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Abstract

Inflammation in adipose tissue is recognized as a causative factor in the development of type II 

diabetes. Adipocyte hypertrophy as well as bacterial and environmental factors have been 

implicated in causing inflammation in mature adipocytes. Exposure to persistent organic pollutants 

such as polychlorinated biphenyls (PCBs) has been associated with the development of type II 

diabetes. We show here that the PCB126, a dioxin-like PCB, activates a robust proinflammatory 

state in fat cell precursors (preadipocytes). The response was found to be dependent on aryl 

hydrocarbon receptor (AhR) activation, although induction of the response was delayed compared 

to upregulation of CYP1A1, a classic AhR responsive gene. Treatment of preadipocytes with an 

NF-κB inhibitor partially attenuated the PCB126 induced inflammatory response and partly, but 

not completely, ameliorated disruption of adipogenesis caused by PCB126. Our results indicate a 

role for PCB126 in mediating an inflammatory response through AhR in preadipocytes that 

interferes with adipogenesis.
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INTRODUCTION

The incidence of type II diabetes has been increasing in the past several decades (Patel et al. 

2013a). While a large part of this rise is associated with diet and lack of exercise, a number 

of studies indicate that exposure to persistent organic pollutants (POPs) is associated with 

the development of diabetes (Ruzzin et al. 2010, Hectors et al. 2013, Lee et al. 2014). These 

compounds are ubiquitous in the environment and many build up in fat tissue. The 

mechanisms by which POPs cause diabetes are not completely clear.

Polychlorinated biphenyls (PCBs) were originally manufactured for numerous industrial 

applications and were useful for their insulating and flame retardant properties as well as 

providing a base for many paints and dyes (Beyer et al. 2009). While PCB production was 
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discontinued in the late 1970s, inadvertent production still occurs and, importantly, many 

PCBs have accumulated in the environment because of their extreme stability. 

Contamination is prevalent not only in regions where they were manufactured but also in old 

buildings, particularly in schools (Herrick et al. 2011, Ampleman et al. 2015). PCB mixtures 

contain up to 209 different congeners, many with very different properties. Toxic effects of 

PCBs can vary widely depending on chlorination patterns of the congeners. PCB126 is 

dioxin-like and is known to bind to and activate the aryl hydrocarbon receptor (AhR)(Chen 

et al. 2004). Recent epidemiologic studies link PCB exposure to the development of insulin 

resistance and diabetes (Everett et al. 2011, Lee et al. 2011, Persky et al. 2011, Everett et al. 

2012, Kim et al. 2014). Higher serum levels of PCB126 are associated with insulin 

resistance (Everett et al. 2012). The mechanisms by which PCBs may cause diabetes are 

unclear. For dioxin-like PCBs, a role for AhR activation seems likely.

AhR is a ligand-activated transcriptional regulator that responds to many different 

endogenous and exogenous factors (Labrecque et al. 2013). When activated, AhR 

translocates to the nucleus and binds to ARNT (aryl hydrocarbon receptor nuclear 

translocator). AhR/ARNT binds to xenobiotic response elements (XREs) in gene promoters 

to regulate transcription of genes such as CYP1A1/2 (cytochrome p450, family 1, subfamily 

A, polypeptides 1 and 2). While many genes are transcriptionally activated by AhR/ARNT, 

recent expression data and ChIP (chromatin immunoprecipitation) analyses indicates that 

expression of a significant subset of genes is repressed by AhR/ARNT (Sartor et al. 2009, 

Lo et al. 2012).

Adipocytes are emerging as key players in the development of type II diabetes (Guilherme et 

al. 2008, Mlinar et al. 2011, Patel et al. 2013b, Rosen et al. 2014). These cells do much more 

than just storing fat, and “healthy” adipocytes are critical for normal metabolism. Mature 

white adipocytes secrete numerous hormones including leptin and adiponectin. 

Dysfunctional adipocytes secrete reduced levels of hormones such as adiponectin and 

become proinflammatory (Suzawa et al. 2003, Xu et al. 2003, Dunmore et al. 2013, Ye et al. 

