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Abstract 23 

Background. Exposure to coplanar polychlorinated biphenyls (PCBs) is linked to the 24 

development of insulin resistance. Previous studies suggested that PCB126 alters muscle 25 

mitochondrial function through an indirect mechanism. Since PCBs are stored in fat, we 26 

hypothesized that PCB126 alters adipokine secretion, which in turn affects muscle 27 

metabolism. Objectives. The objectives of this study were: 1) To study the impacts of 28 

PCB126 exposure on adipocyte cytokine/adipokine secretion; 2) To determine whether 29 

adipocyte-derived factors alter glucose metabolism and mitochondrial function in 30 

myotubes when exposed to PCB126; 3) To determine whether pre-established insulin 31 

resistance alters the metabolic responses of adipocytes exposed to PCB126 and the 32 

communication between adipocytes and myotubes. Method. 3T3-L1 adipocytes were 33 

exposed to PCB126 (1-100 nM) in two insulin sensitivity conditions (insulin sensitive 34 

(IS) and insulin resistant (IR) adipocytes), followed by the measurement of secreted 35 

adipokines, mitochondrial function and insulin-stimulated glucose uptake. 36 

Communication between adipocytes and myotubes was reproduced by exposing C2C12 37 

or mouse primary myotubes to conditioned medium (CM) derived from IS or IR 3T3-L1 38 

adipocytes exposed to PCB126. Mitochondrial function and insulin-stimulated glucose 39 

uptake were then determined in myotubes. Results. PCB126 significantly increased 40 

adipokine (adiponectin, IL-6, MCP-1, TNF-α) secretion and decreased mitochondrial 41 

function, glucose uptake and glycolysis in IR but not in IS 3T3-L1 adipocytes. Altered 42 

energy metabolism in IR 3T3-L1 adipocytes was linked to decreased phosphorylation of 43 

AMP-activated protein kinase (p-AMPK) and increased superoxide dismutase 2 levels, 44 

an enzyme involved in reactive oxygen species detoxification. Exposure of myotubes to 45 

CM from PCB126-treated IR adipocytes decreased glucose uptake, without altering 46 

glycolysis or mitochondrial function. Interestingly, p-AMPK levels were increased rather 47 

than decreased in myotubes exposed to the CM of PCB126-treated IR adipocytes. 48 

Conclusion. Taken together, these data suggest that increased adipokine secretion from 49 

IR adipocytes exposed to PCB126 may explain impaired glucose uptake in myotubes.  50 
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Introduction 52 

Since 1990, the number of individuals with diabetes has quadrupled worldwide where in 53 

2014, 422 million people were affected by this disease (Olokoba, Obateru, & Olokoba, 54 

2012). Type 2 diabetes accounts for over 85% of diabetes cases (Diabètes Québec, 55 

Canadian Electronic Library, & Canadian Diabetes Association, 2011). This endocrine 56 

disorder is caused by insulin resistance in a number of tissues and organs including the 57 

liver, adipose tissue and skeletal muscles, followed by a dysfunction of pancreatic β-cells. 58 

The development of insulin resistance is multifactorial, involving the interaction of genes 59 

and environmental-behavioural risk factors. 60 

Due to its mass, skeletal muscle is responsible for up to 80% of postprandial glucose 61 

disposal (Ferrannini et al., 1985) and it is therefore a key player in the development of 62 

insulin resistance and type 2 diabetes (Mogensen et al., 2007). Insulin resistance is also 63 

related to muscle mitochondrial dysfunction, which can be caused by oxidative stress 64 

(Bonnard et al., 2008). In addition, the accumulation of visceral fat is also recognized as a 65 

major cause in the development of insulin resistance and type 2 diabetes (Matsuda & 66 

Shimomura, 2013). Hypertrophied adipose tissue leads to increased inflammation and 67 

metabolic imbalance (Papers et al., 2005). Furthermore, alteration in the secretion of 68 

cytokines/adipokines by dysfunctional adipose tissue, such as tumor necrosis factor α 69 

(TNF-α), leptin and adiponectin, increases oxidative stress and induces mitochondrial 70 

dysfunction and insulin resistance in other tissues including skeletal muscle (Carey et al., 71 

2006; Scherer, 2006; Steinberg, 2007). Therefore, altered adipose tissue-derived factors 72 

may affect normal adipose-to-muscle communication and therefore lead to the 73 

development of insulin resistance and type 2 diabetes. 74 

It has been recently hypothesised that exposure to environmental pollutants may explain 75 

the sharp increase in the prevalence of type 2 diabetes. Epidemiological studies found a 76 

correlation between exposure to various persistent organic pollutants (POPs), such as 77 

polychlorinated biphenyls (PCBs) and p,p-dichlorodiphenylchloroethane (DDT), the 78 

development of insulin resistance and type 2 diabetes (Everett et al., 2007; Neel & Sargis, 79 

2011; Sargis, 2014). PCBs are very stable compounds that accumulate in adipose tissue 80 

due to their lipophilicity. The phenyl rings and/or chlorine substituents arrangements 81 

dictate PCB mechanism of action. Dioxin-like PCBs (coplanar), such as PCB77 and 82 
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PCB126, are associated with a wide range of toxic effects, such as reproductive 83 

dysfunction, immunotoxicity, liver damages, metabolic dysregulation, and developmental 84 

defects (WHO, 2010). Their toxicity is mainly mediated through the activation of aryl 85 

hydrocarbon receptor (AhR). Non-dioxin-like PCBs are also associated with liver 86 

damage, developmental and neurological effects, but their toxicity is not via AhR activity 87 

(Giesy & Kurunth, 2002). Exposure to PCBs most commonly found in the environment; 88 

PCB77, 118, 126 and 153, or mixtures of PCBs (e.g. Aroclor 1254); may be in part 89 

responsible for the current increased prevalence of metabolic dysfunctions and type 2 90 

diabetes (Everett et al., 2007; Neel & Sargis, 2011; Rains & Jain, 2011; Ruzzin et al., 91 

2010; Sargis, 2014). Exposure to Aroclor 1254, which contains multiple PCB congeners, 92 

induced hyperinsulinemia and insulin resistance in mice (Gray, Shaw, Gagne, & Chan, 93 

2013). Furthermore, coplanar PCB exposure is linked to mitochondrial dysfunction, 94 

inflammation, and insulin resistance in mice, as well as in adipocytes and human 95 

umbilical vascular endothelial cells (Baker et al., 2013; Ruzzin et al., 2010; Wang, Lv, & 96 

Du, 2010). Moreover, diet-induced insulin resistance, adiposity, and adipose tissue 97 

inflammation in rats was exacerbated by pollutants (Gray et al., 2013; Lim et al., 2009).  98 

Despite the growing body of evidence supporting the role of coplanar PCBs in the 99 

development of insulin resistance and type 2 diabetes, the effects of PCB exposure on the 100 

insulin sensitivity and energy metabolism of skeletal muscle has not been thoroughly 101 

investigated. Our group demonstrated that a 24hr-exposure of L6 skeletal muscle cells to 102 

PCB126 induced a 20% decrease in glucose uptake and glycolysis (Mauger, Nadeau, 103 

Caron, Chapados, & Aguer, 2016). This altered glucose metabolism in PCB126-treated 104 

L6 myotubes was consistent with another study showing decreased GLUT4 translocation 105 

and glucose uptake in muscle of rats exposed to a mixture of PCBs (Williams et al., 106 

2013). Furthermore, we recently demonstrated that a single exposure of rats to PCB126 107 

resulted in a reduced mitochondrial function measured in permeabilized muscle fibers, 108 

associated with an alteration in the expression levels of a number of enzymes involved in 109 

reactive oxygen species (ROS) detoxification (Tremblay-Laganière et al., 2019). 110 

However, no mitochondrial dysfunction was detected in vitro in L6 muscle cells exposed 111 

directly to PCB126 (Mauger et al., 2016). Skeletal muscle response to PCB126 is 112 

therefore different in vivo (whole organism) and in vitro (direct exposure of muscle cells 113 
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to PCB126). Taken together, these studies suggest that the development of mitochondrial 114 

dysfunction in skeletal muscle of rats exposed to PCB126 was not the result of a direct 115 

effect of the pollutant on muscle mitochondria.  116 

Since PCBs mostly accumulate in adipose tissue (Imbeault, Tremblay, Simoneau, & 117 

Joanisse, 2002), we hypothesized that PCB126 might first induce adipose tissue 118 

dysfunction resulting in altered adipokine and inflammatory cytokine secretion, which in 119 

turn could induce mitochondrial dysfunction in skeletal muscle. The overall aim of the 120 

present study was thus to study the role of adipose-to-muscle communication in PCB126-121 

induced metabolic defects. The specific objectives were: 1) To determine the effect of 122 

PCB126 exposure on adipocyte cytokine/adipokine production; 2) To test whether the 123 

communication between adipose tissue and muscle explains a) abnormal muscle glucose 124 

metabolism and b) muscle mitochondrial dysfunction when exposed to PCB126; and 3) 125 

To determine whether insulin resistance in adipocytes alters their responses to PCB126 126 

and alters the communication between adipocytes and muscle cells.  127 
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Methods  129 

