
Tetrabromobisphenol A and Hexabromocyclododecane Alter 
Secretion of IL-1β from Human Immune Cells

Sharif Anisuzzaman and Margaret M. Whalen
Department of Chemistry, Tennessee State University, Nashville, TN

Abstract

Tetrabromobisphenol A (TBBPA) and hexabromocyclododecane (HBCD), flame retardant 

compounds used in epoxy resin circuit boards and upholstery, contaminate the environment and 

are found in human serum. Lymphocytes and monocytes are immune cells that among other 

functions secrete pro-inflammatory cytokines such as interleukin (IL)-1β, an important regulator of 

immune responsiveness and tissue growth and repair. Thus, if its levels are dysregulated, loss of 

proper immune function and increased invasiveness of tumors could ensue. This study examines 

whether exposures to varying concentrations (0.05-5.0 μM) of TBBPA and HBCD for 24 hr, 48 hr, 

and 6 d interfere with the ability of immune cells to secrete IL-1β. The immune cell preparations 

examined were human natural killer (NK) cells, monocyte-depleted (MD) peripheral blood 

mononuclear cells (MD-PBMC) and PBMC. Both increased and decreased secretion of IL-1β 

from all three types of cell preparation was seen with TBBPA exposures and was dependent on 

concentration and length of exposure. TBBPA induced changes varied considerably from donor to 

donor. Exposure to HBCD from 0.5-5.0 μM caused increases in IL-1β secretion after all lengths of 

exposures in all cell preparations. The specific HBCD levels at which increases occurred varied 

among donors. Examinations of the signaling pathway(s) responsible for the elevated secretion of 

IL-1β after HBCD exposure were carried out in MD-PBMC cells. Results revealed that MAPK 

pathways (ERK1/2 and p38) appear to be the targets of HBCD that lead to increased IL-1β 

secretion from immune cells.
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Introduction

The widespread industrial application of flame retardants such as tetrabromobisphenol A 

(TBBPA) and hexabromocyclododecanes (HBCD) has led to environmental contamination 

by these compounds. TBBPA is a brominated phenolic compound that has been utilized as a 

flame retardant in plastic, textile and paper industries (IPCS/WHO, 1995; HSDB, 2001). In 

several studies from Japan, France and Norway, TBBPA has been detected in human serum 
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samples. A Japanese study showed serum levels of TBBPA at an average of 4.5 ng/g lipid (≈ 

0.034 nM) (Nagayama et al., 2001), while a Norwegian study found serum levels of 

0.24-0.71 ng/g lipid (≈ 0.0018-0.0053 nM) (Thomsen et al., 2002). Maternal serum showed 

average levels of 154 pg/g (0.283 nM) while cord blood had levels of 199 pg/g (0.366 nM) 

in a French study (Cariou et al., 2008). Human exposure of TBBPA is due to ingestion of 

contaminated foods, dust inhalation from households, schoolrooms and automobiles and 

dermal contact (EFSA, 2011, Peterman et al. 2000). Toxicological experiments revealed that 

TBBPA could act as an endocrine disruptor by interacting with the thyroid hormone system 

through strong competitive binding to transthyretin (Meerts et al., 2000; Legler and 

Brouwer, 2003).

Hexabromocyclododecanes (HBCD) are aliphatic brominated cyclic alkanes synthesized by 

the bromination of cyclododecatriene (Mack, 2004). HBCD is generally used as additive 

flame retardant in polystyrene foam for thermal insulation in buildings, furniture fabrics and 

electrical apparatus (Birnbaun and Staskal, 2004; Covaci et al., 2006). HBCD was detected 

in fish, mussels, zooplankton, as well as in marine animals and several species of bird eggs, 

indicating accumulation/biomagnification in the food chain (Law et al., 2005; Bustnes et al. 

2007; Polder et al. 2008). Toxicology experiments revealed that HBCD is an endocrine 

disruptor, developmental neurotoxicant, and causes alterations in the rat thyroid system 

(Saegusa et al., 2009; Palace et al., 2010). HBCD was found in human serum at 100 pg/g 

serum, which is ≈ 0.16 nM (Schecter et al., 2012). In Norwegian workers at an industrial 

plant that makes HBCD treated polystyrene, serum levels of HBCD were as high as 856 

ng/g of lipid (5 nM) (Thomsen et al., 2007).

Reduction in lytic activity of human natural killer (NK) cells has been detected after 

exposure to TBBPA and HBCD (Hinkson and Whalen, 2009; Kibakaya et al., 2009). 

Additionally, TBBPA and HBCD decreased key cell surface proteins and activated MAPKs 

in NK cells (Hinkson and Whalen, 2010; Hurd and Whalen, 2011; Cato et al., 2014). 

Additionally, alterations of interferon (IFN)-γ secretion from increasingly re-constituted 

immune cell preparations such as NK cells, peripheral blood mononuclear cells (PMBC), 

and monocyte-depleted (MD) peripheral blood mononuclear cells (MD-PBMC) were seen 

after exposure to TBBPA and HBCD (Almughamsi and Whalen, 2015).