2013, Fisman et al. 2014). This can lead to release of free fatty acids (FFAs) and glycerol, 

which can affect other tissues to blunt insulin signaling and glucose uptake. In addition, 

increased FFAs can cause fat accumulation in other tissues including the liver (i.e. steatosis) 

(Wree et al. 2011). Long-term increases in FFAs can also inhibit insulin production and 

secretion from pancreatic beta-cells (Tanabe et al. 2011, Prentki et al. 2012). Because of 

normal cell death processes (apoptosis, hypertrophy, etc.), approximately 10% of adipocytes 

in the human body are replaced every year (Tchkonia et al. 2010). This replacement relies on 

adipocyte precursor cells called preadipocytes, which originate from mesenchymal stem 

cells (MSCs). Because adipocytes need to be replaced, disruption of adipogenesis can also 

therefore lead to dysfunctional adipose tissue.

Previous studies have demonstrated that AhR agonists can disrupt adipogenesis (Phillips et 

al. 1995, Brodie et al. 1996a, Alexander et al. 1998, Olsen et al. 1998, Li et al. 2008b, Hsu et 

al. 2010, Kim et al. 2012). Early work focused on the role of 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (TCDD), also referred to as dioxin, in activating AhR and causing inhibition of 

adipogenesis in the mouse adipocyte precursor cells (Phillips et al. 1995, Brodie et al. 

1996a, Alexander et al. 1998, Olsen et al. 1998). AhR activation by dioxin was found to be 
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associated with downregulation of PPARγ (peroxisome proliferator-activated receptor 

gamma), the key transcriptional activator of adipogenesis (Brodie et al. 1996b, Liu et al. 

1996, Alexander et al. 1998, Cho et al. 2004). The mechanism by which AhR activation by 

dioxin inhibits PPARγ and adipogenesis is not completely clear, although activation of the 

ERK (extracellular signal-regulated kinase) pathway has been implicated (Hanlon et al. 

2003, Cimafranca et al. 2004, Hanlon et al. 2005). It has also been demonstrated that dioxin 

causes a proinflammatory response that is associated with inhibition of adipogenesis in 

mouse adipocytes (Kern et al. 2002, Li et al. 2008a). Using adipose derived human stem 

cells, it was also shown that the AhR agonists such as dioxin and PCB126 activate a 

proinflammatory response and that is associated with inhibition of adipocyte differentiation 

(Li et al. 2008b, Kim et al. 2012). In apparent contradiction to these findings, another study 

demonstrated that the AhR agonist PCB77 induces a proinflammatory response but instead 

of inhibiting adipogenesis and increase in adipocyte differentiation was observed (Arsenescu 

et al. 2008). Further studies are needed to help define and characterize the apparent link 

between AhR agonists, inflammation, and adipogenesis.

In our previous research using human preadipocytes, we demonstrated that PCB126 

inhibited adipogenesis (Gadupudi et al. 2015). Given that AhR agonists have been associated 

with a proinflammatory response in adipocytes and that adipose tissue inflammation is now 

considered to be an important event in the development of metabolic disruption, we wanted 

to further explore the nature and role of a proinflammatory response in the inhibition of 

adipogenesis by PCB126. We show that PCB126 causes a robust proinflammatory response 

in preadipocytes, much more so than in mature adipocytes. This proinflammatory response 

was found to be dependent on AhR but was significantly delayed compared to a classical 

AhR response or LPS-induced inflammation. An inhibitor of NF-κB (nuclear factor kappa-

light-chain-enhancer of activated B cells) partially protected preadipocytes from the effects 

of PCB126. These studies, using human cells, point to a potential mechanism by which 

PCB126 can disrupt metabolism through its effects on adipose tissue.

MATERIALS AND METHODS

Cell Culture and Treatments

The immortal human preadipocyte subcutaneous NPAD-B (normal preadipocyte-clone B) 

line was derived from subcutaneous preadipocytes from a non-diabetic donor (Vu et al. 

2013), and its use in various studies has been described previously (Gadupudi et al. 2015, 

Littlejohn et al. 2016, Zhang et al. 2017). This human cell line is stable and can be 

consistently differentiated to mature and functional adipocytes that accumulate lipid 

droplets. Cells were cultured and passaged routinely as preadipocytes in preadipocyte 

growth media, PGM2 (Lonza), a proprietary rich media with high buffering capacity 

supplemented with glutamine (2mM), and 10% FBS, along with gentamycin (30 ug/ml) and 

fungizone (15 ng/ml) according to the manufacturer’s recommendations (Lonza).