Cell culture 130 

All cell lines were cultured in a humidified incubator (Thermo Scientific Forma Steri-131 

cycle CO2 incubator) at 37°C with 5% CO2.  132 

 133 

3T3-L1 adipocytes 134 

3T3-L1 (ATCC® CL-173™) were grown in low glucose DMEM (1.0 g/L glucose, 4 mM 135 

L-glutamine and 110 mg/L sodium pyruvate, Wisent), 10% calf serum (CS, Wisent) and 136 

1X antimycotic-antibiotic (AA) (Wisent). The medium was changed every two days until 137 

cells reached ~90% confluence. 3T3-L1 cells were then differentiated into adipocytes for 138 

10 days using three different adipocyte differentiation media (ADM1, ADM2 and 139 

ADM3) at specific time as described in Table 1. Insulin resistance (IR) was induced by 140 

using differentiation media with high concentrations of insulin (500 nM, Sigma-Aldrich). 141 

For insulin sensitive (IS) adipocytes, the concentration of insulin in ADM1 and ADM2 142 

was 100 nM and no insulin was present in ADM3 (Table 1).  143 

 144 

C2C12 muscle cells 145 

C2C12 myoblasts (Sigma-Aldrich) were grown in low glucose DMEM, 10% fetal bovine 146 

serum (FBS, Wisent) and 1X AA. The medium was refreshed every other day until cells 147 

reached ~90% confluence. C2C12 cells were then differentiated into myotubes for 7 days 148 

in DMEM low glucose, 2% FBS and 1X AA. Differentiation medium was refreshed 149 

every 2 or 3 days.  150 

 151 

Mouse primary muscle cells 152 

Mouse primary myoblasts derived from gastrocnemius and tibialis muscles of wild-type 153 

mice with a C57BL/6J background were a kind gift from Dr. Marc Foretz (Institut 154 

Cochin, Paris, France). Mouse primary muscle cells were cultured on matrigel (1X in 155 

DMEM, Corning) coated equipment in a DMEM:F12 1:1 medium (Wisent) 156 

supplemented with 20% FBS, 1X AA, 3 μg/mL gentamicin (Wisent) and 5 ng/mL 157 
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recombinant mouse fibroblast growth factor basic (FGF-b, ThermoFisher). At ~90% 158 

confluence, mouse primary muscle cells were differentiated into myotubes for 7 days in 159 

low glucose DMEM supplemented with 2% FBS, 1X AA and 3 μg/mL gentamicin. 160 

Differentiation medium was refreshed every 2 or 3 days.  161 

 162 

PCB126 treatments 163 

Treatments were done once the adipocytes were fully differentiated to study the impact of 164 

PCB126 on the secretome and metabolism of mature adipocytes. On day 10 of 165 

differentiation, adipocytes were exposed to 0, 1, 10 or 100 nM of PCB126 dissolved in 166 

0.1% dimethyl sulfoxide (DMSO, Sigma-Aldrich) for 24hrs. These concentrations were 167 

chosen to represent environmentally relevant PCB126 concentrations. In fact, exposure to 168 

PCB126 in Canadian Inuit population is between 0.05 nM to 27 nM (Singh & Chan, 169 

2017), while the daily intake of PCB126 is estimated to be 12 pg/day (USEPA, 2003). 170 

Control cells (0 nM PCB126) were exposed to 0.1% DMSO (vehicle). In order to 171 

determine whether some factors secreted by adipocytes upon exposure to PCB126 altered 172 

the metabolism of myotubes, after the 24hr-PCB126 treatment, the conditioned medium 173 

(CM) of adipocytes was used to treat differentiated C2C12 myotubes or mouse primary 174 

myotubes for 24hrs. This model was chosen over the co-culture model to study the 175 

unidirectional communication from adipocytes to myotubes. As a control condition, 176 

differentiated myotubes were also treated with the same concentrations of PCB126 in 177 

ADM2 (IR) or ADM3 (IS) for 24hrs (direct exposure). After the 24hr-treatments, cells 178 

were prepared for the different experiments described below. 179 

 180 

Cell viability 181 

To determine whether the different treatments affected cell survival, viability was 182 

measured using the PrestoBlue method (ThermoFisher) according to manufacturer’s 183 

instructions. 3T3-L1 and C2C12 were grown and differentiated in 96-well plates (20,000 184 

cells/well) and treated with PCB126 or 3T3-L1 CM for 24hrs as described above. Cells 185 

were then incubated for 30 min in 1X PrestoBlue® reagent and absorbance was measured 186 

at 570 nm and 600 nm (reference wavelength) (BioTek instruments, Synergy™ HT 187 

Multi-Mode Microplate Reader). Each experiment was done in triplicate for 3T3-L1 188 
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adipocytes and in 6 replicates for C2C12 myotubes, and repeated on 3 independent 189 

cultures (n=3). 190 

 191 

Lipid accumulation 192 

To determine whether the treatments had an effect on 3T3-L1 and C2C12 intracellular 193 

lipid accumulation, lipid droplets were stained by Oil Red O (Sigma-Aldrich). Lipid 194 

accumulation is an indicator of adipocyte differentiation. In muscle cells, 195 

intramyocellular lipid accumulation is believed to be related to insulin resistance 196 

development (Aguer et al., 2010; Krssak et al., 1999; Perseghin et al., 1999). For these 197 

experiments, 3T3-L1 were grown and differentiated in 6-well plates, while C2C12 were 198 

grown and differentiated in 12-well plates. The cells were treated with PCB126 and/or 199 

3T3-L1 CM as described above, and then fixed with 4% paraformaldehyde (Alfa Aesar) 200 

in phosphate-buffered saline (PBS) for 10 min. Lipid droplets were stained with 0.5% Oil 201 

Red O dissolved in chloroform:ethanol (1:1, Fisher Scientific) for 10 min, as previously 202 

described (Aguer et al., 2010). Cells were washed three times with distilled water and 203 

visualized by light microscope (EVOS XL Core Imaging System) using a 40X objective 204 

and a constant light intensity. Oil Red O was then extracted with 70% isopropanol (Fisher 205 

Scientific) and absorbance read at 490 nm (Aguer et al., 2010). Each experiment was 206 

done in duplicate and repeated on 3 independent cell cultures (n=3). 207 

 208 

mRNA quantification by RT-qPCR 209 

3T3-L1 were grown and differentiated in 6-well plates followed by 24hr-treatment with 210 

PCB126 as described above. Cells were then lysed using RNease lysis buffer (RLT 211 

buffer) with 1% mercaptoethanol (Sigma-Aldrich) from the RNeasy Mini Kit (Qiagen) 212 

and lysates were stored at -80°C. Total RNA was extracted from cell lysates using the 213 

RNase Mini Kit where genomic DNA was removed using the RNase-Free DNase Kit 214 

(Qiagen) following the manufacturer’s recommendations. RNA concentration and 215 

extraction quality were measured using a NanoDropTM 1000 Spectrophotometer 216 

(ThermoFisher). Then, 0.5 μg RNA was reverse transcribed with iScript cDNA Synthesis 217 

Kit (Bio-Rad) following the manufacturer’s protocol in a CFX96-PCR Detection System 218 

(Bio-Rad). Complementary DNA (cDNA) was amplified and quantified in a CFX96-PCR 219 
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Detection System using the iQSYBR SsoFast EvaGreen Supermix (Bio-Rad). Primers for 220 

each target genes are summarized in Table 2. All genes were normalized to β-actin levels 221 

and analyzed using the comparative CT (ΔΔCT) method, as previously described 222 

(Schmittgen & Livak, 2008). Each independent experiment (n=3) was done in triplicate. 223 

 224 

Adipokine measurements 225 

To determine whether the different treatments affected cytokine and adipokine secretion, 226 

3T3-L1 were grown and differentiated in 6-well plates followed by 24hr-treatments as 227 

described above. At the end of the treatments, culture media were collected and stored at 228 

-80°C until further cytokine/adipokine measurements. Cells were lysed in 0.05 M NaOH 229 

(Fisher Scientific) and protein quantified using the Bradford method (Bio-Rad). 230 

Cytokine/adipokine (IL-6, TNF-α, leptin, adiponectin, MCP-1, PAI-1, and resistin) 231 

concentrations in the different culture media were determined by the Bio-Plex method 232 

using the mouse adipocyte magnetic bead panel kit (Millipore, MADCYMAG-72K-07), 233 

according to manufacturer’s instructions (Millipore, 2013). Samples were diluted 20X in 234 

DMEM low glucose and 10 µL of each sample and standards were added to the detection 235 

beads and stirred rapidly at room temperature for 2hrs, washed 3 times followed by 236 

addition of secondary antibodies coupled to biotin for 30 minutes. After 3 washes, SA-PE 237 

(streptavidin-Phycoerythrin conjugate) was added to each well for 10 minutes at room 238 

temperature, rinsed 3 times and read by the Bio-Plex (Bio-Rad, Bio-Plex MAGPIX 239 

Multiplex Reader). Each experiment was done in duplicate and repeated with media from 240 

3 independent experiments (n=3). 241 

Adipokines measured with the Bioplex method are expressed relative to the vehicle 242 

condition since experiments were done independently for IS and IR conditions 243 

(preparation of samples and Bioplex experiments done at different times). In order to 244 

compare IS and IR conditions, and to confirm the Bioplex results, some adipokines were 245 

also re-measured, using ELISA kits, in the CM of adipocytes prepared in parallel for IS 246 

and IR conditions. Levels of adiponectin in the CM were determined after a 1:1000 247 

dilution using the adiponectin mouse ELISA kit (Biomatik, EKL54022). Levels of IL-6 248 

were measured after a 1:2 CM dilution using the IL-6 mouse ELISA kit (Thermo-Fisher, 249 

