et al., 2002; Patterson et al., 2009).
In Mexico, where DDT is still used, serum DDT levels as
high as 23,169 ng/g of lipid have been noted (Koepke et al.,
2004; Trejo-Acevedo et al., 2009). An association between
blood levels of DDT and decreased numbers of NK cells
as well as decreased NK function has been reported in
humans (in vivo) (Svensson et al., 1994). Additionally,
an association of DDT levels with interleukin-4 levels
has been shown in humans (in vivo) (Huber et al., 2002).
Previous studies have also shown that DDT could inhibit
the lytic function of highly-purified human NK cells (Reed
et al., 2004).

The study reported here examined the capacity of TC, NP,
and DDT to disrupt the lytic function of human NK cells.
The effects of continuous exposures (for up to as long as 6
days) to these compounds were investigated. Additionally,
NK cells were exposed to TC, NP, or DDT for 1h and then
incubated as long as 6 days in compound-free media to
determine whether any of the agents produced persistent
or progressive loss of lytic function following a single brief
exposure. Lasting (or developing) negative effects of such a
brief exposure to any of these compounds would suggest a
potential for greater toxicologic risk from exposure to these
environmental contaminants.

Materials and methods

Isolation of NK cells

Peripheral blood from healthy adult (male and female)
volunteer donors was used for this study. Buffy coats
(source leukocytes) obtained from the American Red Cross
(Portland, OR) or Key Biologics, LLC (Memphis, TN) were

used to prepare NK cells. Highly-purified NK cells were
obtained using a rosetting procedure. Buffy coats were mixed
with 0.8 mL of RosetteSep human NK cell enrichment anti-
body cocktail (StemCell Technologies, Vancouver, British
Columbia, Canada) per 45 mL of bufty coat. The mixture was
incubated for 20 min at room temperature (~25°C). Following
the incubation, 7-8 mL of the mixture was layered onto 4 mL
of Ficoll-Hypaque (p =1.077 g/mL; MP Biomedicals, Irvine,
CA) and centrifuged at 1200x g for 30-40 min. The cell layer
was then collected and washed twice with phosphate-buff-
ered saline (pH 7.2) and stored in complete media [RPMI-
1640 supplemented with 10% heat-inactivated bovine calf
serum (BCS), 2mM L-glutamine, and 50 U penicillin G/50 pg
streptomycin/mL] at a concentration of 1 million cells/mL
(Whalen et al., 2002). Freshly-isolated NK cells were used
rather than a cell line; this was due to the fact that cell lines
(being normally derived from cancerous cells) are inherently
not “normal” and our interest was in examining the effects
of these contaminants in/on normal cells.

Chemical preparation

TC (Calbiochem, La Jolla, CA), NP (Alpha Aesar, Ward Hill,
MA), and DDT (Supelco, Bellefonte, PA) were each dissolved
in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO)
to yield 100 mM stock solutions. Desired concentrations of
each compound were then prepared by dilution of the stock
into complete media containing 0.5% gelatin (in place of 10%
bovine serum). The final concentration of DMSO in any of the
exposures did not exceed 0.01%.

Asnoted here, in these studies, gelatin was used in place of
the serum. This was done because serum albumin has a well-
known capacity to bind hydrophobic compounds, an effect
that would interfere with delivery/diminish the amount of
each test agent that might be available for interaction(s) with
the NK cells. Nevertheless, in order to confirm that: any effects
of each agent noted in the gelatin-utilizing studies might also
potentially occur under in vivo scenarios (wherein albumin
would be present); the effects reported in the gelatin-utilizing
protocols are not misleading; and, any agent-induced effects
are demonstrably comparatively skewed due to the expected
binding effects of albumin, several of the studies herein were
also performed using 10% bovine serum.