Interleukin (IL)-1β is a pleiotropic pro-inflammatory cytokine encoded by the IL-1β gene 

(Balkwill and Coussens, 2004). Increased production of IL-1β has been found in human 

cancer cells, including acute myelogenous leukemias, melanomas, and multiple myeloma 

(Dinarello, 1996; Jin et al., 1997; Arlt et al., 2002; Elaraj et al., 2006; Lewis and Varghese, 

2006; Muerkoster et al., 2006). IL-1β regulates expression of several pro-metastatic genes, 

including matrix metalloproteinases, endothelial adhesion molecules, vascular endothelial 

cell growth factor (VEGF), as well as other growth factors (Dinarello, 2010). IL-1β is the 

major cytokine during angiogenesis of multiple myeloma (Bar et.al. 2004). IL-1β also 

advances tissue damage during pathogenesis of chronic inflammatory diseases (Apte et al., 

2006) and expedites tumor invasiveness. Chronic inflammation also has a vital role in 

carcinogenesis. By activation of c-Jun N-terminal Kinase and p38 mitogen-activated protein 

kinase (MAPK) pathways, IL-1β induces nitric oxide-mediated apoptosis (Mathias et al., 

1993; Raingeaud et al., 1995). Increased secretion of IL-1β plays an important role in 
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atherosclerosis, Type 2 diabetes, and various autoimmune disorders, including rheumatoid 

arthritis, multiple sclerosis, Crohn's disease, and Alzheimer's disease (Dinarello, 1996; Allan 

et al., 2005; Simi et al., 2007; Church et al., 2008).

In the current study, different types of immune cell preparations, including human NK cells, 

monocyte-depleted (MD) peripheral blood mononuclear cells (MD-PBMC), and PBMC 

were used to observe the effects of TBBPA and HBCD on IL-1β secretion. Using 

increasingly reconstituted immune cell preparations helped us to examine the effect of 

TBBPA and HBCD on IL-1β secretion in ex vivo systems of various levels of complexity 

that may be more relevant to physiologic situations. Another objective of this study was to 

identify the intracellular signaling pathways involved in any flame retardant-induced 

increases of immune IL-1β secretion. Thus, studies examining MD-PBMC that were 

exposed to an ERK 1/2 pathway inhibitor (specifically a MEK inhibitor), JNK pathway 

inhibitor, p38 inhibitor, Caspase I inhibitor II, or an NF-κB inhibitor prior to exposure to 

flame retardant compounds were carried out.

Materials and methods

Preparation of NK cells

NK cells were prepared from buffy coats (source: leukocytes from healthy adult donors) 

purchased from Key Biologics LLC (Memphis, TN). Buffy coats (≈ 45 ml) were treated 

with 0.6-0.8 ml) RosetteSep human NK cell enrichment antibody cocktail (StemCell 

Technologies, Vancouver, BC, Canada) and each mixture was incubated for 25 min at room 

temperature (∼ 25°C). Then, 7-8 ml of the mixture was layered atop 4 ml Lymphosep 

lymphocyte separation media (ρ = 1.077 g/ml; MP Biomedicals, Irvine, CA) and centrifuged 

at 1200 × g for 30-50 min. NK cells were collected, washed twice with phosphate-buffered 

saline (PBS, pH 7.2), re-suspended in complete media (RPMI-1640 supplemented with 10% 

heat-inactivated bovine calf serum [BCS]), 2 mM L-glutamine and 50 U penicillin G with 50 

μg streptomycin/ml) (all from Fisher Scientific, Pittsburgh, PA) at 106 cells/ml) and placed 

in a 5% CO2 atmosphere maintained at 37°C.

Preparation of PMBC and monocyte-depleted (MD) PBMC

PBMC were isolated from Leukocyte filters (PALL-RC2D) obtained from the Red Cross 

Blood Bank Facility (Nashville, TN) as described in Meyer et al. (2005). Leukocytes were 

retrieved from filters by back-flushing with elution medium (PBS containing 5 mM 

disodium EDTA and 2.5% sucrose [w/v], and then collecting the eluent. Eluent often 

contained leukocytes with erythrocyte contamination; to rectify this, eluent was layered atop 

Lymphosep (1.077 g/ml) and centrifuged as above. Granulocytes and erythrocytes pelleted 

out while PBMC remained atop the Lymphosep. The PBMC were collected and washed 

(250 × g, 10 min, 20-22°C) with PBS, then re-suspended in complete media. Monocyte-

depleted PBMC (10-20% CD16+, 10-20 % CD56+, 70-80% CD3+, 3-5% CD19+, 2-20% 

CD14+) were prepared by incubating aliquots of the isolated PMBC in glass Petri dishes 

(150 mm) at 37°C for 1 hr.
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Chemical preparation

TBBPA and HBCD were purchased from Sigma (St. Louis, MO). A stock solution was 

prepared by dissolving HBCD or HBCD in dimethyl sulfoxide (DMSO). Desired 

concentrations of either TBBPA or HBCD were then prepared by dilution of the stock in cell 

culture media.