BMS603-2). Levels of leptin and TNF-α were determined in undiluted samples using the 250 
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Leptin mouse ELISA kit (Biomatik, EKB01861) and the TNF-α mouse ELISA kit 251 

(Biomatik, EKA51917), respectively. Each measurement was done in duplicate and 252 

repeated with media from 3 or 4 independent experiments (n=3-4). 253 

 254 

Lipolysis 255 

To determine whether PCB126 or insulin sensitivity status in adipocytes had an impact 256 

on lipolysis, glycerol and free fatty acids (FFA) were quantified in the adipocyte media 257 

by using a lipolysis quantification kit (ZenBIO, LIP-3-NC-L1) following the 258 

manufacturer’s protocol. Briefly, 3T3-L1 adipocytes were differentiated and treated with 259 

PCB126 as described above, in 96-well plates (20,000 cells/well). Then, they were 260 

incubated for 3hrs in assay buffer with PCB126. The media was used to quantify FFA 261 

and glycerol secretion. Absorbance was read at 540 nm. Each experiment was done in 262 

triplicate and repeated with media from 3 independent experiments (n=3).  263 

 264 

Mitochondrial respiration and glycolysis 265 

3T3-L1 and C2C12 energy metabolism, mitochondrial function and glycolysis, were 266 

measured by determination of oxygen consumption rates (OCR) and of extracellular 267 

acidification rates (ECAR), respectively, using an extracellular flux analyzer (Seahorse 268 

XF-96, Agilent). The protocol provided by Seahorse Bioscience was followed for these 269 

experiments with slight modifications. At the end of the 24hr-treatments, cells were 270 

rinsed three times with assay buffer (8.3 g/L DMEM, 2 mM sodium pyruvate 5 mM 271 

dextrose, and 0.75 mM L-glutamine, pH 7.4, all from Sigma-Aldrich). Cells were then 272 

incubated at 37°C, without CO2, in 180 µL of assay buffer for 45 minutes. OCR and 273 

ECAR were first measured at baseline for 4 cycles including: 2 min-measurement, 274 

medium mixing for 2 min and 2 min-pause before starting the next cycle. Then, inhibitors 275 

of the respiratory chain were injected into each well in the following order: oligomycin, 276 

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and antimycin A (all 277 

from Sigma-Aldrich). After each injection, OCR and ECAR were measured for 3 cycles 278 

(measuring, mixing, rest; 2 min each). Final inhibitor concentrations used were 600 279 

ng/mL oligomycin, 1 µM FCCP and 2 µM antimycin A for 3T3-L1 and 600 ng/mL 280 

oligomycin, 1 µM FCCP and 4 µM antimycin for C2C12. At the end of the experiment, 281 
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cells were lysed in 50 µL of 0.05 M NaOH and proteins were quantified by the Bradford 282 

method. Mitochondrial OCR (non-mitochondrial OCR (antimycin A condition) 283 

subtracted from total OCR) and ECAR values are expressed per μg of total cellular 284 

protein. Each experiment was done in 5 or 6 replicates and repeated on 4 independent 285 

cultures (n=4). 286 

 287 

Glucose uptake 288 

3T3-L1, C2C12 and mouse primary muscle cells were grown and differentiated in 24-289 

well plates (100,000 cells/well) or 48-well plates (50,000 cells/well), followed by 24hr-290 

treatments as described above. Glucose uptake was measured as in (Klip, Li, & Logan, 291 

1984). After PCB126 treatment, cells were starved for 3hrs in serum-free DMEM. During 292 

the last 20 min of the starvation period, 100 nM insulin was added in half of the wells. 293 

Cells were then washed and incubated in Hepes Buffered Saline (HBS, 140 mM NaCl 294 

(Fisher Scientific), 20 mM Hepes-Na (Sigma-Aldrich), 5 mM KCl (Fisher Scientific), 2.5 295 

mM MgSO4, (Fisher Scientific) and 1 mM CaCl2 (Sigma-Aldrich), pH 7.4) with 10 μM 296 

2-deoxy-Glucose and 0.5 μCi/mL 3H-2-deoxy-glucose (Perkin Elmer). Cytocholasin B (5 297 

μM, Sigma-Aldrich) was used to determine non-specific glucose uptake. Cells were lysed 298 

in 0.5 mL of 0.05 M NaOH and 0.4 mL were measured by scintillation counting with a 299 

Tri-Carb2910TR counter (Perkin Elmer). The remaining cell lysate was used to 300 

determine protein content using a Bradford protein assay. Each experiment was done in 301 

triplicate and repeated on 3 or 4 independent cultures (n=3-4). 302 

 303 

Western blots 304 

3T3-L1 adipocytes and C2C12 myotubes were lysed in lysis buffer (20 mM Tris-HCl, 50 305 

nM NaCl, 250 mM sucrose, 1% 100X triton, 50 mM NaF, 5 mM NaPP, 1 mM Na-306 

orthovanadate). Twenty to 30 μg of proteins were separated by SDS-PAGE and then 307 

transferred to nitrocellulose membranes (GE Healthcare). Monoclonal anti-glutathione 308 

peroxidase 1 (GPx1, ab108427), monoclonal anti-glutathione peroxidase 4 (GPx4, 309 

ab125066), polyclonal anti-glutaredoxin 2 (Grx2, ab191292), MitoProfile® Total 310 

OXPHOS Rodent WB Antibody Cocktail (anti-ATP5a, anti-complex III, anti-complex II) 311 

(MS604) (all from Abcam), monoclonal anti-catalase (D5N7V, #14097), polyclonal anti-312 
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α-tubulin (#2144), monoclonal glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 313 

14C10), monoclonal anti-AS160 (Akt substrate of 160 kDa, C6947, #2670S), polyclonal 314 

anti-phospho-AS160 (Thr 642, #4288S), polyclonal anti-phospho-IRS1 (insulin receptor 315 

substrate 1, S307, #2381S), polyclonal anti-phospho-Akt (S473, #9271S), monoclonal 316 

anti-Akt (C67E7, #4691S), polyclonal anti-phospho-GSK3α/β (glycogen synthase kinase 317 

3, S2119, #9331S), polyclonal anti-phospho-AMPK (AMP activated protein kinase, 318 

#2535S), polyclonal anti-AMPK (#2532S) (all from Cell Signaling Technology), and 319 

polyclonal anti-superoxide dismutase (SOD2) (sc-30080, Santa Cruz), were used as 320 

primary antibodies at a dilution of 1:1000. The secondary antibodies used were anti-321 

mouse (sc-516102) and anti-rabbit (sc-2357) antibodies coupled to horseradish 322 

peroxidase (Santa Cruz), diluted 1:5000. Proteins were visualized using SuperSignal 323 

West Pico Western Blot Kit (34580, Thermo Scientific) or Clarity Western ECL 324 

Substrate (170-5061, Biorad) and imaged using ChemiDoc™ Imager and VisionWorks 325 

LS (UVP). Expression of proteins was quantified by densitometry analysis using ImageJ 326 

program (National Institutes of Health, USA). 327 

 328 

Statistical analysis 329 

Data shown are the means ± standard error of the mean (SEM) of at least 3 independent 330 

experiments. First, the average of the technical replicates within each independent 331 

experiment was determined, and then the mean of the 3 to 4 independent experiments 332 

were calculated. The SEM presented on the figures represents the SEM of the 333 

independent experiments. A Student’s t-test or one- or two-way ANOVA with Fisher's 334 

protected least significant difference (PLSD) post-hoc test were used to determine 335 

statistical differences using Statview 5.0 Software (SAS Institute, USA) and GraphPad 336 

Prism version 6.0e (La Jolla, USA). With the Fisher’s PLSD post-hoc test used, we only 337 

compared PCB126-treated cells to the vehicle (0 nM PCB, 0.1% DMSO). A P<0.05 was 338 

considered significant. 339 

 340 

  341 
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Results 342 

Effect of insulin concentrations on insulin sensitivity and lipid accumulation in 343 

differentiating 3T3-L1 adipocytes 344 

In order to induce insulin resistance in 3T3-L1 adipocytes, 3T3-L1 cells were exposed to 345 

high concentrations of insulin (500 nM) during differentiation (IR condition). The IR 346 

condition significantly reduced insulin-stimulated glucose uptake in 3T3-L1 adipocytes 347 

compared to the IS condition (Figure S1A, fold increase in response to insulin: P=0.0438 348 

IS vs IR). Moreover, there was no difference in lipid accumulation between IS and IR 349 

3T3-L1 adipocytes, suggesting that the two differentiation protocols did not affect 350 

adipogenesis (Figure S1B).  351 

 352 

Effect of direct and indirect PCB126 exposure on lipid accumulation and cell 353 

viability in IS and IR adipocytes and C2C12 myotubes 354 

We determined the effect of PCB126 or CM treatments on neutral lipid accumulation and 355 

cell viability in IS and IR 3T3-L1 adipocytes and C2C12 myotubes. As shown in Figure 356 