Cell treatments

NK cells (at a concentration of 1.5x10° cells/mL) were
exposed at 37°C (in an air:CO, (19:1) incubator) to com-
pounds or control media for 1 h, 24 h, 48h, or 6 days and then
assayed for tumor-destroying function. In some studies, NK
cells were also exposed to compounds for 1h and, follow-
ing this period, the media was removed and replaced with
fresh compound-free media. The cells were then incubated
in compound-free media for 24 h, 48h, or 6 days before being
assayed for tumor-destroying function.

Cell viability
Cell numbers and viability were assessed at the beginning
and end of each exposure period by trypan blue exclusion.



Treated and control cells that had been exposed to trypan
blue were counted using a hemocytometer. Viability was
determined at each concentration for each of the exposure
periods. The viability of treated cells was then compared to
that of control cells at each length of exposure (Whalen et al.,
2003b). Only those concentrations where viability was unaf-
fected were used at a given length of exposure.

Cytotoxicity assay

The ability of NK cells to lyse tumor cells was measured using
a [*'Cr] release assay (Whalen et al., 1999). The target cell in
all cytotoxicity assays was the NK-susceptible K562 (human
chronic myelogenous leukemia) cell line. Briefly, K562 cells
were incubated with [*'Cr] (as Na,[*'Cr]O,; Perkin-Elmer Life
Sciences, Boston, MA) in 0.2-0.5 mL of unadulterated BCS
(i.e., BCS containing no additions) for 1.0-1.5h at 37°C in an
air:CO, (19:1) incubator. Following this incubation, the tar-
get cells were washed twice with gelatin media. NK (effector)
cells (1.2x 10°/100 pL for 12:1 ratio with target cells) were
added to the wells of round-bottom micro-well plates. The
effector cells were diluted to a 6:1 (0.6 x 10°/100 uL) and a 3:1
ratio (0.3 x10°/100 pL); each ratio was tested in triplicate.
Target cells were added (1 x 10*/100 pL) to each well of the
micro-well plate; the plate was then centrifuged at 300xg
for 3.5min and incubated for 2h at 37°C in air:CO, (19:1).
After this incubation, a 0.1 mL aliquot of supernatant was
collected from each well to assess radioactivity (in 60 sec) in
a Packard COBRA vy-radiation counter (Packard Instrument
Co., Meriden, CT). Target lysis was then calculated as:
100 x [test cpm - spontaneous cpm]/[maximum cpm -
spontaneous cpm]. Maximum release was produced by
adding 100 pL of 10% Triton X-100 to wells containing only
the labeled target cells; spontaneous release was assessed
from wells containing cells plus medium only.

Statistical analysis

The data from treated cells at a given concentration were com-
pared to control data by pair-wise analysis, using Student’s
t-test at a specific length of incubation. One-way analysis of
variance followed by a post hoc Bonferroni correction was
used to compare data from different time points or different
concentrations of the compounds.

Results

Lytic function of NK cells exposed to TC for 1 h, 24 h, 48h,
and 6 days

NK cells were exposed to 2.5-10puM TC for 1h and then
tested for their ability to lyse tumor cells. Both 5 and
10 pM TC caused very significant reductions in NK cell lytic
function after only 1h [46.3 (£20.6)% and 91.7 (+5.7)%,
respectively] (P<0.0001; Figure 1). The concentration range
used for the 24-h exposures to TC was 0.5-5.0 uM. There
was a decrease in NK cell viability with exposure to 10 uM
TC for 24 h, and thus it was not used to analyze lytic func-
tion. The decrease in lytic function after a 24-h exposure
to 2.5uM TC was 64.3 (+11.0)% (P<0.0001), whereas that
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at 5uM was 87.4 (+5.6)% (P<0.0001; Figure 1). When NK
cells were exposed to these same TC levels for 48h, there
were again very substantial decreases in lytic function at 2.5
and 5 uM TC [65.7 (+26.8)% and 87.2 (+9.6)%, respectively]
(P<0.0001; Figure 1). The 6-day exposures of NK cells to TC
were carried out at concentrations of 0.5-5.0 pM. There was
a significant decrease in tumor cell-lysing function with a
6-day exposure to all concentrations of TC except 0.5 pM
(Figure 1). Decreases in lytic function were 32.2 (+10.4)%
at 1M, 76.7 (+10.8)% at 2.5 uM, and 85.6 (+9.4)% at 5 uM
TC (P<0.0001; Figure 1). NK cells treated with 2.5uM TC
for 24 h in the presence of 10% bovine serum showed a 25.4
(+5.7)% decrease in lytic function compared to control cells
(data not shown—available on request).