Depending on what parameters were being assessed, preadipocytes and/or adipocytes were 

subjected to different treatment regimens. Diagrams to explain the different treatments are 

provided in figure 1 and are also referred to in the Results section when describing the 

results of the experiments. For PCB126 treatments, only doses that did not result in 
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cytotoxicity (0.5 to 10 uM), as measured in our previous study (Gadupudi et al. 2015), were 

utilized, with a dose of 10 uM used to maximize effects in the time-course experiments. All 

doses, including zero, were administered in the same amount of DMSO (usually 0.1% v/v).

To compare the proinflammatory response between nondifferentiated (NOD) and 

differentiated (DIF) cells (see diagram, figure 1a), cells were plated in 35mm dishes at 

80,000 cells per dish in PGM2 media and allowed to grow to confluency over 4 days. Cells 

were then media changed with PDM2 (preadipocyte differentiation media) or 

nondifferenting media, PGM2. PDM2 (Lonza) is PGM2 media with added differentiation 

components from a Bullet Kit that consists of dexamethasone (final concentration of 1 uM, 

IBMX (final concentration of 0.5 mM), insulin (final concentration of 15 ug/ml), and 

indomethacin (final concentration of 0.2 mM), all according to the manufacturer’s 

instructions. For differentiation, cells were kept in PDM2 media for 9 days as recommended 

by Lonza and as described previously (Gadupudi et al. 2015). The nondifferentiated cells 

were maintained in PGM2. Media in the NOD and DIF cultures was replaced on day 5 with 

PGM2 or PDM2, respectively. At the end of 9 days, the cells were media changed with 

PGM2 (for consistency) and treated with PCB126 or vehicle (DMSO) for 4 days before cells 

were collected for RNA. Four days of treatment was used because pilot studies indicated that 

this amount of time gave maximum upregulation of proinflammatory genes in preadipocytes 

(data not shown).

For time course experiments using different agents (PCB126, LPS, Bay11-7082) on 

preadipocytes (see diagram, figure 1b), cells were plated in 35 mm dishes at 80,000 cells/

dish in PGM2 and allowed to become 90–100% confluent (3 days growth), as visually 

judged by microscopy, before treatments. This consistent level of confluency was used to 

limit any potential effects on growth and to obtain reproducible results. Supernatants and 

RNA were collected at different time points up to 4 days.

To assess the effects of different treatments on adipogenesis, we use a protocol (see diagram, 

figure 1c) that has been described previously for PCB126 treatments (Gadupudi et al. 2015). 

Cells were plated at 80,000 cells/well in 6-well plates and treated with test compound or 

vehicle the next day. Treatments were removed at the time of addition of differentiation 

media (4 days after treatment). Differentiation media (PDM2) was kept on cells for 9–10 

days after which lipid accumulation was assessed by AdipoRed staining (see below).

To assess how the NF-κB inhibitor, Bay-11-7082, affected the proinflammatory response 

and inhibition of adipogenesis by PCB126, experiments were performed using a dose of 

Bay-11 (4 uM) that was determined to not significantly inhibit the growth (as assessed by 

Trypan Blue staining and cell counting) of preadipocytes over a 4 day treatment period (data 

not shown). For these experiments, a PCB126 dose of 2 uM was used since this was a dose 

that was known from previous studies to cause significant inhibition of adipogenesis and it 

was reasoned that any effects of Bay-11-7082 would be more apparent at a dose of PCB126 

lower than the high dose of 10 uM. Experiments to assess effects on adipogenesis were done 

as described above for and as shown in figure 1c. To test how Bay-11 inhibited a 

proinflammatory response in preadipocytes by PCB126, cells were treated and collected 
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similar to was described above for the time-course experiments but only at the day 4 time 

point (see diagram, figure 1b).

Knockdown by shRNA

ShRNA were designed using the method described by Wang X et al (Wang et al. 2009). 

ShRNA duplex targeting AhR sequence (sense GAATGGAGTTTTAAATGAA) and ShSCR 

control (sense TGGTTTACATGTCGACTAA) were cloned into a pSUPER-puro vector 

(OligoEngine) according to the manufacturer’s manual. Replication defective retroviruses 

were generated using the Phoenix packaging cell line and target preadipocytes were 

transduced with virus and selected in puromycin at 1 ug/ml as described (Westin et al. 

2011).

Quantitative RT-PCR

Preadipocyte were homogenized in 1ml of TRIzol Reagent (Invitrogen). Total RNA from the 

aqueous phase was further purified using RNeasy Column (Qiagen). cDNA was synthesized 

using MMLV Reverse Transcriptase and random Decamers (Invitrogen).