S2, neither PCB126/CM treatments, nor IS or IR conditions significantly altered 357 

intracellular lipid accumulation (Figure S2A) and cell viability (Figure S2B) in 3T3-L1 358 

adipocytes and C2C12 myotubes.  359 

 360 

Effect of direct and indirect PCB126 exposure on Cyp1a1 mRNA expression in IS 361 

and IR adipocytes and C2C12 myotubes 362 

Coplanar PCBs are known to activate AhR, which in turn induces the transcription of 363 

cytochrome P450 1A (CYP1A) gene subfamily, leading, amongst other things, to 364 

increased inflammation (Baker et al., 2015; Wang et al., 2010). PCB126 exposure of 365 

3T3-L1 adipocytes, at 100 nM for 24hrs, induced a 35-fold or a 85-fold increase in the 366 

expression of Cyp1a1 mRNA in IS and IR conditions, respectively (Figure 1A, 367 

P=0.0026). No significant differences in Cyp1a1 expression levels were observed in the 368 

IS versus IR conditions (Figure 1A). Direct exposure of C2C12 to PCB126 or exposure 369 

of C2C12 to CM from PCB126-treated adipocytes at the highest concentrations (10 and 370 
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100 nM) also increased Cyp1a1 mRNA but this increase did not reach statistical 371 

significance (Figure S3). 372 

 373 

Adipocytokine expression and secretion by adipocytes in response to PCB126 374 

treatment in IS and IR conditions 375 

We then determined whether a 24hr-PCB126 exposure altered the cytokine profile in IS 376 

and IR 3T3-L1 adipocytes by assessing mRNA expression and secretion of 377 

cytokines/adipokines. In IS adipocytes, 1 and 10 nM PCB126 exposure resulted in a 378 

significant decrease in adiponectin mRNA expression compared to the vehicle (P=0.0492 379 

and 0.0397 respectively, Figure 1B). In IR adipocytes, PCB126 treatment did not 380 

significantly alter adiponectin mRNA expression, but there was a significant decrease in 381 

adiponectin mRNA expression in IR adipocytes compared to IS adipocytes, 382 

independently of PCB126 treatment (IR effect: P=0.0003, Figure 1B). Il-6 mRNA 383 

expression was not altered by PCB126 exposure in both IS and IR adipocytes (Figure 384 

1C), although in IR adipocytes Il-6 mRNA expression trended to be increased compared 385 

to IS adipocytes but it did not reach statistical significance (IR effect: P=0.0838, Figure 386 

1C). In addition, in IS adipocytes, PCB126 treatment did not significantly alter the 387 

secretion of cytokines/adipokines (Figure 1D). However, in IR adipocytes, a 100 nM 388 

PCB126 treatment significantly increased the secretion of adiponectin (P=0.0098), IL-6 389 

(P=0.0002), MCP-1 (P=0.0018), and TNF-α (P<0.0001), and tended to increase the 390 

secretion of PAI-1 (P=0.0967) (Figure 1E). Leptin was not detected in the CM of IR 391 

adipocytes treated with 0, 1, and 10 nM PCB126, while it was when adipocytes were 392 

treated with 100 nM PCB126, suggesting an increased leptin secretion when exposed to 393 

100 nM PCB126 (data not shown). Resistin was also measured in the CM of IS and IR 394 

adipocytes, but was not detected with the kit used. In this first set of experiments, IS and 395 

IR adipocytes were not prepared at the same time, preventing the comparison between the 396 

two differentiation conditions. In order to compare adipokine secretion between IS and 397 

IR conditions, and to confirm results obtained with the Bioplex method, some adipokines 398 

were also measured by ELISA kits. IL-6 levels were significantly higher in the medium 399 

of IR adipocytes compared to IS adipocytes, independently of PCB126 treatments (Figure 400 
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S4A, IR effect: P=0.0062). Exposure to 100 nM PCB126 increased IL-6 secretion in both 401 

IS and IR adipocytes (PCB126 effect: P=0.0313), but the magnitude of the increase was 402 

much higher in IR adipocytes. Adiponectin levels were higher in the medium of IR 403 

compared to IS adipocytes, independently of PCB126 treatments (IR effect: P<0.001), 404 

whereas 10 nM PCB126 exposure significantly increased adiponectin levels in the 405 

medium of both IS and IR adipocytes (PCB126 effect: P=0.0093), but again, with a 406 

larger increase in IR compared to IS conditions (Figure S4B). Leptin levels were not 407 

significantly different between IS and IR conditions, and PCB126 treatments did not alter 408 

leptin levels in the medium of either IS or IR adipocytes (Figure S4C). This result does 409 

not confirm the increased leptin secretion in the medium of IR adipocytes measured with 410 

the Bioplex method. It is however important to note that leptin levels measured in the 411 

medium of adipocytes was very low and close to the detection level of the ELISA kit 412 

used, which can explain the absence of measured effects. TNF-α was also measured in 413 

the medium of adipocytes but was not detected with the ELISA kit used (data not shown).  414 

 415 

Effect of PCB126 treatment and insulin resistance on lipolysis 416 

Another player in adipose-to-muscle communication is an altered secretion of fatty acids 417 

by adipose tissue (Rachek, 2014), which might be promoted by PCB exposure (Fræch et 418 

al., 2012; Regnier & Sargis, 2014) and/or insulin resistance. We therefore determined 419 

whether a 24hr-PCB126 exposure or insulin resistant conditions altered the rate of 420 

lipolysis in 3T3-L1 adipocytes. In IS adipocytes, exposure to 10 and 100 nM PCB126 for 421 

24hrs decreased lipolytic rate compared to the vehicle condition (for [FFA]: P=0.049 and 422 

P=0.0147 for 10 and 100 nM PCB126, respectively) (Figure 2). However, in IR 423 

adipocytes, a 24hr-PCB126 treatment did not significantly alter lipolytic rate (Figure 2). 424 

In addition, there was a significant decreased lipolytic rate in IR adipocytes compared to 425 

IS adipocytes (IR effect: P=0.0009 and P=0.0005 for [FFA] and [glycerol], respectively) 426 

(Figure 2). This lower lipolytic rate in IR adipocytes was probably the result of the high 427 

insulin concentrations used to induce insulin resistance, since insulin is known to inhibit 428 

lipolysis and favor triglyceride synthesis (Chakrabarti et al., 2013; Cornelius, 429 

MacDouglad, & Lane, 1994). 430 

  431 
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Effect of direct or indirect PCB126 exposure on mitochondrial function in IS and IR 432 

adipocytes and myotubes 433 

Mitochondrial function in IS and IR adipocytes directly treated with PCB126 434 

We first determined the effect of a 24hr-exposure to PCB126 in IS and IR conditions on 435 

adipocyte mitochondrial function. In IS adipocytes, OCR was not altered by a 24hr-436 

PCB126 exposure (Figure 3A, left panel), while in IR adipocytes, 1 and 10 nM PCB126 437 

resulted in a significant decrease in resting OCR and proton leak (state 4 OCR) (Figure 438 

3A, right panel) (for 1 nM P=0.0279 and 0.0429 and for 10 nM P=0.0480 and 0.0448 for 439 

resting and proton leak OCR, respectively). To determine if this altered mitochondrial 440 

function in IR adipocytes exposed to PCB126 was the result of decreased levels of 441 

mitochondrial complexes, we measured the impact of PCB126 on the expression of the 442 

respiratory chain complexes (Figure 3B). Treatment with 100 nM PCB126 significantly 443 

increased ATP5A expression in IR adipocytes compared to vehicle (P=0.0065). A slight 444 

increase was also seen at 10 nM (P=0.0607). There was also a tendency for increased 445 

expression of complexes II and III with 24hr PCB126 exposure in IR adipocyte without 446 

reaching significance. Therefore, the decreased OCR in IR adipocytes exposed to 447 

PCB126 cannot be explained by a decrease in the levels of mitochondrial complexes. 448 

Rather, our results suggest that upon PCB126 exposure, IR adipocytes try to compensate 449 

the decreased mitochondrial function by increasing mitochondrial complex levels.  450 

 451 

Mitochondrial function in C2C12 myotubes directly treated with PCB126 or treated with 452 

the CM of PCB126-treated adipocytes 453 

It was previously shown that inflammation plays a role in the development of muscle 454 

mitochondrial dysfunction (Cherry & Piantadosi, 2015; Remels et al., 2010, 2014), and it 455 

was demonstrated that PCB126 exposure in rats decreased muscle mitochondrial function 456 

(Tremblay-Laganière et al., 2019). To determine whether this decreased muscle 457 

mitochondrial function in rats exposed to PCB126 could be explained by the increased 458 

adipose tissue inflammation induced by the pollutant, we determined if exposure to CM 459 

from 3T3-L1 adipocytes exposed to PCB126 altered mitochondrial function in C2C12 460 

myotubes (Figure 3C). As a control condition, we also exposed C2C12 myotubes directly 461 

to PCB126 for 24hrs (Figure 3D). In contrast to our initial hypothesis, treatment of 462 
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C2C12 myotubes with CM from IS or IR PCB126-treated adipocytes did not alter 463 

mitochondrial function (Figure 3C). Unexpectedly, direct exposure to 100 nM PCB126 464 

significantly increased resting OCR, proton leak and/or maximal mitochondrial capacity 465 

in control myotubes (IS control myotubes: P=0.0037 and 0.0302, for resting OCR and 466 

maximal capacity, respectively, IR myotubes: P=0.0555 and 0.0438, for resting and 467 

proton leak OCR, respectively, Figure 3D).  468 

 469 

Effect of direct or indirect PCB126 exposure on glucose uptake in IS and IR 470 

adipocytes and myotubes 471 

Glucose uptake in IS and IR adipocytes directly treated with PCB126 472 

PCB126 exposure has been associated with reduced glucose uptake in L6 myotubes 473 