Inhibitor preparation

Enzyme inhibitors were purchased from Fischer Scientific. Each inhibitor was prepared 

from stock solution in DMSO. Caspase I inhibitor II, MEK 1/2 inhibitor (PD98059), p38 

inhibitor (SB202190), NF-κB inhibitor (BAY11-7085), and JNK inhibitor (JNK×BI78D3) 

were prepared by dilution of respective stock solutions in cell culture media.

Cell treatments

NK cells, MD-PBMC, or PBMC (at concentration of 1.5 × 106 cells/ml) were treated with 

TBBPA or HBCD [with appropriate control] at concentrations of 0.05-5.0 μM for 24 hr, 48 

hr, or 6 d. Following the incubations, cells were pelleted and supernatants collected and 

frozen at -80°C until assayed for IL-1β. For pathway inhibitor experiments, MD-PBMC (at 

1.5 × 106 cells/ml) were treated with enzyme inhibitors 1 hr prior to adding the HBCD at 

concentrations of 0.5, 1.0, or 2.5 μM for 24 hr. After these incubations, cells were pelleted 

and supernatants collected and stored at -80°C until assaying for IL-1β.

Cell viability

Cell viability was assessed at the beginning and end of each exposure period using the 

trypan blue exclusion method. Briefly, cells were mixed with 0.1% trypan blue solution and 

counted in a hemocytometer. Total number of cells and total number live cells were 

determined for both control and treated cells to determine percent viable cells.

IL-1β secretion assay

IL-1β levels in isolated samples were assessed using n OptEIA™ enzyme-linked 

immunosorbent assay (ELISA) human IL-1β kit (BD Pharmingen, San Diego, CA). In brief, 

capture antibody diluted in coating buffer was applied to wells of 96-well flat-bottom 

microplates specifically designed for ELISA (Fisher Scientific). The plates were incubated 

overnight at 4°C, and then excess capture antibody was removed by washing the plate three 

times with wash buffer (PBS containing 0.05% [v/v] Tween-20; PBST). The wells were then 

treated with blocking buffer to prevent non-specific binding and the plate was sealed and 

incubated at room temperature for 1 hr. Blocking buffer was removed with three washes of 

PBST, and cell supernatants and IL-1β standards were added to dedicated wells; the plate 

was re-sealed and incubated at room temperature for 2 hr. Thereafter, the plate wells were 

thoroughly washed five times with PBST and each received 100 μl of a solution containing 

IL-1β detection antibody conjugated with horseradish peroxidase. After incubation for 1 hr 

at room temperature, excess detection antibody in each well was removed by seven washes 

with PBST and a kit-provided substrate solution was added to each well for 30 min (room 

temperature) to produce a colored product. The reaction was ended by addition of 100 μl 1 N 
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phosphoric acid. The absorbance in each well was then measured at 450 nm on a Multiskan 

MCC/340 plate reader (Fisher Scientific).

Statistical analysis

Statistical analysis of the data was carried out using an analysis of variance (ANOVA) and a 

Student's t-test. Data were initially compared within a given experimental setup via a one-

way ANOVA. A significant ANOVA outcome was then followed by a pair-wise analysis of 

control vs. exposed data using the Student's t-test. p-Values < 0.05 were considered 

significant.

Results

Viability of NK cells, MD-PBMC, and PBMC exposed to TBBPA, HBCD, and selective 
enzyme inhibitors

Exposure of NK cells, MD-PBMC, and PBMC to 0.05-5.0 μM TBBPA for 24 hr, 48 hr, and 

6 d had no significant effect on viability. HBCD exposures (0.05-5.0 μM) also had no effects 

on viability of highly purified NK cells, MD-PBMC, and PBMC after 24 hr and 48 hr 

exposures. However, exposure of MD-PBMC to 5 μM HBCD did slightly decrease cell 

viability after 6 d (control cell viability = 98.7 [± 2.2]%, 5 μM HBCD-treated cell viability = 

86.2 [± 11.1]%). Exposure of MD-PBMC to pathway inhibitors + HBCD or pathway 

inhibitors alone for 24 hr also had no significant effects on viability.

Effects of TBBPA exposure on NK cell IL-1β secretion

Table 1 shows the effects of exposing NK cells to 0, 0.05, 0.1, 0.25, 0.5, 1, 2.5, and 5 μM for 

24 hr, 48 hr, or 6 d on IL-1β secretion from five donors tested (KB = Key Biologic Buffy 

Coat). Cells from 3 of 5 donors showed increased secretion when exposed to 0.05, 0.1, or 

0.25 μM after 24- and 48-hr exposures. Concentrations that caused increases varied from 

one donor to the next. For example, cells from donor KB129 treated with 0.05, 0.1, of 0.25 

μM TBBPA showed significant increases of 13.6-, 13.3-, and 4.3-fold, respectively, after 24 

hr; cells from donor KB181 showed increases of 5.3-, 5.4-, and 4.0-fold at these same doses. 

When NK cells were exposed to TBBPA for 24 hr, all five donors cells' had significant 

decreases in IL-1β secretion at a 5 μM dose. Figure 1A shows effects of TBBPA on IL-1β 

secretion at each timepoint for an individual donor (KB129).