Quantitative PCR using SYBR-green master mix (Applied Biosystems) were run on ABI-

PRISM sequence Detection System (model 7900HT). After verifying its suitability, GAPDH 

(glyceraldehyde 3 phosphate dehydrogenase) was used to normalize gene expression. Primer 

pairs that were used are presented in Supplementary Table 1. Fold changes over untreated 

controls were calculated using the 2−DDCt method as described (Livak et al. 2001).

ELISAs

Supernatants were collected from treated cells and analyzed for IL-6 or IL-8 by ELISA 

using kits from R&D Systems. ELISAs were performed according to the manufacturer’s 

instructions. A standard curve was run with each ELISA for an estimation of concentration. 

Graphed values represent a ratio of the concentration detected in the treated samples over the 

vehicle controls.

Microscopy

Differentiated cultures from various treatment groups were visualized by microscopy for 

lipid droplet formation. The cells were fixed with 10% formalin and stained with 

AdipoRed™ (Lonza, MD) for 15 min. as described by the manufacturer. AdipoRed™ is a 

fluorescent dye that binds to triglycerides. The wavelength with highest emission is 572 nm, 

which is in the green part of the spectrum (thus green color instead of red). The 

photomicrographs of the stained cells were taken using a fluorescent microscope (Nikon) at 

200X magnification. The images post-acquisition were processed and quantified using the 

Image J software package. Four replicate images were used to quantify staining.

Statistical Analyses

Our statistical analyses fall under the generalized linear mixed modeling (GLMM) 

framework. Univariate, bivariate, or bivariate interaction models were fit in order to 

accurately obtain estimates for the desired comparisons between factor levels. For outcome 

variables that followed a right-skewed distribution (Figures 2–5), we used a log link function 
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so that the modeling assumptions are appropriately satisfied by the data. All other outcomes 

(Figure 6) used an identity link. For each outcome, multiple comparisons between factor 

levels were estimated. We obtained corresponding p-values and used them to determine 

statistical significance by comparing to the cutoff value α = 0.05/n, where n is the number of 

comparisons made within a fitted model. This is often referred to as the Bonferroni 

correction and, accordingly, p<0.01 is considered significant. All estimates and p-values 

were generated using SAS 9.4. Results with error bars (standard error of the mean) were 

graphed using GraphPad Prism. Statistical significance in graphs is designated by the 

conventional use of asterisks where **=p<0.01; ***=p<0.001.

RESULTS

PCB126 Induces a Proinflammatory Response in Preadipocytes

A number of studies have linked inflammation with improper adipogenesis (Suzawa et al. 

2003, Fuentes et al. 2013). Furthermore PCB126 exposure has been associated with 

induction of proinflammatory genes (Hennig et al. 2002, Imbeault et al. 2012, Kim et al. 

2012). Our previous study demonstrated that PCB126 treatment of preadipocytes activated 

AhR, causing induction of AhR-responsive genes such as CYP1A1, and concomitantly 

inhibited their ability to properly differentiate into mature adipocytes (Gadupudi et al. 2015). 

In initial experiments, we wanted to assess how nondifferentiated (NOD) preadipocytes and 

differentiated (DIF) mature adipocytes responded to PCB126 with regard to induction of 

proinflammatory cytokines. Preadipocytes were kept in nondifferentiating or differentiating 

conditions as described in the Materials and Methods and as diagrammed in figure 1a. NOD 

or DIF cells were treated with doses of PCB126 at 0, 0.5 and 10 μM and a time period of 4 

days, a regimen that was previously found to be non-cytotoxic (Gadupudi et al. 2015). 

Quantitative RT-PCR assays using RNA collected after 4 days indicated that levels of the 

proinflammatory cytokines IL-8 (interleukin-8), MCP-1 (monocyte chemoattractant 

protein-1), IL-6 (interleukin-6), TNFα (tumor necrosis factor alpha), and IL1-β 
(interleukin-1 beta) were significantly induced by PCB126 in NOD cultures, much more so 

that the same treatment of DIF cultures (figure 2a–e). Transcript levels of the anti-

inflammatory cytokine IL-10 (interleukin-10), on the other hand, were significantly reduced 

in both NOD and DIF cultures (figure 2f). These results suggest that undifferentiated 

preadipocytes are sensitive to the proinflammatory effects of PCB126 after four days 

treatment, more so than mature adipocytes.