(Mauger et al., 2016) and inhibition of the insulin signaling pathway in the muscle of rats 474 

(Wang et al., 2010). Moreover, adipose tissue inflammation is associated with decreased 475 

insulin sensitivity in skeletal muscle (Matsuda & Shimomura, 2013; Rains & Jain, 2011; 476 

Steinberg, 2007). Hence, we determined the effect of direct and indirect exposure to 477 

PCB126 on basal and insulin-stimulated glucose uptake in adipocytes and myotubes. 478 

Whereas adipocyte glucose uptake was significantly increased by insulin in IS conditions 479 

(Figure 4A), there was no significant increase in glucose uptake in response to insulin in 480 

IR adipocytes (Figure 4B), confirming that our IR conditions resulted in the development 481 

of insulin resistance in adipocytes. PCB126 exposure did not significantly alter basal or 482 

insulin-stimulated glucose uptake in IS adipocytes (Figure 4A), but a 100 nM PCB126 483 

exposure significantly decreased glucose uptake in IR adipocytes, in basal and insulin-484 

stimulated conditions (PCB126 effect, P=0.0305, Figure 4B). This decreased glucose 485 

uptake in IR adipocytes exposed to 100 nM PCB126 was not linked to any alteration in 486 

the phosphorylation of proteins of the insulin signaling pathway (p-IRS1, p-Akt, p-487 

AS160; Figure S6A).  488 

 489 

Glucose uptake in C2C12 myotubes directly treated with PCB126 or treated with the CM 490 

of PCB126-treated adipocytes 491 

We then wanted to determine whether exposure to CM from 3T3-L1 adipocytes exposed 492 

to PCB126 altered glucose uptake in C2C12 myotubes (Figure 4C). As a control 493 
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condition, we also exposed C2C12 myotubes directly to PCB126 for 24hrs (Figure S5A). 494 

In control C2C12 myotubes, direct exposure to PCB126 did not significantly alter 495 

glucose uptake (Figure S5A). Exposure to CM from IS 3T3-L1 adipocytes (i.e. indirect 496 

PCB126 exposure) did not significantly alter glucose uptake in IS CM C2C12 myotubes, 497 

in either basal or insulin conditions (Figure 4C, left panel). In contrast, exposure to CM 498 

from IR 3T3-L1 adipocytes treated with 10 and 100 nM PCB126 significantly decreased 499 

glucose uptake in IR CM C2C12 myotubes, in basal and insulin conditions (P=0.0349 500 

and P=0.0006, respectively) (Figure 4C, right panel). As in IR adipocytes treated with 501 

PCB126, the decreased glucose uptake in IR CM C2C12 myotubes was not linked to any 502 

alteration of the phosphorylation of proteins of the insulin signaling pathway (p-Akt, p-503 

GSK3, Figure S6B).  504 

 505 

Glucose uptake in mouse primary myotubes directly treated with PCB126 or treated with 506 

the CM of PCB126-treated adipocytes 507 

It is recognized that insulin-stimulated glucose uptake is weak in C2C12 myotubes 508 

(Nedachi & Kanzaki, 2006), and as expected, insulin treatment did not significantly 509 

increase glucose uptake in this model (Figures 4C and S5A). Since one objective of the 510 

present study was to determine whether exposure to CM from PCB126-treated adipocytes 511 

altered insulin-stimulated glucose uptake in myotubes, we then used mouse primary 512 

myotubes, a muscle cell model more sensitive to insulin. Surprisingly, in IS control 513 

myotubes, direct exposure to 10 nM PCB126 tended to increase basal glucose uptake 514 

without reaching significance (Figure S5B, P=0.0749). In IR control myotubes, insulin 515 

did not increase glucose uptake suggesting that the high insulin levels in IR conditions 516 

also induced insulin resistance in mouse primary muscle cells (Figure S5B). As a 517 

consequence, the effect of CM from IR adipocytes treated with PCB126 on insulin-518 

stimulated glucose uptake in mouse primary myotubes cannot be determined in IR 519 

conditions since the cells were already insulin resistant without any treatments. We then 520 

determined whether the CM from PCB126-treated adipocytes altered glucose uptake in 521 

mouse primary myotubes. A 24hr-exposure to the CM from IS or IR adipocytes did not 522 

significantly alter basal glucose uptake in mouse primary myotubes compared to 523 

myotubes treated with the CM of vehicle-treated adipocytes (i.e 0 nM PCB126) (Figure 524 
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4D and Figure S5C). However, the fold-increase in glucose uptake in response to insulin 525 

was decreased in mouse primary myotubes exposed to the CM of PCB126-treated IS 526 

3T3-L1 adipocytes, suggesting insulin resistance development (1, 10 and 100 nM 527 

PCB126, P<0.01, Figure 4D).  528 

 529 

Effect of direct or indirect PCB126 exposure on glycolytic rate in IS and IR 530 

adipocytes and myotubes 531 

Glycolysis in IS and IR adipocytes directly treated with PCB126 532 

To further study the effect of 24hr-exposure to PCB126 on glucose metabolism, we next 533 

determined whether the impaired glucose uptake in IR adipocytes exposed to PCB126 534 

could alter glycolytic rate (Figure 5). In accordance with glucose uptake results, a 24hr-535 

exposure to PCB126 did not alter glycolytic rate in IS adipocytes (Figure 5A, left panel), 536 

but resting glycolytic rate and maximal glycolytic capacity were significantly decreased 537 

in IR adipocytes exposed to 1-100 nM PCB126 (for 1 nM P=0.0008 and 0.0007, for 10 538 

nM P=0.0012 and 0.0018, and for 100 nM P=0.0029 and 0.0077, for resting and maximal 539 

glycolytic capacity, respectively) (Figure 5A, right panel).  540 

 541 

Glycolysis in C2C12 myotubes directly treated with PCB126 or treated with the CM of 542 

PCB126-treated adipocytes 543 

Myotubes exposed to CM from IS or IR adipocytes did not show any alteration in resting 544 

or maximal glycolytic rates (Figure 5B). Glycolytic rates were also not altered by direct 545 

exposure to the pollutant (Figure S7). 546 

 547 

Effect of direct or indirect PCB126 exposure on oxidative stress markers in IR 548 

adipocytes and myotubes 549 

Expression of anti-oxidant enzymes in IR adipocytes directly treated with PCB126 550 

AhR activation and inflammation induced by coplanar PCBs may play a role in reactive 551 

oxygen species (ROS) production (Barouki, Coumoul, & Fernandez-Salguero, 2007; 552 

Hennig et al., 2002), which can in turn alter glucose uptake / insulin sensitivity and 553 
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mitochondrial function (Bonnard et al., 2008; Pessler, Rudich, & Bashan, 2001; 554 

Potashnik, Bloch-Damti, Bashan, & Rudich, 2003). To better determine whether 555 

oxidative stress may explain altered metabolism induced by PCB126 in IR conditions, we 556 

measured the levels of oxidative stress markers in IR adipocytes after a 24hr-exposure to 557 

PCB126. PCB126 at 100 nM significantly increased the expression of SOD2 in IR 558 

adipocytes (P=0.0288), whereas other oxidative stress markers were not significantly 559 

altered by PCB exposure (Figure 6A).  560 

 561 

Oxidative stress markers in C2C12 myotubes treated with the CM of PCB126-treated IR 562 

adipocytes 563 

In myotubes exposed to the CM of PCB126-treated IR adipocytes, the levels of catalase 564 

and SOD2 also tended to increase, but it did not reach significance (Figure 6B). The 565 

levels of other ROS detoxification enzymes were not altered in myotubes exposed to the 566 

CM of PCB126-treated IR adipocytes. 567 

 568 

Effect of direct or indirect PCB126 exposure on the active form of AMPK in IR 569 

adipocytes and myotubes 570 

Expression of p-AMPK in IR adipocytes directly treated with PCB126 571 

A key regulator of energy metabolism is AMPK. This kinase is known to be activated by 572 

an increased AMP/ATP ratio to restore energy status of the cell through the activation of 573 

ATP-producing pathways (e.g. glucose uptake, fatty acid oxidation, mitochondrial 574 

biogenesis) and the inhibition of ATP-consuming pathways (e.g. synthesis of fatty acids, 575 

glycogen, and amino acids) (Herzig & Shaw, 2018). To determine whether AMPK was 576 

involved in the measured decreased mitochondrial function and decreased glucose uptake 577 

upon exposure to PCB126 in IR adipocytes, we measured the levels of the activated form 578 

of AMPK (i.e. p-AMPK). IR adipocytes exposed to 100 nM PCB126 showed a 579 

significant decrease in the levels of p-AMPK (P=0.0078, Figure 7A).  580 

 581 

Expression of p-AMPK in IR adipocytes directly treated with PCB126 582 

We then determined whether the altered glucose uptake in C2C12 myotubes exposed to 583 

the CM of PCB126-treated IR adipocytes was also linked to a decreased AMPK 584 
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activation. Curiously, in C2C12 myotubes exposed to the CM of PCB126-treated IR 585 

adipocytes, p-AMPK levels were significantly increased rather than decreased (P=0.011, 586 