Lytic function of NK cells exposed to TC for 1 h, followed
by 24 h, 48h, and 6 days in TC-free medium

In order to assess whether a brief exposure of NK cells to TC
could cause lasting and/or ensuing effects on lytic or bind-
ing function, NK cells were exposed to 2.5-10 pM TC for 1h,
which was removed, and the NK cells were then suspended
in TC-free media for 24h, 48h, or 6 days before assaying
for lytic function. As described above, NK cells exposed to
10 pM TC for 1 h and then tested immediately for lytic func-
tion showed decreases in lytic function of 46.3 (+20.6)% at
5uM TC and 91.7 (+5.7)% at 10 uM TC. Although 10 uM TC
caused a decrease in NK cell viability when the exposure
was 24 h or more, there was no decrease in NK cell viability
with a 1-h exposure. When NK cells were exposed to 5 and
10 uM TC for 1h, and then incubated in TC-free media for
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Figure 1. Effects of triclosan (TC) exposures on the ability of natural killer
(NK) cells to lyse tumor cells. NK cells were exposed to 0.5-10 uM TC for
1h, 24h, 48h, or 6 days. To combine results from separate experiments
(using cells from different donors) the levels of lysis were normalized as the
percentage of the lytic function of the control cells in a given experiment.
Results were from three separate experiments using different donors (trip-
licate determinations for each experiment; n=9, mean + SD). *Statistically
significant change as compared to control cells at that same length of incu-
bation (P<0.05).
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24 h before assaying lytic function, there was no significant
decrease at 5 uM TC. However, there remained a very signifi-
cant decrease at the 10 uM level [67.0 (+21.2)%; Figure 2]. At
48h after a 1-h exposure to TC, there was still a significant
decrease from the 10 uM exposure [57.3 (+25.0)%]; 6 days
following a 1-h exposure, there were significant decreases
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Figure 2. Effects of 1-h exposures to triclosan (TC) followed by 24h, 48h,
or 6 days in TC-free media on the ability of natural killer (NK) cells to lyse
tumor cells. NK cells were exposed to 2.5-10 uM TC for 1 h. Results were
from at least three separate experiments using different donors (triplicate
determinations for each experiment; n=9, mean + SD), as described in
Figure 1. *Statistically significant change as compared to control cells at
that same length of incubation (P<0.05).
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Figure 3. Effects of nonylphenol (NP) exposures on the ability of natural
killer (NK) cells to lyse tumor cells. NK cells were exposed to 1-10 pM NP
for 1h, 24h, 48h, or 6 days. Results were from three separate experiments
using different donors (triplicate determinations for each experiment,
n=9, mean * SD), as described in Figure 1. *Statistically significant change
as compared to control cells at that same length of incubation (P<0.05).

6 days

at both the 5 and 10 uM exposures [28.9 (+9.4)% and 74.9
(+16.2)%, respectively; Figure 2].