To begin to characterize the nature of the of the proinflammatory response induced by 

PCB126, specifically in preadipocytes, a time-course of induction was performed 

preadipocytes (see diagram, figure 1b). We focused on IL-8 as a surrogate marker of 

inflammation since it was the cytokine gene that exhibited the highest upregulation with 

PCB126 treatment and because its upregulation has been associated with adipose tissue 

inflammation (Chung et al. 2006, Hoch et al. 2008, Meijer et al. 2011, Vu et al. 2013). At the 

same time, we assessed levels of CYP1A1 as a measurement of AhR activation. A high 

PCB126 dose of 10 μM was used with the idea of generating a strong response, also 

knowing that this dose does not cause cytotoxicity (Gadupudi et al. 2015). CYP1A1 

induction was observed to be induced within 6–12 hours treatment of preadipocytes with 
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PCB126 (figure 3a). This tapered off somewhat at day 1 post-treatment and began to rise 

again at later time points, a response that is similar to what has been reported previously for 

AhR agonists such as dioxin (Kim et al. 2009). Increases in levels of IL-8 transcript 

occurred at significant but lower levels at early time points but did not begin to increase 

dramatically until day 2, with maximal levels at days 3 and 4 (figure 3b). Previous studies 

have shown that our NPAD-B preadipocyte cell line responds normally to bacterial toxins 

such as LPS (lipopolysaccharide) with regard to induction of proinflammatory cytokines 

such as IL-8 (Vu et al. 2013, Vu et al. 2015). To verify these results and to determine when 

IL-8 transcript was maximally induced, we treated the preadipocytes with LPS and followed 

expression of IL-8 with time (figure 3c). As expected, LPS caused a rapid induction of IL-8 

transcript levels within hours, indicating that the cells have a normal response to this classic 

proinflammatory agent. Overall, these results indicate that a robust proinflammatory 

response to PCB126 is delayed compared to LPS and does not occur until day 2 post-

treatment.

To determine whether inflammatory cytokine secretion levels followed a pattern that was 

similar to transcript levels, we performed ELISAs for IL-6 and IL-8 from supernatants 

derived from the PCB126 time-course treatments. Although not identical to RNA transcript 

levels, both IL-6 and IL-8 were detected at the highest levels in media from PCB126 treated 

cells at the later time points (days 2–4) as compared to non-treated controls (figure 4).

Inhibition of Adipogenesis is Dependent on AhR

Because we observed a potential disconnect between the timing of induction of CYP1A1 

and IL-8 levels in PCB126 treated cells, we wanted to determine whether the 

proinflammatory response was dependent on AhR. To test this, we performed shRNA 

mediated knockdown of AhR utilizing a recombinant retroviral vector. Stable knockdown of 

AhR of approximately 90% was achieved as compared to cells expressing a scrambled 

(shSCR) control (figure 5a). Using a treatment protocol of preadipocytes that we previously 

reported (Gadupudi et al. 2015)(see diagram, figure 1c), we tested whether knockdown of 

AhR blocked the inhibitory effects of PCB126 (0.5 and 10 uM) on adipogenesis. We found 

that AhR knockdown partially prevented PCB126 from inhibiting adipogenesis (statistical 

significance for 10 uM treatments), as demonstrated by staining with AdipoRed, a stain that 

preferentially marks lipid droplets (figures 5b and 5c). To determine whether AhR was 

involved in PCB126 induced inflammation in preadipocytes, we treated shAhR and shSCR 

preadipocytes with PCB126 (10 uM) over a time course (see diagram, figure 1b). While 

AhR knockdown preadipocytes were not completely refractory to PCB126-mediated 

induction of IL-8 at early time points compared to shSCR cells, they exhibited significantly 

less IL-8 induction at the later day 3 time point (figure 5d) indicating that this response was 

dependent on AhR. As expected, AhR knockdown also inhibited activation of CYP1A1by 

PCB126 treatment as compared to shSCR control cells (figure 5e).

NF-κB Inhibitor Dampens Effects of PCB126 on Adipogenesis

After finding that AhR was necessary for the proinflammatory response, we wanted to 

determine whether the proinflammatory response was responsible for inhibiting the ability 

of the PCB126 treated preadipocytes to properly differentiate. To assess this, we used a well-
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known NF-κB inhibitor called Bay11-7082 (Mori et al. 2002). Preadipocytes were treated 

with Bay11-7082 and PCB126 concomitantly for a 4 day period followed by removal of the 

treatments and addition of differentiation media (see diagram, figure 1c). Interestingly, 

Bay11-7082 partially, but not completely, blocked the effects of PCB126 in inhibiting 

adipogenesis (figure 6a and 6b). To confirm that Bay11-7082 repressed the proinflammatory 

response in PCB126 treated cells, preadipocytes were treated as above (see diagram, figure 

1b) and IL-8 transcript levels were measured. As expected, Bay11-7082 significantly 

inhibited IL-8 induction caused by PCB126 (figure 6c). Overall, these results indicate that 

the effects of PCB126 on adipogenesis are at least partially mediated by a proinflammatory 

response.