Effects of TBBPA exposure on MD-PBMC of IL-1β secretion

The effects of exposures to TBBPA on secretion of IL-1β from MD-PBMCs after 24 hr, 48 

hr, and 6 d from four donors (F = filter obtained from Red Cross) are shown in Table 2. This 

preparation is mostly NK cells and T-cells. Cells from 2 of 4 donors showed substantial 

increases in IL-1β secretion when exposed to 0.05 μM TBBPA (F177 showed 2.2-fold while 

F184 showed 9.6-fold). Cells from all donors showed statistically significant increases in 

IL-1β secretion when exposed to at least one concentration of TBBPA at one or more length 

of exposure. Additionally, cells from all donors, with the exception of F184, also showed 

statistically significant decreases in secretion at one or more length of exposure to one or 

more concentration of TBBPA. Figure 1B shows effects of TBBPA on IL-1β secretion at 

each timepoint for an individual donor (F177).

Anisuzzaman and Whalen Page 5

J Immunotoxicol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Effects of TBBPA Exposure on PBMC IL-1β secretion

The effects of exposures to TBBPA on secretion of IL-1β from PBMC after 24 hr, 48 hr, and 

6 d from five donors (F = filter from Red Cross) are shown in Table 3. As with NK cells and 

MD-PBMC, the effects of TBBPA exposures varied considerably from one donor to the 

next. After a TBBPA 24-hr exposure, cells from three donors showed statistically significant 

increases in IL-1β secretion at a minimum of one concentration of TBBPA. These same 

donors' cells also had statistically significant decreases in secretion at a minimum of one 

TBBPA exposure level. IL-1β secretion was decreased upon exposure to most concentrations 

of TBBPA in cells from two donors after a 24 hr exposure. These same patterns persisted 

after 48 hr and 6 d exposures. Figure 1C shows effects of TBBPA on IL-1β secretion at each 

timepoint for an individual donor (F188).

Effects of HBCD exposure on NK cell IL-1β secretion

The effects of exposing highly purified NK cells to 0, 0.05, 0.1, 0.25, 0.5, 1, 2.5, or 5.0 μM 

for 24 h, 48 hr, or 6 d on IL-1β secretion from three donors tested (KB = Key Biologic Buffy 

Coat) are shown in Table 4. There were significant increases in IL-1β secretion from NK 

cells from all donors examined after all lengths of exposure to HBCD. Concentrations that 

caused increases varied from one donor to the next at each timepoint. For instance, the cells 

from donor KB179 showed significant increases after a 24 hr exposure to 0.1-1.0 μM 

HBCD, while NK cells from donor KB182 showed increased secretion of IL-1β when 

exposed to 0.05- 5.0 μM HBCD.

Cells from all donors showed significant increases in IL-1β secretion at all lengths of 

exposure when treated with 0.5, 1.0, or 2.5 μM HBCD. The magnitude of increases in 

secretion varied from one donor to the next. For instance, cells from donor KB 179 treated 

with 0.5, 1.0, or 2.5 μM HBCD showed significant increases of 1.3-, 1.4-, and 1.4-fold, 

respectively, after 24 hr; cells from donor KB181 showed significant 2.3-, 3.1-, and 23.0-

fold increases at these same doses. This same general pattern persisted after 48 hr and 6 d 

exposures. Figure 2A shows effects of HBCD on IL-1β secretion at each timepoint for an 

individual donor (KB181).

Effects of HBCD exposure on MD-PMBC IL-1β secretion

Table 5 shows the effects of exposures to HBCD on secretion of IL-1β from MD-PBMC 

after 24 hr, 48 hr, and 6 d from five donors (F = filter from Red Cross). There were 

significant increases in IL-1β secretion from MD-PBMC from all donors examined after all 

lengths of exposure to HBCD. Significant increases in IL-1β secretion were seen at the 2.5 

μM concentration for all donors after all lengths of exposure. Additional concentrations of 

HBCD caused increases in IL-1βsecretion, depending on the donor; magnitude of increase at 

a given concentration of HBCD also varied among donors. For instance, cells from donor 

F198 treated with 0.5, 1, 2.5, or 5 μM HBCD had significant increases of 1.7-, 5.0-, 48-, and 

57-fold, respectively, after 24 hr; cells from donor F196 had 1.2-, 1.2-, 1.7-, and 2.0-fold 

significant increases under the same conditions. Figure 2B shows effects of HBCD on IL-1β 

secretion at each timepoint for an individual donor (F202).
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Effects of HBCD exposure on PBMC IL-1β secretion

Effects of exposing PBMCs from six donors to HBCD are shown in Table 6. Cells from all 

donors showed increased secretion of IL-1β at multiple HBCD concentrations after all 

lengths of exposure. Cells from 5 of 6 donors showed increases in IL-1β secretion with 2.5 

μM HBCD after 24 hr and 6 d. All donors showed increased secretion of IL-1β at 2.5 μM 

after 48-hr exposures. Cells from 5 of 6 donors also showed increased secretion of IL-1β 

with 5 μM HBCD after 24- and 48-hr exposures. All donor cells showed increased secretion 

of IL-1β at 5 μM HBCD after 6 d of exposure. Figure 2C shows effects of HBCD on IL-1β 

secretion at each timepoint for an individual donor (F189).