Lytic function of NK cells exposed to NP for 1h, 24 h, 48h,
and 6 days

Exposure of NK cells to 10pM NP for 1h significantly
decreased the lytic function of NK cells by 39.0 (+30.4)%
(P<0.01; Figure 3). The 24-h exposures to 5 and 10 uM
NP decreased lytic function by 30.1 (+19.3)% and by 50.6
(+£9.5)%, respectively (P<0.01; Figure 3). The concentration
range used for the 48-h exposures to NP were no greater
than 5uM, as there was a decrease in NK cell viability with
exposure to 10 uM NP. There was a decrease in lytic function
after a 48-h exposure to 5 uM NP of 27.1 (+21.7)% (P<0.01;
Figure 3). NK cells exposed to NP for 6 days showed signifi-
cant decreases in lytic function at all of the concentrations
of NP. Decreases in lytic function were 21.0 (+10.7)% at
1M, 37.6 (£27.2)% at 2.5 uM, and 56.2 (+20.8)% at 5 uM NP
(P<0.01; Figure 3). NK cells treated with 5 pM NP for 24 h in
the presence of 10% bovine serum showed a 26.1 (£6.4)%
decrease in lytic function compared to control cells (data not
shown—available on request).

Lytic function of NK cells exposed to NP for 1 h, followed
by 24 h, 48h, and 6 days in NP-free medium

Exposure of NK cells to 10 pM NP for 1h caused =40%
decrease in lytic function (Figure 3). Cells exposed to
10 uM NP for 1 h and then incubated for 24 h in NP-free
media before being tested for lytic function showed a 44.9
(£18.3)% (P<0.01) decrease in lytic function (Figure 4).
Although exposure of NK cells to 5 uM NP for 1 h caused
no significant loss of lytic function (Figure 3) there was
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Figure 4. Effects of 1-h exposures to nonylphenol (NP) followed by 24h,
48h, or 6 days in NP-free media on the ability of natural killer (NK) cells
to lyse tumor cells. NK cells were exposed to 2.5-10 uM NP for 1 h. Results
were from at least three separate experiments using different donors (trip-
licate determinations for each experiment; n=9, mean + SD), as described
in Figure 1. *Statistically significant change as compared to control cells at
that same length of incubation (P<0.05).

6 days




an 15.8 (+12.8)% (P<0.01) decrease in lytic function 24 h
following a 1-h exposure to 5 uM NP (Figure 4). When NK
cells were exposed to 5 and 10 uM NP for 1h and then
incubated in NP-free media for 48 h before assaying for
lytic function, there were significant decreases at 5pM
[37.4 (£27.5)%, P<0.001] and 10pM [64.3 (£29.9)%,
P<0.001] NP (Figure 4). Six days following a 1-h expo-
sure to 2.5 pM NP, there was a decrease in lytic function of
47.7 (£27.5)% (P<0.001), whereas those seen with 5 and
10 uM were 48.4 (+15.6) and 82.4 (+8.0)%, respectively
(P<0.001; Figure 4).

Lytic function of NK cells exposed to DDT for 1h, 24 h,
48h, and 6 days

Exposure of NK cells to DDT for 1h (at concentrations
as high as 10 uM) had no effect on the lytic function of
NK cells (Figure 5). However, a 24-h exposure to 2.5 M
DDT decreased lytic function by 55.4 (+18.0)% (P<0.001;
Figure 5). Concentrations > 2.5 pM caused decreased viabil-
ity of NK cells at 24 h. After a 48-h exposure to 2.5 uM DDT,
lytic function was decreased by 68.9 (+21.6)% (P<0.001;
Figure 5); after a 6-day exposure, the decrease from the
2.5uM dose was 86.4 (+8.1)% (P<0.001). There were also
significant decreases at 0.25, 0.50, and 1.00 uM DDT—after
a 6-day exposure—of 19.3 (+ 15.0)%, 22.1 (+8.8)%, and 22.2
(+£9.8)%, respectively (P<0.01; Figure 5). NK cells treated
with 2.5uM DDT for 24h in the presence of 10% bovine
serum showed a 19.5 (+6.7)% decrease in lytic function
compared to control cells (data not shown—available on
request).
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Figure 5. Effects of DDT exposures on the ability of natural killer (NK)
cells to lyse tumor cells. NK cells were exposed to 0.25-10 uM DDT for
1h, 24h, 48h, or 6 days. Results were from three separate experiments
using different donors (triplicate determinations for each experiment;
n=9, mean + SD), as described in Figure 1. *Statistically significant
change as compared to control cells at that same length of incubation
(P<0.05).
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Lytic function of NK cells exposed to DDT for 1 h, followed
by 24 h, 48h, and 6 days in DDT-free medium