DISCUSSION

Here, we have shown that human preadipocytes exhibit a robust proinflammatory response 

when exposed to PCB126, suggesting that preadipocytes may be targets for PCBs to cause 

adipose tissue dysfunction through inflammation. The inflammatory response was found to 

be dependent on AhR and was associated with disruption of adipogenesis. A time-course 

study demonstrated that the response significantly lagged behind upregulation of CYP1A1, a 

gene that is known to be transcriptionally regulated by AhR binding at its promoter, 

indicating that the inflammatory response may be regulated by a mechanism that is different 

from that which activates CYP1A1. An inhibitor of NF-κB, a transcriptional mediator of 

many proinflammatory response genes, partially ameliorated the effects of PCB126 on 

adipogenesis. These results indicate that the proinflammatory response caused by PCB126 is 

at least partly responsible for disrupting adipogenesis. These findings may have implications 

for understanding how exposure to PCBs causes metabolic disruption.

The finding that PCB126 causes a proinflammatory response in preadipocytes is not entirely 

new but a time course of activation and dependence on AhR has not been previously 

demonstrated. Earlier studies showed that PCB126 and other dioxin-like PCBs activate NF-

κB responsive genes in endothelial cells (Hennig et al. 2002). Dioxin and PCB126 have also 

been shown to turn on proinflammatory response pathway genes in adipocytes or 

mesenchymal stem cells (MSCs) (Li et al. 2008a, Kim et al. 2012). In concordance with our 

findings here, a more robust proinflammatory response was observed in the MSCs as 

compared to adipocytes (Kim et al. 2012), supporting the idea that precursor cells may be 

more responsive to PCB126 than mature adipocytes. This is of interest since most recent 

studies have focused on the role of mature adipocytes and surrounding macrophages in 

mediating the inflammatory response in adipose tissue (Kohlgruber et al. 2015). Our studies 

suggest that more attention should be given to the preadipocyte population.

The mechanism that is responsible for the delayed induction of the proinflammatory 

pathways after PCB126 treatment and AhR activation is unknown. Previous reports have 

suggested that AhR can inhibit, rather than induce, inflammation through its ability to bind 

to NF-κB components (Tian 2009, Vogel et al. 2011, Ovrevik et al. 2014, Vogel et al. 2014). 

One possibility is that the initial activation of AhR in preadipocytes inhibits NF-κB and it is 

not until after AhR signaling goes down that NF-κB can be activated to turn on 

proinflammatory genes. It is interesting to note that LPS treatment of our preadipocytes 
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causes a rapid induction of IL-8 within 3 hours. The PCB126 response is therefore likely 

mediated through mechanisms that are different than that induced by LPS. Future studies 

will be needed to address these mechanisms.

With regard to how AhR activation inhibits adipogenesis, a variety of possibilities exist. Our 

results with the Bay-11 inhibitor would suggest that at least part of the inhibition is mediated 

by the proinflammatory response. This would also be supported by other studies that 

indicate that inflammation disrupts adipogenesis (Chao et al. 2008, Gustafson et al. 2009, 

Mlinar et al. 2011), although there is evidence that adipocyte inflammation might also be 

important for healthy adipose tissue (Wernstedt Asterholm et al. 2014). Our previous studies 

showed that PCB126 inhibited induction of PPARγ2 (Gadupudi et al. 2015). NF-κB and 

PPARγ2, the main transcription factor inducing adipogenesis, are antagonistic in nature and 

NF-κb is known to downregulate PPARγ2 whereas PPARγ2 is known to turn down NF-κB 

pathway components (Chung et al. 2006). How the effects of a proinflammatory response in 

preadipocytes are sustained after PCB126 is removed and the cells are differentiated is 

unknown but may involve a mechanism that inhibits transcriptional activation of PPARγ2. 

That the Bay-11 inhibitor did not completely ameliorate the effects of PCB126 indicates that 

NF-κB activation is not the full story with regard to inhibition of adipogenesis by PCB126. 