Effects of HBCD exposure on IL-1β secretion by MD-PBMC with selective enzyme 
inhibitors

IL-1β cleavage inhibitor (Caspase-1 inhibitor II)—The effects of exposures to 0.5, 

1.0, and 2.5 μM HBCD on secretion of IL-1β from MD-PBMC whose Caspase-1 had been 

inhibited with Caspase-1 inhibitor II (50 μM) are shown in Table 7. Caspase I enzyme is 

essential for IL-1β synthesis; Caspase-1 inhibitor II inhibited base-line IL-1β production. 

Cells exposed to HBCD showed no change or higher fold-increase in IL-1β secretion in the 

presence of the inhibitor in cells from 6 of the 9 donors. Cells from the other three donors 

had decreases in HBCD-stimulated secretion when caspase-1 activity was inhibited. Figure 

3A shows effects of inhibiting caspse-1 on HBCD-induced increases in IL-1β secretion from 

MD-PBMC from donor F267. There were 1.6-, 2.8-, and 4.8-fold increases in IL-1β 

secretion when MD-PBMC were exposed to 0.5, 1.0, or 2.5 μM HBCD, respectively, in the 

absence of Caspase-I inhibitor. When inhibitor was present, these same HBCD exposures 

caused 1.9-, 2.9-, and 10.5-fold increases in IL-1β secretion. These results suggested the 

Caspase I pathway was not a reproducible target for HBCD-induced increases in IL-1β 

secretion.

Nuclear Factor-κB (NF-κB) inhibitor (BAY 11-7085)—The effects of exposures to 0.5, 

1.0, or 2.5 μM HBCD on secretion of IL-1β from MD-PBMC whose NF-κB had been 

inhibited with Bay 11-7085 (0.325 μM) are shown in Table 7. BAY inhibited the ability of 

HBCD to increase IL-1β secretion from MD-PBMC from 2 of 5 donors. However, inhibiting 

the NF-κB pathway increased HBCD-induced IL-1β secretion by MD-PBMC from 2 of 5 

donors and left secretion unchanged in cells from one donor. For example, MD-PBMC from 

donor F275 had 2.7-, 4.3-, and 13.5-fold increases when exposed to 0.5, 1.0, and 2.5 μM 

HBCD, respectively, in the absence of inhibitor; in contrast, when exposed to the same 

concentrations in the presence of inhibitor, these cells had 1.4-, 1.8-, and 2.4-fold increases. 

On the other hand, cells from donor F256 had 1.4-, 1.8-, and 5.1-fold increases in secretion 

when exposed to 0.5, 1.0, and 2.5 μM HBCD, respectively, in the absence of inhibitor, but 

values 3.4-, 3.9-, and 12-fold higher in the presence of inhibitor (Figure 3B). These results 

indicated that NF-κB pathways may be to some extent involved in HBCD-induced 

stimulation of IL-1β secretion, but the role(s) may vary depending on the status of the donor.

JNK inhibitor (BI78D3)—The effects of exposures to 0.5, 1.0, or 2.5 μM HBCD on IL-1β 

secretion by MD-PBMC whose JNK had been inhibited with BI78D3 are shown in Table 7. 

Cells from 2 of 5 donors continued to show an increase IL-1β secretion in response to 
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HBCD when JNK inhibitor was present. In Figure 3C (representative data from donor F271) 

it can be seen there were 2.3-, 3.6-, and 15-fold increases when MD-PBMC were exposed to 

0.5, 1.0, or 2.5 μM HBCD in the absence of inhibitor. When inhibitor was present, those 

same HBCD exposures were still able to cause 4.3-, 4.1-, and 14.9-fold increases in IL-1β 

secretion. However, with cells from donor F278, while there were 2.2-, 1.9-, and 7.6-fold 

increases when MD-PBMC were exposed to 0.5, 1.0, or 2.5 μM HBCS in the absence of 

inhibitor, when the latter was present these same HBCD doses caused 1.0-, 1.2-, and 3.1-fold 

increases in secretion. These results revealed that JNK pathways might be somewhat 

involved in HBCD-stimulated IL-1βsecretion but, as with NF-κB, the role(s) in HBCD-

induced increases in IL-1β release likely vary depending on status of the donor.

MEK inhibitor (PD98059) (ERK1/2 pathway)—The effects of exposures to 0.5, 1.0, 

and 2.5 μM HBCD on IL-1β secretion by MD-PBMC whose MEK had been inhibited with 

PD98059 (50 μM) are shown in Table 7. As with the other inhibitors, PD98059 had variable 

effects on baseline IL-1β secretion. Cells exposed to HBCD showed a lower-fold increase in 

IL-1β secretion in the presence of inhibitor. In Figure 3D (representative data from donor 

F267), 2.8-, 2.9-, and 4.1-fold increases in IL-1β secretion were noted when MD-PBMC 

were exposed to 0.5, 1.0, or 2.5 μM HBCD in the absence of ERK1/2 inhibitor. When 

inhibitor was present, these exposures caused 1.3-, 1.6-, and 2.4-fold increases in secretion. 