Figure 7B)  587 

   588 
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Discussion 589 

Exposure to PCB126 has been associated with the development of insulin resistance and 590 

mitochondrial dysfunction (Connell, Singh, & Chu, 1999; Kim et al., 2017; Mauger et al., 591 

2016; Tremblay-Laganière et al., 2019; Wakabayashi & Karbowski, 2001). PCB126 is a 592 

lipophilic compound that increases inflammation in adipose tissue (Gadupudi, Gourronc, 593 

Ludewig, Robertson, & Klingelhutz, 2015; Gourronc, Robertson, & Klingelhutz, 2017), 594 

and increased adipose tissue inflammation is one potential cause of insulin resistance and 595 

mitochondrial dysfunction development in skeletal muscle (Bhatnagar et al., 2010; 596 

Hwang et al., 2016). The general objective of the present study was to determine the role 597 

of adipose-to-muscle communication in the development of mitochondrial dysfunction 598 

and glucose metabolism alterations in skeletal muscle when exposed to PCB126. We 599 

showed that PCB126 altered the expression/secretion of adipokines and altered adipocyte 600 

mitochondrial function and glucose uptake, especially when adipocytes were rendered to 601 

be insulin resistant. These metabolic alterations were accompanied by increased SOD2 602 

levels, known to be involved in reactive oxygen species detoxification, and decreased 603 

activation of AMPK, an important metabolic sensor. Furthermore, myotubes exposed to 604 

the CM of IR adipocytes treated with PCB126 showed altered glucose uptake compared 605 

to myotubes exposed directly to PCB126. However, exposure of myotubes to the CM of 606 

PCB126-treated adipocytes did not alter their mitochondrial function and showed an 607 

increased p-AMPK levels.  608 

 609 

Effect of pre-established insulin resistance on the metabolic response of adipocytes to 610 

PCB126 treatment 611 

One objective of this study was to determine the effects of insulin resistance on the 612 

response of adipocytes to PCB126-exposure. Indeed, exposure to pollutants induces more 613 

significant metabolic defects in rodents developing obesity following a high-fat diet 614 

compared to their lean counterparts (Gray et al., 2013; Lim et al., 2009). For example, 615 

PCBs exacerbate hyperinsulinemia and insulin resistance in obese insulin resistant mice 616 

compared to lean insulin sensitive mice (Gray et al., 2013), suggesting increased 617 

sensitivity to pollutants when mice are already insulin resistant. Of note, in contrast to IS 618 

adipocytes, IR adipocytes exposed to PCB126 showed an increased secretion of 619 
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cytokines/adipokines, including TNF-α, IL-6, leptin, adiponectin, and MCP-1. These 620 

results suggest that pre-established insulin resistance in adipocytes makes adipocytes 621 

more sensitive to the toxic effect of PCB126. This might be due to a better regulation of 622 

inflammatory response in metabolically healthy adipocytes. The present study focussed 623 

on the effect of insulin sensitivity and PCB126 on pro-inflammatory cytokines but how 624 

insulin resistance and/or PCB126 alter the secretion of anti-inflammatory cytokines such 625 

as IL-10 and IL-13 is also of interest and should be explored in future studies. 626 

Furthermore, it is important to note that, despite previous reports showing decreased 627 

adiponectin mRNA levels and protein secretion in adipocytes exposed to coplanar PCBs 628 

(Arsenescu, Arsenescu, King, Swanson, & Cassis, 2008; Gadupudi et al., 2015), in the 629 

present study, adiponectin secretion was increased in IR adipocytes exposed to PCB126. 630 

The differences between our study and others can be due to a difference in the adipocyte 631 

model used (3T3-L1 vs. human adipocytes), in the concentration of coplanar PCB used 632 

(30 to 100 times lower in the present study) or the timing of PCB treatment (in previous 633 

studies, adipocytes were treated with coplanar PCBs during the whole differentiation 634 

process, whereas in the present study, adipocytes were only treated for 24h, when the 635 

cells were already fully differentiated). 636 

To the best of our knowledge, the effects of PCB126 exposure on glucose metabolism 637 

and mitochondrial function in adipocytes had never been studied. Therefore, the present 638 

study provides new insight into the role of PCB126 in adipose tissue metabolic 639 

dysfunction. The increased inflammation in IR adipocytes exposed to 100 nM PCB126 640 

was associated with decreased glucose uptake. Mitochondrial function and glycolysis 641 

were also altered in IR adipocytes exposed to PCB126 at concentrations as low as 1 nM, 642 

which did not correspond to increased inflammation. Therefore, it seems that increased 643 

inflammation was probably not the cause of altered mitochondrial function and glycolysis 644 

in IR adipocytes. More studies are thus needed to better understand the mechanism by 645 

which PCB126 disrupts adipocyte energy metabolism. Importantly, exposure to PCB126 646 

did not alter these metabolic pathways in IS adipocytes, showing that insulin sensitivity 647 

status might influence the response of adipocytes to PCB126 exposure.  648 

The altered glucose metabolism and mitochondrial function in PCB126-treated IR 649 

adipocytes were associated with increased adipokine secretion and increased level of 650 
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SOD2. Interestingly, increased inflammation and oxidative stress are recognized to 651 

promote mitochondrial dysfunction and to alter glucose metabolism in adipocytes 652 

(Fazakerley et al., 2018; Manna & Jain, 2015; Paglialunga, Ludzki, Root-McCaig, & 653 

Holloway, 2015; Steinberg, 2007). In the present study, oxidative stress has been 654 

estimated by measuring the levels of ROS detoxification enzymes. To better study the 655 

role of PCB126 in oxidative stress development in adipocytes, future studies should 656 

explore the impact of PCB126 on other important players in the modulation of oxidative 657 

stress such as glutathione levels.  658 

The negative effect of PCB126 on glucose metabolism and mitochondrial function in IR 659 

adipocytes was also associated with decreased activation of AMPK (i.e. its 660 

phosphorylation levels). AMPK is an important metabolic sensor known to activate 661 

glucose uptake independently of the insulin signaling pathway and to increase 662 

mitochondrial activity (Crawford et al., 2010; Jäer, Handschin, St-Pierre, & Spiegelman, 663 

2007). Previously, a link between altered AMPK activation and increased inflammation 664 

of adipose tissue has been demonstrated (Jung, Park, Choi, Kim, & Lee, 2018; Yang et 665 

al., 2016; Zhao et al., 2018). Our results therefore suggest that the decrease in glucose 666 

uptake and mitochondrial function in IR adipocytes exposed to 100 nM PCB126 might be 667 

the result of an alteration of the AMPK pathway because of increased inflammation / 668 

oxidative stress.  669 

 670 

Role of adipocyte-secreted factors in the development of muscle cell mitochondrial 671 

dysfunction when exposed to PCB126 672 

Despite the role of skeletal muscle in the maintenance of glucose homeostasis, the effect 673 

of PCB126 or other environmental pollutants on skeletal muscle energy metabolism has 674 

not been well studied. High circulating levels of pollutants have been associated with 675 

decreased mitochondrial enzyme activity in human skeletal muscle (Imbeault et al., 676 

2002). Furthermore, our team showed that PCB126 exposure in rats was associated with 677 

decreased mitochondrial function in muscle (Tremblay-Laganière et al., 2019), which 678 

was not reproduced when muscle cells were directly exposed to the pollutant (Mauger et 679 

al., 2016). Here, we tested whether the adipose-to-muscle communication in the context 680 

of PCB126 exposure could induce mitochondrial dysfunction in skeletal muscle. 681 
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However, CM from PCB126-treated IS or IR adipocytes did not alter mitochondrial 682 

function in C2C12 myotubes. Therefore, with the present model, we cannot confirm that 683 

the adipose-to-muscle communication is responsible for the decreased mitochondrial 684 

function in muscle from rats exposed to PCB126. Curiously, the activation of AMPK (i.e. 685 

p-AMPK levels) was increased rather than decreased in C2C12 myotubes exposed to the 686 

CM of IR-treated adipocytes. Since AMPK is known to activate mitochondrial function, 687 

it is possible that C2C12 myotubes were able to maintain their mitochondrial function 688 

upon CM exposure because of increased AMPK activity.  689 

 690 

Direct effect of PCB126 on glucose metabolism in muscle cells 691 

We previously showed decreased glycolytic function and glucose uptake in L6 myotubes 692 

exposed for 24hrs to PCB126 (Mauger et al., 2016). Moreover, exposure to a PCB 693 

mixture (Aroclor 1254) altered skeletal muscle insulin signaling pathway and GLUT4 694 

translocation in rats (Williams et al., 2013). In the present study, C2C12 or mouse 695 

primary myotubes directly exposed to the same concentrations of PCB126 than in our 696 

previous study using L6 myotubes (Mauger et al., 2016) showed no alteration of glucose 697 

uptake and glycolytic rates. These different effects of PCB126 on muscle cell glucose 698 

metabolism might be due to metabolic differences between L6, C2C12 and mouse 699 

primary myotubes. It is known that C2C12 lack insulin-responsive GLUT4 vesicles 700 

required for significant insulin-stimulated glucose uptake (Tortorella & Pilch, 2002), 701 

while L6 and primary mouse muscle cells possess these vesicles (Robinson, Robinson, 702 