When NK cells were exposed to concentrations of DDT as
high as 10 uM for 1h, there was no decrease in lytic function
(Figure 5). However, if those cells were then incubated for
24h in DDT-free media following the 1-h exposure, a loss
of lytic function ensued (Figure 6). Exposure to 2.5 uyM DDT
for 1h caused a 34.8 (+7.8)% decrease in lytic function 24 h
after the compound had been removed; 5 M DDT caused
an 84.5 (+12.2)% loss of function. There was no decrease in
NK cell viability when the cells were exposed to 5 pM DDT
for 1h, which was subsequently removed. When NK cells
were examined for lytic function 48h following 1-h expo-
sures to 2.5 and 5 pM DDT, decreases in lytic function were
the same as those seen after 24h in DDT-free media [33.7
(10.1)% and 83.5 (+9.3)%, respectively; Figure 6]. A 6-day
period in DDT-free media following a 1-h exposure to DDT
caused decreases 0f 30.9 (£31.0)% at 1 uM, 72.9 (£ 15.6)% at
2.5uM, and 95.1 (+9.1)% at 5uM DDT (P<0.01) (Figure 6).

Discussion

The agents TC and NP are both very significant environmen-
tal contaminants. Both TC (Allmyr et al., 2006, 2008) and
NP (Chen et al., 2005, 2008) are found in human blood and
thus have the potential to interact with immune system cells
that exist in the peripheral blood. NK cells are required for
immune responsiveness to tumor cells and virally-infected
cells and compromise of their function by any agent could
result in increased occurrences of cancer/viral infection

120
100
80 -
60

40 -

% Of control lytic function

20 >

24 h 48 h
Length of time in DDT-free media

[ 1 um .2.5uM B

Figure 6. Effects of 1h exposures to DDT followed by 24h, 48h, or 6
days in DDT-free media on the ability of natural killer (NK) cells to lyse
tumor cells. NK cells were exposed to 1-5uM DDT for 1 h. Results were
from at least three separate experiments using different donors (triplicate
determinations for each experiment; n=9, mean + SD), as described in
Figure 1. *Statistically significant change as compared to control cells at
that same length of incubation (P<0.05).
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(Kiessling and Haller, 1978; Hanna, 1980; Fleisher et al., 1982;
Biron et al., 1989; Lotzova, 1993).

The detrimental effects of these compounds in humans
have not been thoroughly investigated. It is important to
investigate the ability of these compounds to interfere with
the essential immune function of human NK cells. The cur-
rent study examines whether either of these compounds
is capable of interfering with the lytic function of NK cells.
Additionally, it examines whether a brief exposure to TC
or NP can cause lasting and or increasing loss of lytic func-
tion. Previous studies have shown that other environmen-
tal contaminants can produce a lasting and/or progressive
loss of lytic function following a brief (1h) exposure in
vitro (Whalen et al., 1999, 2002, 2003a; Taylor et al., 2005;
Hinkson and Whalen, 2009; Kibakaya et al., 2009).

DDT has previously been shown to decrease the lytic
function of NK cells both in vitro (Reed et al., 2004) and
in vivo (Svensson et al., 1994). However, its capacity to pro-
duce lasting and/or ensuing negative effects on NK lytic
function was not addressed. It is found in human blood
and in some cases at very high levels (Thornton et al., 2002;
Koepke et al., 2004; Patterson et al., 2009; Trejo-Acevedo
et al., 2009). Thus, it was important to assess whether there
was a persistent and/or progressive loss of NK lytic function
with brief exposures to DDT.