However, the idea that anti-inflammatory agents play a role in ameliorating the effects of 

inflammatory agents such as PCB126 on preadipocytes is appealing. Could inhibition of 

inflammation also prevent problems such as insulin resistance that often are initiated or 

exacerbated by adipocyte dysfunction? Further studies will be needed to address this issue. It 

should be noted that a fine balance exists between the negative and positive effects of NF-κB 

activation. In many cases, NF-κB activation is anti-apoptotic (James et al. 2006, Prasad et al. 

2010), which would promote cell survival. Use of any drug that inhibits NF-κB would need 

to take this and other caveats into account.

The role of dioxin-like compounds such as PCB126 in causing metabolic dysfunction is 

currently being studied in animal models. Recent results in mice have demonstrated that 

dioxin-like PCB77 causes insulin resistance (Baker et al. 2013, Baker et al. 2015). PCB126 

has also been implicated in causing insulin resistance in mice (Baker et al. 2013). Mice that 

are knocked out for AhR are protected from the effects of PCB77 (Baker et al. 2015). How 

the PCBs affect adipogenesis in vivo and how this leads to metabolic dysfunction is still 

under debate. Disruption of adipogenesis by PCB126 could put significant stress on existing 

adipocytes, particularly those from the subcutaneous depot, and cause them to be 

dysfunctional and/or put stress on visceral fat depots. There is evidence that PCB77 induces 

adipocyte differentiation of mouse 3T3-L1 cells and promotes obesity in mice (Arsenescu et 

al. 2008). One possibility is that different doses of exposure may cause different effects with 

regard to adipogenesis, although we have not observed this with PCB126 in our human cell 

system. We have also recently demonstrated that PCB126 causes hepatic steatosis in rats 

through disruption of the gluconeogenesis pathway, most likely through downregulation of 

genes such as PEPCK (phosphoenolpyruvate carboxykinase) through dampening of CREB 

(cAMP response element binding) phosphorylation (Gadupudi et al. 2016a, Gadupudi et al. 

2016b). These studies, along with epidemiologic data indicating that PCB exposure and 

higher serum levels of certain PCBs, such as PCB126, are associated with the development 
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of diabetes, strongly supports the idea that exposure to PCBs cause or exacerbate metabolic 

problems in humans.

Recently, other compounds have been found to activate or repress AhR (Labrecque et al. 

2013, Jin et al. 2014, Esser et al. 2015, Hubbard et al. 2015). Aside from organic pollutants, 

some of these chemicals are endogenous, such as kynurenin, and bacterial or microbiome-

derived metabolites such as indoxyl sulfate have been shown to activate AhR (Hubbard et al. 

2015). It is possible that these agents play a role in regulating adipogenesis and, if so, may 

also be important for the development of obesity and diabetes.

In summary, our results provide evidence that PCB126 causes a delayed proinflammatory 

response in preadipocytes and demonstrate that this response is mediated by AhR. Chemical 

inhibition of the proinflammatory response may mitigate certain effects of PCB126 and 

other dioxin-like compounds on adipocyte function, which could be important for 

development of insulin response. Finally, AhR is emerging as key player in immune 

response and our results suggest that other agents, both exogenous and endogenous, that 

interact with AhR might be important for regulating metabolism.
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Fig. 1. 
Schematic diagrams of different treatment protocols used in this study. A. Exposure of 

differentiated (DIF) or non-differentiated (NOD) cells to PCB126 or vehicle. Preadipocytes 

were grown to confluence and then subjected to differentiating agents or regular media as 

described in the Materials and Methods. DIF or NOD cells were treated for 4 days before 

collection of RNA for Q-RT-PCR. B. Exposure of preadipocytes to treatments to assess 

effects on proinflammatory response. Preadipocytes were grown to near confluence and 

subjected to treatments followed by collection of RNA and/or supernatants at different time 

points or at the end of 4 days treatment. C. Testing effects on adipogenesis. Preadipocytes 

were plated and treated the day after with test compounds or vehicle until confluent (4 days) 

at which time differentiation media was added. After 9 days differentiation, cultures were 

stained with AdipoRed, a lipid dye.
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Fig. 2. 
PCB126 induces a proinflammatory response in human preadipocytes. Non-differentiated 

(NOD) preadipocytes (black bars) or differentiated (DIF) adipocytes (gray bars) were treated 

with 0, 0.5, or 10 μM PCB126 for 4 days and RNA was isolated (see diagram, figure 1a). 