The same pattern was observed in the majority of donors' cells tested. This indicated the 

ERK1/2 pathway was a target of HBCD that led to increased secretion of IL-1β.

p38 Inhibitor (SB202190)—The effects of exposures to 0.5, 1, and 2.5 μM HBCD on 

IL-1β secretion by MD-PBMC whose p38 had been inhibited with SB202190 are shown in 

Table 7. Cells exposed to HBCD showed a lower fold-increase in IL-1β secretion in the 

presence of inhibitor. In Figure 3E (representative data from donor F255), 3.5-, 4.0-, and 11-

fold increases were noted with MD-PBMC exposed to 0.5, 1.0, and 2.5 μM HBCD in the 

absence of p38 pathway inhibitor. When the inhibitor was present, the same exposures 

caused 2.6-, 2.6-, and 2.6-fold increases in secretion (Figure 3E). The same trend was seen 

with cells from all donors tested. This indicated the p38 pathway was being utilized by 

HBCD to lead to increases in IL-1β secretion.

Discussion

IL-1β is a potent inflammatory cytokine that promotes tumor growth and invasiveness; IL-1β 

also produces a tumor microenvironment that promotes epithelial mesenchymal transition 

(Lee, et. al., 2014). TBBPA and HBCD are known to contaminate the environment due to 

their widespread use in electrical/electronic equipment, plastics, textiles, and upholstery 

(IPCS/WHO, 1995, HSBD, 2001; Covaci et. al., 2006). TBBPA and HBCD can alter the 

lytic function of NK cells, cell surface protein expression and MAPK activation (Hinkson 

and Whalen, 2009; Kibakaya et al., 2009; Hinkson and Whalen, 2010; Hurd and Whalen, 

2011; Cato et al., 2014). Dysregulation of IL-1β levels changes a host defense capability and 

also has role in tumor growth and progression (Dinarello, 2009). TBBPA and HBCD have 

been shown to dysregulate secretion of interferon (IFN)-γ from human immune cells 

(Almughamsi and Whalen, 2015). Experiments with the environmental contaminant 

tributyltin have shown that it is able to alter secretion of IL-1β from human immune cells 
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(Brown and Whalen, 2015). Thus, it is important to determine whether TBBPA and HBCD 

are able to alter secretion of IL-1β by immune cells.

The study reported here examined the effects of both TBBPA and HBCD on secretion of 

IL-1β by immune system cells in an ex vivo human model. The concentration ranges tested 

were based on those that had caused effects on NK lytic function, cell-surface protein 

expression, and MAPK activity (Hinkson and Whalen, 2009, 2010; Kibakaya et al., 2009; 

Hurd and Whalen, 2011; Cato et al., 2014). Three distinct cell preparations (NK cells, MD-

PBMC, and PBMC) were used in this study. This type of study is important in order to 

determine if increasing the complexity of the cell population altered the effects of exposures 

to the compounds. As it is not possible to carry out studies of these compounds in humans, 

studies carried out in more re-constituted systems [such as the ones examined here] will 

more closely approximate effects that might be seen in vivo. Additionally, this study 

explored which signaling pathways might be involved in any HBCD-induced alterations of 

IL-1β levels noted in the secretion studies.

Baseline secretion of IL-1β varied among different donors as well as different cell 

preparations. Similar baseline secretion of IL-1β has been seen from NK cells and MD-

PBMCs. PBMCs showed larger baseline secretion of IL-1β due to presence of monocytes. 

Monocytes and macrophages are the foremost IL-1β-secreting immune cells (Dinarello, 

2009). TBBPA effects on IL-1β secretion varied from one donor to the next at each 

timepoint. In general, the secretion of IL-1β for all cell types showed a significant increase at 

at least one concentration and at least one length of exposure from each cell preparation. In 

most cases, 5 μM TBBPA caused decreased IL-1β secretion by all three different cell 

preparations. A previous study examining the effect of TBT on secretion of IL-1β from 

immune system cells showed that TBT blocked IL-1β secretion at the highest concentration 

(200 nM) while causing increases in secretion at lower doses (5- 50 nM) (Brown and 

Whalen, 2015).

Each cell preparation (NK cells, MD-PBMC, PBMC) had similar responses to HBCD. For 

instance, when highly purified NK cells were exposed to 0.05-5.0 μM HBCD, there were 

significant increases in IL-1β secretion. The ability of HBCD to increase IL-1β levels did not 

seem to change as the cell preparation complexity increased. Both MD-PBMC and PBMC 

had increased IL-1β secretion in response to HBCD - as did NK cells. The maximum fold-

increases in each cell preparation occurred over similar ranges of HBCD concentration after 

24 hr. NK cells (donor KB179) had maximal fold-increases of IL-1β secretion with 0.5-2.5 

μM HBCD, MD-PBMC (donor F204) over the 0.5-5.0 μM dose range, and the most 

complex cell preparation, PBMC (donor F186), in the 0.5-5.0 μM HBCD range. The 

magnitude of maximum fold-increase varied among the donors.