James, & Lawrence, 1993; Tortorella & Pilch, 2002). In addition, under conditions 703 

similar to ours (1 g/L glucose and 2% FBS), C2C12 myotubes express a greater 704 

proportion of slow myosin heavy chains (Artaza et al., 2002; J B Miller & Stockdale, 705 

1986; Jeffrey Boone Miller, 1990). Thus, C2C12 myotubes may have a more oxidative 706 

metabolism than L6 myotubes. This hypothesis has been confirmed in a recent study in 707 

which it was demonstrated that L6 cells have lower mitochondrial and fatty acid 708 

oxidation capacities than C2C12 cells, while having higher emission of ROS (Robinson 709 

et al., 2019). Future studies should therefore determine whether the higher glycolytic 710 

capacity and higher ROS emission in L6 cells may explain the fact that this muscle cell 711 

model is more sensitive to PCB126 than C2C12 when exposed to PCB126.  712 
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 713 

Role of adipocyte-secreted factors in the development of altered muscle cell glucose 714 

uptake when exposed to PCB126 715 

Using the CM from PCB126-treated IR adipocytes, we showed that the adipocyte 716 

secretome decreased basal glucose uptake in C2C12 myotubes, whereas the CM from 717 

PCB126-treated IS adipocytes altered insulin sensitivity in mouse primary myotubes. 718 

Even if this altered glucose transport in myotubes was not associated with any alteration 719 

of the insulin signaling pathway, it is possible that GLUT4 content/translocation and/or 720 

GLUT1 levels/activity were affected. Further studies are thus needed to determine 721 

whether this altered glucose uptake is the result of an alteration of the expression or 722 

activity of the glucose transporters GLUT1 and/or GLUT4.  723 

Previous studies have demonstrated that lipids can have a detrimental effect on muscle 724 

metabolism and may even induce insulin resistance (Aguer et al., 2015; Coles, 2016). 725 

However, in our model, the altered glucose uptake in myotubes exposed to the CM of 726 

PCB126-treated IS and IR adipocytes was probably not due to FFA since lipolysis rate 727 

was decreased rather than increased in IS adipocytes exposed to PCB126, and lipolysis 728 

rate was not altered in IR adipocytes exposed to PCB126.  729 

Adipose tissue inflammation may be another player in the development of altered muscle 730 

glucose transport. Adipocytes secrete adipokines involved in autocrine/paracrine and 731 

endocrine functions. Adipokines alter metabolic responses locally in adipose tissue, as 732 

well as in distant tissues such as skeletal muscle (Coles, 2016; Luo & Liu, 2016; Scherer, 733 

2006). Under healthy conditions, adipokines maintain energy homeostasis, but 734 

dysregulation of adipokine secretion causes lipotoxicity in skeletal muscle (Coles, 2016). 735 

In this sense, adipose tissue dysfunction has been associated with increased 736 

inflammation, which may explain the association between obesity and the increased risk 737 

of developing insulin resistance and type 2 diabetes. Of note, in the present study, 738 

PCB126 promoted inflammation in IR adipocytes in association with decreased basal 739 

glucose uptake in myotubes exposed to IR adipocyte secretome. Similar results were 740 

obtained when muscle cells were treated directly with different adipocytokines, such as 741 

TNF-α, MCP-1 and IL-6 (Li et al., 2017; Sell, Dietze-Schroeder, Kaiser, & Eckel, 2006). 742 

Taken together, the results from the present study and others suggest that PCB126-743 
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induced inflammation in adipose tissue might be responsible for the decreased insulin 744 

response and reduced basal glucose uptake in muscle cells when exposed to PCB126 745 

(Gadupudi et al., 2015; Gourronc et al., 2017; Williams et al., 2013). Interestingly, 746 

treatment with CM from hypoxia-treated 3T3-L1 adipocytes also induced insulin 747 

resistance in C2C12 myotubes (Yu et al., 2011), suggesting that different stressors might 748 

impact adipokine secretion, which in turn alter muscle insulin sensitivity. On the other 749 

hand, PCB126 treatment in IS adipocytes altered mRNA adiponectin expression but did 750 

not affect the secretion of adiponectin or other adipokines, suggesting that the effect of IS 751 

CM on myotube insulin sensitivity might be due to other secreted factors than the ones 752 

we measured in the present study. Further research is thus needed to determine which 753 

factor(s) secreted by PCB126-exposed IS adipocytes affect myotube insulin sensitivity. 754 

The potential candidates include adipocytokines not measured in our study (e.g. IL-1, IL-755 

8, keratinocyte chemoattractant-1), metabolites that could be differentially secreted by 756 

adipocytes when exposed to PCB126, as well as miRNAs. 757 

 758 

Limitations 759 

Our conclusions are limited by our model that studied a one-way communication between 760 

adipocytes and myotubes using cell cultures in vitro. We acknowledge that this does not 761 

fully represent what happens in an organism where the crosstalk between muscle and 762 

adipose tissue may also regulate metabolism (Bogdanowicz & Lu, 2013; Li et al., 2017; 763 

Pandurangan, Jeong, Amna, Van Ba, & Hwang, 2012). Our model was appropriate for 764 

our objectives in determining the role of PCB126 on adipokine secretion from adipocytes 765 

and how this alters muscle energy metabolism. However, it needs to be considered as an 766 

isolated system that possesses some limitations. Indeed, at the whole-body level, PCBs 767 

will also alter the secretion of cytokines and the production of ROS from other tissues 768 

and cell types, such as the liver, immune cells and endothelial cells (Cocco et al., 2015; 769 

Lim et al., 2009; Tremblay-Laganière et al., 2019), which can also alter muscle 770 

metabolism. Moreover, in vivo, PCBs might be metabolized by the liver, which is not 771 

taken into account in our model. Lastly, our study focussed on a PCB126 concentration 772 

(100 nM) that is higher than estimated environmental exposures, which may limit the 773 

generalization of our results. However, we studied the acute effect of a single pollutant 774 
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(i.e. exposure for 24hrs to PCB126), while humans are chronically exposed to several 775 

pollutants that may act in a similar fashion to PCB126. Further studies are thus required 776 

to determine whether exposure to a mix of pollutants for a longer period shows similar 777 

effects on adipose tissue metabolism and on adipose-to-muscle communication. 778 

 779 

Conclusion 780 

In summary, we demonstrated that PCB126 promotes inflammation and metabolic 781 

defects in adipocytes in relation with decreased AMPK activity, particularly when those 782 

cells were already insulin resistant before exposing them to the pollutant. Moreover, our 783 

data suggest that the alteration of glucose uptake and insulin response in skeletal muscle 784 

in response to PCB126 treatment is the result of PCB126-induced inflammation in 785 

adipose tissue. More broadly, our study shows the importance of the cross-talk between 786 

adipose tissue and skeletal muscle in the development of insulin resistance.  787 
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Tables 1103 

 1104 

Table 1: Adipocyte (3T3-L1) differentiation protocol and schedule. 1105 

Adipocyte insulin 

sensitivity status 

Differentiation media 

ADM1 ADM2 ADM3 

IS adipocytes DMEM low glucose (1 g/L) DMEM low 

glucose (1 

g/L) 

DMEM low 

glucose (1 g/L) 10% FBS 

0.5 mM IBMX 10% FBS 10% FBS 

1 μM dexamethasone 1X AA 1X AA 

1X AA 100 nM 

insulin 

 

100 nM insulin 

IR adipocytes DMEM low glucose (1 g/L) ADM2 

10% FBS DMEM low glucose (1 g/L) 

0.5 mM IBMX 10% FBS 

1 μM dexamethasone 1X AA 

1X AA 500 nM insulin 

500 nM insulin  

Differentiation Schedule 

Adipocytes Day 0 to 2 Day 2 to 4 Day 4 to 6 Day 6 to 8 Day 8 to 10 

IS  ADM1 ADM2 ADM1 ADM2 ADM3 

IR  ADM1 ADM2 ADM1 ADM2 ADM2 

On day 10, 3T3-L1 were treated for 24hrs with PCB126 in ADM3 (IS 3T3-L1) or 

ADM2 (IR 3T3-L1) 

IS: insulin sensitive, IR: insulin resistant, ADM: adipocyte differentiation medium, 1106 

IBMX: 3-isobutyl-1-methylxanthine, AA: antimycotic-antibiotic 1107 

 1108 
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Table 2: Primer sequence used for RT-qPCR. 1110 

Target Gene Primer sequence 

Il-6 Forward 5’-GCCTTCTTGGGACTGATGCT-3’ 

Reverse 5’-TGCCATTGCACAACTCTTTTC-3’ 

Adiponectin Forward 5’-TGACGACACCAAAAGGGCTC-3’ 

Reverse 5’-CACAAGTTCCCTTGGGTGGA-3’ 

Cyp1a1 Forward 5'- CATTTGAGAAGGGCCACATCC-3' 

Reverse 5'- TGTGTCAAACCCAGCTCCAA -3' 