Transcript levels of different cytokines were assessed by quantitative RT-PCR. All values 

represent the fold change (calculated as described in the Materials and Methods) compared 

to vehicle-treated NOD preadipocytes. Three assay replicates were performed and averaged. 

To more completely show the data and to demonstrate the differences between NOD and 

DIF, the left-hand y-axis indicates the calculated fold-change for NOD and the right-hand 

axis indicates the fold change for DIF. (A–E) inflammatory cytokines IL-8, MCP-1, IL-6, 

TNFα, and IL-1β. (F) Anti-inflammatory cytokine IL-10. Statistics comparing PCB-treated 

to vehicle-treated were performed as described in the Materials and Methods. **=p<0.01; 

***=p<0.001; ns=non-significant.
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Fig. 3. 
Time-course of IL-8 and CYP1A1 induction in preadipocytes. Preadipocytes at near 

confluency were treated with PCB126 and RNA was collected over a time-course of 6 hours 

to 4 days (see diagram, figure 1b). Transcript levels of (A) CYP1A1 and (B) IL-8 were 

assessed by quantitative RT-PCR. (C) Transcript levels of IL-8 in LPS treated (5 ng/ml) 

preadipocytes over the same time course as in A and B. Values represent the fold-change 

over vehicle-treated control (calculated as described in the Materials and Methods). Three 

assay replicates were averaged. Statistics comparing PCB-treated over vehicle treated were 

performed as described in the Materials and Methods. **=p<0.01; ***=p<0.001.
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Fig. 4. 
Secretion of proinflammatory cytokines induced by PCB126. PCB126 (10 uM) or vehicle 

control were applied to confluent cells and supernatants were collected at different time 

points (see diagram, figure 1b). ELISAs for (A) IL-8 and (B) IL-6 were performed using 

commercially available kits with standards (see Material and Methods). Values represent the 

ratio of PCB126-treated cells over vehicle controls at the same time points. Two biological 

replicates were performed and averaged. Statistics comparing PCB-treated over vehicle-

treated were performed as described in the Materials and Methods. **=p<0.01; 

***=p<0.001.
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Fig. 5. 
AhR knockdown cells are refractory to PCB126 induced inhibition of adipogenesis and IL-8 

induction. (A) Quantitative RT-PCR demonstrated that AhR was knocked down to by 

shRNA (shAhR) to a level that was ~90% that of scrambled control (shSCR). The calculated 

fold change compares transcript levels of shSCR to shAhR cells. (B) Preadipocytes 

expressing scrambled control shSCR or shAhR were treated with different doses of PCB126 

and cells were differentiated (see diagram, figure 1c) and stained with AdipoRed. (C) 
AdipoRed fluorescence was quantified in four different fields using ImageJ software. 

Percentage is relative to vehicle-treated cells. (D) Preadipocytes were treated with PCB126 

at 0, 0.5 or 10 uM (see diagram, figure 1b) and quantitative RT-PCR was used to assess IL-8 

transcript levels in PCB126 treated preadipocytes over a time course. Values represent fold 

changes over vehicle controls. Three assay replicates were performed and averaged. (E) 
Quantitative RT-PCR of CYP1A1 transcript levels in the same samples as in “D”. Statistics 

comparing shSCR versus shAhR were performed as described in the Materials and Methods. 

Values over statistics bars represent the fold-difference of shSCR over shAhR. **=p<0.01; 

***=p<0.001.
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Fig. 6. 
The NF-κB inhibitor Bay11-7082 partially ameliorates the effects of PCB126 on 

adipogenesis. (A) Preadipocytes were treated for 4 days in vehicle only, PCB126 only, 

Bay11-7082 and PCB126, or Bay11-7082 only and then differentiated for 9 days (see 

diagram, figure 1c). Differentiated cultures were fixed and stained with AdipoRed, which 

has the highest fluorescence and lowest background in a green wavelength. Fluorescent 

photos were taken at 200X. (B) Fluorescence was quantified in four different fields using 

ImageJ software. Percentage is relative to vehicle-treated cells. (C) Preadipocytes were 

treated with indicated compounds and collected for RNA (see diagram, figure 1b) followed 

by assessment of IL-8 transcript. Fold-changes over vehicle-treated cells were calculated as 

described in the Materials and Methods. Three assay replicates were averaged. Statistics 

comparing treatments were performed as described in the Materials and Methods. 

**=p<0.01; ***=p<0.001.
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