Immune cell IL-1β production/release is facilitated by Caspase I and several signaling 

pathways. These include NF-κ B and MAPKs (ERK1/2, p38, and JNK) (Baldassare et al., 

1999; Fantuzzi, and Dinarello, 1999; Kim et al., 2004). The present study showed that 

inhibition of Caspase I occasionally led to inhibition of HBCD-induced increases (cells from 

3 of 9 donors) in IL-1β secretion. However, in cells from 6 of 9 donors, inhibition of Caspase 

I did not affect HBCD-induced increases in IL-1β secretion. Thus, the role of Caspase-I in 
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HBCD-induced increased IL-1β secretion appears to vary depending on the cell donor. 

Though Caspase I is important for IL-1β secretion by immune cells, it does not appear 

essential for HBCD- induced increases in secretion of this cytokine.

IL-1β gene transcription is induced by NF-κB signaling pathway components (Scheibel et 

al., 2010). The results of this study revealed the same mixed effects as were seen with 

Caspase-I when NF-κB was inhibited by BAY11-7085. Previous studies have shown that 

TBT- induced elevations of IL-1β did not require NF-κB pathways (Brown and Whalen, 

2015). Other studies showed that the role of NF-κB in HBCD-induced increases in IFNγ 

secretion also varied among different donors (Almughamsi and Whalen, 2015).

Three members of MAP kinase pathway (JNK, ERK1/2 and p38) were examined in current 

study. ERK1/2 has a vital role in cellular activities like cell proliferation, mitosis, gene 

expression, metabolism and apoptosis (Nishida and Gotoh, 1993; Robinson and Cobb, 

1997). IL-1β gene activation can be expedited by ERK1/2 pathways - likely through the 

AP-1 transcription activator (Glauser and Schlegel, 2007). Both JNK and p38 pathways also 

regulate IL-1β production in some cell types (Baldassare et al. 1999; Fantuzzi, and 

Dinarello, 1999; Kim et al. 2004), possibly via AP-1 and/or C/EBPβ/NFIL-6. The present 

study showed that inhibition of the JNK pathway sometimes led to inhibition of HBCD-

induced increases in IL-1β secretion in cells from 3 of 5 donors and in 2 of 5 cases, slightly 

elevated (or did not affect) any HBCD-induced increases in IL-1β secretion. Thus, the role of 

JNK in HBCD-induced increases in IL-1β secretion appeared to vary depending on cell 

donor. However, inhibition of both the ERK1/2 and p38 pathways caused a diminution in the 

HBCD-induced secretion of IL-1β. Thus, HBCD appears to utilize both the ERK1/2 and p38 

pathways to stimulate increase IL-1β secretion. Previous studies have shown two MAPK 

family members (ERK1/2 and p38) seem to be targets for TBT-induced alterations in IL-1β 

levels (Brown and Whalen, 2015). Inhibition of p38 pathway also diminished HBCD-

induced increases in secretion of IFNγ (Almughamsi and Whalen, 2015).

In summary, the current study indicated that IL-1β secretion by three human immune cell 

preparations was altered by exposures to TBBPA or HBCD. HBCD treatment predominantly 

caused increases in IL-1β secretion. TBBPA also increased IL-1β secretion at least at one 

dose; however, 5 μM TBBPA generally inhibited secretion. These results suggested that both 

flame retardant compounds were able to disrupt IL-1β secretion from increasingly complex 

human immune cell preparations, with the effects maintained even in the most complex 

preparation examined. This was significant in that this preparation was more physiologically 

relevant. Individuals who do not work with these compounds have levels that are well below 

the levels where effects were seen in these studies (Nagayama et al., 2001; Thomsen et al., 

2002; Cariou et al., 2008; Schecter et al., 2012). However, occupationally-exposed workers 

experience consider-ably higher levels (Thomsen et al., 2007). For instance, a level of 5 nM 

HBCD was seen in the serum of a worker in a plant where HBCD was added to expandable 

polystyrene. This level is within 10-fold of the lowest level of HBCD that was tested here 

(50 nM), where increases in IL-1β secretion in many donor cells were seen. It may be 

worthwhile to examine even lower levels of these compounds, for effects on IL-1β in future 

studies, as many of the donors showed increased IL-1β production even at the lowest 

concentrations examined.
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Thus, occupational exposure - most especially of workers producing these compounds - may 

be of concern. In general, levels in workers involved in the production of these compounds 

appear to have not been measured. Over-production of IL-1β is related to chronic 

inflammation in some diseases [like rheumatoid arthritis and multiple sclerosis] as well as 

plays important role in tumor development (Lucas and Hohlfeld, 1995; Choy and Panayi, 

2001). These studies also showed that ERK1/2 and p38 pathways were needed for HBCD-

induced increases in IL-1β secretion by the cell populations studied here.
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Figure 1. 
Effects of exposures to TBBPA on IL-1β secretion from human NK cells, monocyte-

depleted PBMCs, and PBMCs. (A) NK cells (donor KB129). (B) Monocyte-depleted 

PBMCs (donor F177). (C) PBMCs (donor F188). All doses 0.05-5.0 μM TBBPA. Data 

shown are means ± SD. *Value significantly different from appropriate control (0 μM) at p < 

0.05.
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Figure 2. 
Effects of exposures to HBCD on IL-1β secretion from human NK cells, monocyte-depleted 