The results of the current study indicated that both TC
and NP have the capacity to decrease the lytic function of
human NK cells. TC (10 uM) was able to block NK function
by >90% within 1h. The negative effects of TC on NK lytic
function appeared to increase with length of exposure to
the compound; for instance, 2.5uM TC had no effect on
lytic function at 1 h but blocked roughly 65% of lytic function
after 24h and >75% after 6 days. As little as 1 pM TC caused a
>30% loss of Iytic function at 6 days. In comparison, NP was
less effective at decreasing lytic function than TC, exempli-
tied by the fact that TC blocked =77% and NP blocked ~38%
of lytic function after a 6-day exposure at the equivalent
2.5uM dose. The effectiveness of each of these compounds
(as well as that of DDT) was diminished when the exposure to
the compounds occurred in the presence of serum; however,
they nevertheless were still able to cause decreases in NK
function. The fact that DDT has also been shown to inhibit
NK cell function in vivo is consistent with our observation
that the compounds remain effective toxicants, even in the
presence of serum.

An initial exposure to TC for 1h, which was followed
by 24 h, 48h, or 6 days in TC-free media, caused a loss of
lytic function that persisted but did lessen to some extent.
However, NP caused a progressive loss of lytic function
following a 1-h exposure. DDT was more effective than
either TC or NP at blocking NK function and also caused
very significant persistent and progressive loss of lytic
function.

The persistent, and in the cases of NP and DDT pro-
gressive, negative effects of these compounds on NK lytic
function indicate that even brief exposures can cause
lasting and sometimes increasing loss of this important

immune function. This type of effect on human NK lytic
function has been seen with other categories of environ-
mental contaminants including organotin compounds,
brominated flame retardants, carbamates, and organo-
chlorines. Tributyltin, dibutyltin (Whalen et al., 2002), and
triphenyltin (Whalen et al., 2003a) each cause lasting and
progressive loss of lytic function (in vitro) after an initial
exposure. This is also true for the carbamate pesticide
ziram (Taylor et al., 2005), the brominated flame retard-
ants hexabromocyclododecane (Hinkson and Whalen,
2009) and tetetrabromobisphenol A (Kibakaya et al.,
2009), and the organochlorine pentachlorophenol (Taylor
et al. 2005).

The effects of each of the above-mentioned compounds
on NK function were not due to a general toxicity that caused
the cells to die, as evidenced by the lack of effect on cell
viability at the doses employed in these studies. However,
these agents each were able to prevent the NK cells from
being able to kill their target at the tested doses. Thus, it
appears that these compounds interfere with processes
required for NK lytic function. Mitogen-activated protein
kinases (MAPKs) are important in the NK lytic process
(Trotta et al., 1998, 2000; Wei et al., 1998). We have shown
in previous studies that organotin compounds were able to
alter the activation of state of MAPKs in NK cells as part of
the mechanism by which they decrease NK lytic function
(Aluoch et al., 2006). Future investigations will examine
whether compounds such as TC, NP, and DDT are also able
to interfere with MAPK function in NK cells or whether their
mechanism of interference is distinct from that seen with
organotins.

The likelihood an individual having two or more environ-
mental contaminants present in their bloodstream appears
to be significant based on recent body burden studies
(Thornton et al., 2002) as well as other studies showing sig-
nificant blood levels of a number of different contaminants
(Kannan et al., 1999; Koepke et al., 2004; Chen et al., 2005,
2008; Allmyr et al., 2006, 2008; Patterson et al., 2009; Trejo-
Acevedo et al., 2009). Thus, it is essential to understand the
effects of these contaminants on the function of human
blood components such as NK lymphocytes whose proper
functioning is vital in protecting individuals from cancers
and viral infections. Taken together, the current study—in
concert with past studies—suggests a wide range of environ-
mental contaminants are capable of interfering with NK cell
function and that the induced interference is not reversible,
under in vitro conditions.
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