β-actin Forward 5’-GACTTCGAGCAAGAGATGGC-3’ 

Reverse 5’-CCAGACAGCACTGTCTTGGC-3’ 

 1111 

 1112 
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Figure captions 1114 

 1115 

Figure 1. Effect of PCB126 exposure and insulin sensitivity conditions on adipokine 1116 

expression and secretion in 3T3-L1 adipocytes. 3T3-L1 adipocytes were differentiated 1117 

in insulin sensitive (IS) and insulin resistant (IR) conditions and treated for the last 24hrs 1118 

of differentiation with different PCB126 concentrations. A-C. Cyp1a1 (A), adiponectin 1119 

(B), and Il-6 (C) mRNA levels normalized to β-actin mRNA levels and analyzed using 1120 

the ΔΔCT method. Average of normalized ΔΔCT is presented relative to the vehicle (IS, 1121 

no PCB) ±SEM. (n=3 independent experiments, each independent experiment was done 1122 

at least in triplicate, *: P<0.05 compared to 0 nM PCB126, #: P<0.05 compared to IS 1123 

adipocytes). D-E. Adipokines secreted in the medium of 3T3-L1 adipocytes differentiated 1124 

in IS (D) or IR (E) conditions. Data are presented relative to the vehicle as mean ±SEM. 1125 

n=3 independent experiments, each independent experiment was done in 2 replicates. **: 1126 

P<0.01 compared to 0 nM PCB126. 1127 

 1128 

Figure 2. Effect of PCB126 exposure and insulin sensitivity conditions on lipolysis in 1129 

3T3-L1 adipocytes. 3T3-L1 adipocytes were differentiated in insulin sensitive (IS) and 1130 

insulin resistant (IR) conditions and treated for the last 24hrs of differentiation with 1131 

different PCB126 concentrations. As markers of lipolysis, free fatty acid (FFA) (A) and 1132 

glycerol (B) levels were measured in the conditioned medium as described in the method 1133 

section. Data are presented as mean ±SEM. n=3 independent experiments, each 1134 

independent experiment was done in 2 replicates. *: P<0.05 compared to 0 nM PCB126 1135 

and ###: P<0.001 main effect of IR conditions. 1136 

 1137 

Figure 3. Mitochondrial function in 3T3-L1 adipocytes exposed to PCB126 in 1138 

different insulin sensitivity conditions and in C2C12 myotubes exposed to the 1139 

conditioned medium (CM) of insulin sensitive (IS) and insulin resistant (IR) 1140 

adipocytes treated with PCB126. A. 3T3-L1 adipocytes were differentiated in IS (left 1141 

panel) and IR (right panel) conditions and treated for the last 24hrs of differentiation with 1142 

different PCB126 concentrations. B. Levels of mitochondrial complexes (complexes II 1143 

and III and ATPase) in 3T3-L1 adipocytes differentiated in IR conditions and exposed for 1144 
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24hrs to different concentrations of PCB126. Right panel: quantification by density 1145 

analysis, left panel: representative western blots. α-tubulin was used a loading control. 1146 

n=3 independent experiments. C. Differentiated C2C12 myotubes were exposed for the 1147 

last 24hrs of differentiation to the CM of 3T3-L1 adipocytes exposed to different 1148 

PCB126 concentrations in IS (left panel) or IR conditions (right panel). D. Differentiated 1149 

C2C12 myotubes were directly exposed for the last 24hrs of differentiation to different 1150 

PCB126 concentrations in IS (left panel) or IR conditions (right panel). A, C, and D. 1151 

Oxygen consumption rates (OCR) were measured with a Seahorse analyzer (Agilent). 1152 

OCR were first measured in resting conditions, and cells were treated subsequently with 1153 

600 ng/mL oligomycin, 1 μM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 1154 

(FCCP), and 2 μM (for 3T3-L1) or 4 μM antimycin A (for C2C12) to determine OCR 1155 

due to proton leak, maximal, and non-mitochondrial respiration, respectively. n=4 1156 

independent experiments, each independent experiment was done in 5 replicates. A-D. 1157 

Data are presented relative to the vehicle as mean ±SEM. *: P<0.05, **: P<0.01 1158 

compared to 0 nM. 1159 

 1160 

Figure 4. Glucose uptake in 3T3-L1 adipocytes exposed to PCB126 in different 1161 

insulin sensitivity conditions and in C2C12 or mouse primary myotubes exposed to 1162 

the conditioned medium (CM) of insulin sensitive (IS) and insulin resistant (IR) 1163 

adipocytes treated with PCB126. A-B. 3T3-L1 adipocytes were differentiated in IS (A) 1164 

and IR (B) conditions and treated for the last 24hrs of differentiation with different 1165 

PCB126 concentrations. Left panel: glucose uptake, right panel: fold increase in glucose 1166 

uptake in response to insulin. C. Differentiated C2C12 myotubes were exposed for the 1167 

last 24hrs of differentiation to the CM of 3T3-L1 adipocytes exposed to different 1168 

PCB126 concentrations in IS or IR conditions. D. Differentiated mouse primary 1169 

myotubes were exposed for the last 24hrs of differentiation to the CM of 3T3-L1 1170 

adipocytes exposed to different PCB126 concentrations in IS conditions. Left panel: 1171 

glucose uptake, right panel: fold increase in glucose uptake in response to insulin. A-D. 1172 

After differentiation and treatments, cells were subsequently treated ±100 nM insulin for 1173 

20 min and exposed to 10 μM 2-deoxy-glucose and 0.5 μCi/mL [3H]2-deoxyglucose for 1174 

10 min. The absolute values of 2-deoxyglucose uptake under basal state (no insulin, no 1175 
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PCB126) were between 20 and 50 pmol/min/μg in 3T3-L1 adipocytes, between 50 and 1176 

80 pmol/min/μg in C2C12, and between 10 and 40 pmol/min/μg in mouse primary 1177 

myotubes. Data are presented relative to the vehicle as mean ±SEM. n=3-4 independent 1178 

experiments, each independent experiment was done in 3 replicates. *: P<0.05, **: 1179 

P<0.01, ***: P<0.001 compared to 0 nM; #: P<0.05 compared with basal condition (no 1180 

insulin). 1181 

 1182 

Figure 5. Glycolysis rates in 3T3-L1 adipocytes exposed to PCB126 in different 1183 

insulin sensitivity conditions and in C2C12 exposed to the conditioned medium 1184 

(CM) of insulin sensitive (IS) and insulin resistant (IR) adipocytes treated with 1185 

PCB126. A. 3T3-L1 adipocytes were differentiated in IS (left panel) and IR (right panel) 1186 

conditions and treated for the last 24hrs of differentiation with different PCB126 1187 

concentrations. B. Differentiated C2C12 myotubes were exposed for the last 24hrs of 1188 

differentiation to the CM of 3T3-L1 adipocytes exposed to different PCB126 1189 

concentrations in IS (left panel) or IR conditions (right panel). A-B. Glycolysis rates were 1190 

estimated by measuring extracellular acidification rates (ECAR) with a Seahorse analyzer 1191 

(Agilent). ECAR were first measured in resting conditions, and cells were then treated 1192 

with 600 ng/mL oligomycin to determine maximal glycolytic capacity (M.G.C.). Data are 1193 

presented relative to the vehicle as mean ±SEM. n=4 independent experiments, each 1194 

independent experiment was done in 5 replicates. *: P<0.05, **, P<0.01, ***: P<0.001 1195 

compared to 0 nM. 1196 

 1197 

Figure 6. Oxidative stress markers in 3T3-L1 adipocytes exposed to PCB126 in 1198 

insulin resistant (IR) conditions and in C2C12 myotubes exposed to the conditioned 1199 

medium (CM) of PCB126-treated IR adipocytes. Levels of oxidative stress markers 1200 

(catalase, glutathione peroxidase (GPx) 1 and 4, superoxide dismutase (SOD) 2, 1201 

glutaredoxin (Grx) 2) in (A) 3T3-L1 adipocytes differentiated in IR conditions and 1202 

exposed for 24hrs to different concentrations of PCB126 or (B) C2C12 myotubes 1203 

exposed to the CM of PCB126-treated IR adipocytes. Top panel: quantification by 1204 

density analysis, bottom panel: representative western blots. (A) α-tubulin and (B) 1205 
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GAPDH were used as loading controls. n=3-6 independent experiments. Data are 1206 

presented relative to the vehicle as mean ±SEM. *: P<0.05 compared to 0 nM. 1207 

 1208 

Figure 7. AMP-activated protein kinase (AMPK) levels in 3T3-L1 adipocytes 1209 

exposed to PCB126 in insulin resistant (IR) conditions and in C2C12 myotubes 1210 

exposed to the conditioned medium (CM) of PCB126-treated IR adipocytes. Levels 1211 

of p-AMPK/AMPK in (A) 3T3-L1 adipocytes differentiated in IR conditions and 1212 

exposed for 24hrs to 100 nM of PCB126 or (B) C2C12 exposed to the CM of IR 1213 

adipocytes exposed to 100 nM PCB126. Left panel: quantification by density analysis, 1214 

right panel: representative western blots. n=3 independent experiments. Data are 1215 

presented relative to the vehicle as mean ±SEM. **: P≤0.01 compared to 0 nM. 1216 

 1217 

 1218 
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