PBMC, and PBMC. (A) NK cells (donor KB181). (B) Monocyte-depleted PBMCs (donor 

F202). (C) PBMCs (donor F189). All doses 0.05-5.0 μM HBCD. Data shown are means ± 

SD. *Value significantly different from appropriate control at p < 0.05.
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Figure 3a
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Figure 3b

Figure 3. 
Effects of 24-hr exposure to HBCD on IL-1β secretion from monocyte-depleted PBMC pre-

treated with selective enzyme inhibitors. Data shown is based on cells from an individual 

donor. (A) Caspase I inhibitor II (Caspase I) (donor F 267) (B) NF-κB Inhibitor (BAY 

11-7085) (donor F275). (C) JNK inhibitor (donor F271). (D) MEK1/2 (ERK1/2 pathway) 

inhibitor (PD98059) (donor F267). (E) p38 Inhibitor (SB202190) (donor F255). *Value 

significantly different from control cells with vehicle alone at p < 0.05. **Value significantly 

different from control + inhibitor at p < 0.05.
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Figure 4. 
Signaling cascade involved in IL-1β secretion.
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Table 2
Effects of 24 h, 48 h and 6 days exposures to TBBPA on IL -1 β secretion from monocyte 
depleted PBMCs

24 h Interleukin 1 beta secreted in pg/mL (mean±S.D.)

[TBBPA] μM F 175 F 177 F 180 F 184

0 1751±31 1103±43 4465±8 714±103

0.05 1417±142* 2393±457* 4807±139* 6869±345*

0.1 1198±23* 1898±446 4088±79* 5478±856*

0.25 1527±106 1098±19- 2777±33* 1743±233*

0.5 1409±73* 608±219 2268±178* 1294±36*

1 778±30* 670±58* 1645±157* 1311±635*

2.5 790±71* 308±41* 957±129* 938±±34

5 578±18* 179±50* 1544±80* 737±125

48 h Interleukin 1 beta secreted in pg/mL (mean±S.D.)

[TBBPA] μM F 175 F 177 F 180 F 184

0 3086±173 2381±189 5539±216 618±35

0.05 3061±338 2178±124 4826±229* 765±166

0.1 2691±354 1918±48* 4212±129* 595±115

0.25 1850±140* 2220±263 2726±167* 720±93

0.5 3045±116 1918±24* 2563±79* 573±94

1 3014±102 1480±1128 2720±239* 601±10

2.5 1594±77* 1371±48* 2475±56* 1415±93*

5 1178±31* 1272±15* 4680±117* 2347±81*

6d Interleukin 1 beta secreted in pg/mL (mean±S.D.)

[TBBPA] μM F 175 F 177 F 180 F 184

0 1458±15 3054±253 2960±128 371±26

0.05 4149±113* 13725±175* 2938±108 2975±450*

0.1 3238±42* 3025±78 2321±168* 1894±336*

0.25 2918±192* 5479±189* 1857±234* 1998±263*

0.5 2468±137* 4000±113* 780±55* 1360±156*

1 1417±22 2167±69* 1285±110* 1429±88*

2.5 3426±82* 2646±182 1915±135* 1348±302*

5 559±21* 1946±71* 1951±41* 1544±81*

Values are mean±S.D. of triplicate determinations.

*
Indicates a significant change in secretion compared to control cells (cells treated with vehicle alone), p<0.05
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Table 4

Effects of 24 h, 48 h and 6 days exposures to HBCD on IL -1 β secretion from highly purified human NK 

cells.

24 h Interleukin 1 beta secreted in pg/mL (mean±S.D.)

[HBCD] μM KB179 KB181 KB182

0 295±7 275±19 933±33

0.05 279±8 829±31* 1385±63*

0.1 348±10* 620±54* 1536±67*

0.25 353±10* 827±28* 1446±39*

0.5 389±8* 623±52* 1752±63*

1 416±13* 860±98* 2006±26*

2.5 426±17* 6356±76* 1911±34*

5 213±21* 5914±76* 1358±70*

48 h Interleukin 1 beta secreted in pg/mL (mean±S.D.)

[HBCD] μM KB179 KB181 KB182

0 222±13 959±20 984±86

0.05 360±7* 1728±77* 2673±10*

0.1 364±15* 2231±59* 2403±49*

0.25 428±1* 1854±60* 3158±72*

0.5 420±16* 2111±95* 2870±109*

1 475±11* 4139±56* 3100±116*

2.5 449±18* 10087±397* 3420±150*

5 112±1* 8731±169* 1045±73*

6d Interleukin 1 beta secreted in pg/mL (mean±S.D.)

[HBCD] μM KB179 KB181 KB182

0 245±45 2509±128 972±45*

0.05 610±46* 2415±71 2465±75*

0.1 646±27* 3106±134* 2003±32*

0.25 443±83* 2932±84* 2058±115*

0.5 423±34* 3119±116* 1833±102*

1 385±66* 4534±157* 2007±18*

2.5 245±45 6614±405* 1317±76*

5 156±3 7542±169* 1186±38*

Values are mean±S.D. of triplicate determinations.

*
Indicates a significant change in secretion compared to control cells (cells treated with vehicle alone), p<0.05
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