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Abstract

Polychlorinated biphenyl (PCB)126 and perfluorooctane sulfonic acid (PFOS) are halogenated 

organic pollutants of high concern. Exposure to these chemicals is ubiquitous, and can lead to 

potential synergistic adverse effects in individuals exposed to both classes of chemicals. The 

present study was designed to identify interactions between PCB126 and PFOS that might 

promote acute changes in inflammatory pathways associated with cardiovascular disease and liver 

injury. Male C57BL/6 mice were exposed to vehicle, PCB126, PFOS, or a mixture of both 

pollutants. Plasma and liver samples were collected at 48 h after exposure. Changes in the 

expression of hepatic genes involved in oxidative stress, inflammation, and atherosclerosis were 

investigated. Plasma and liver samples was analyzed using untargeted lipidomic method. Hepatic 
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mRNA levels for Nqo1, Icam1, and PAI1 were significantly increased in the mixture-exposed 

mice. Plasma levels of PAI1, a marker of fibrosis and thrombosis, were also significantly elevated 

in the mixture-exposed group. Liver injury was observed only in the mixture-exposed mice. 

Lipidomic analysis revealed that co-exposure to the mixture enhanced hepatic lipid accumulation 

and elevated oxidized phospholipids levels. In summary, this study shows that acute co-exposure 

to PCB126 and PFOS in mice results in liver injury and increased cardiovascular disease risk.
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Introduction

Per- and polyfluoroalkylated substances (PFAS) are a large class of highly fluorinated 

organic chemicals with a wide range of uses in industrial and consumer products. They are 

extremely persistent and are ubiquitously found in the environment (Anderko et al., 2019). 

The 8-carbon perfluoroalkyls, such as perfluorooctane sulfonic acid (PFOS), have gained 

massive attention in the field of environmental health because of historically widespread 

manufacturing and use. Concerns about the health impacts from PFOS continue to grow. 

Epidemiology studies reported increases in serum enzymes after PFOS exposure, suggestive 

of liver damage (Gallo et al., 2012; Zeng et al., 2019). Evidence from animal studies 

indicated that the liver is a sensitive target of PFOS toxicity in rodents. However, given the 

same serum concentration, humans may be less susceptible than rodents to liver effects of 

perfluorinated compounds (Pizzurro et al., 2019). Additionally, PFOS exposure has been 

associated with decreased immune responses (DeWitt et al., 2019). Conflicting observations 

have been reported for the associations between PFOS and cardiometabolic risk factors (Sun 

et al., 2018; Bassler et al., 2019; Donat-Vargas et al., 2019a; Donat-Vargas et al., 2019b). 

Polychlorinated biphenyls (PCBs), another class of persistent organic pollutants, have been 

associated with numerous disorders in exposed populations. It has been well acknowledged 

that exposure to PCB126, a coplanar PCB congener which is “dioxin-like” in nature, is 

associated with increased risks for cardiovascular, liver, and metabolic diseases (Lind et al., 
2004; Wahlang et al., 2017; Rahman et al., 2019). The epidemiological association between 

PCBs and liver injury has been confirmed (Kumar et al., 2014; Clair et al., 2018). Animal 

experiment suggested that that monkeys are more sensitive to PCB hepatotoxicity than 

rodents. Liver toxic effects are similar in nature among species (Agency for Toxic 

Substances and Disease Registry, 2000).

Although the production of PFOS and PCB126 have been banned in many countries 

worldwide and human exposure levels have continued to decline, these chemicals are still 

detectable in many individuals. Ingestion of contaminated food and drinking water is the 

main route of exposure to both PFOS and PCB126 in the general population, and both 

chemicals are readily absorbed and poorly eliminated from humans and rodents (Yoshimura 

et al., 1985; Ogura, 2004; Li et al., 2018). The half-lives of PFOS range from days in mice 

(30–42 days) (Chang et al., 2012) to years in humans (4.0–5.8 years) (Olsen et al., 2007; 

Chou and Lin, 2019).The half-life of PCB126 is approximately 17 days in rodents 

Deng et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Yoshimura et al., 1985) and 4.5 years in humans (Ogura, 2004). Consequently, PFAS and 

PCBs including PFOS and PCB126 have been detected in serum in many cohorts (Lauritzen 

et al., 2017; Petersen et al., 2018; Timmermann et al., 2019). However, little is known about 

how these two classes of environmental pollutants might interact to impact human health.

Research with individual pollutants indicated that liver is the target organ for PCB126 

toxicity, and PCB126 activates the aryl hydrocarbon receptor, which results in the 

upregulation of detoxification enzymes. Because many of those enzymes are linked to the 

generation of reactive oxygen species (ROS), oxidative stress or changes in the cellular 

redox status are commonly associated with dioxin-like PCBs exposure (Hennig et al., 2002; 

Ramadass et al., 2003; Green et al., 2008). In our previous studies, it was found that PCB126 

induced oxidative stress and disrupted lipid metabolism (Wahlang et al., 2017; Petriello et 
al., 2018; Deng et al., 2019). Pre-existing liver injury or a compromised liver can markedly 

impact PCB126-induced tissue responses which can promote vascular inflammation and 

liver steatosis (Wahlang et al., 2017; Deng et al., 2019). Similar to PCB126, PFOS can also 

accumulate in the liver and modulate the expression of various genes related to lipid 

metabolism and inflammation (Wang et al., 2014; Zeng et al., 2019). The current study was 

designed to investigate possible acute interactions between PCB126 and PFOS with a 

particular focus on the possibility that PFOS could modify the PCB126 toxicity to promote 

vascular inflammation and liver injury. Mice were exposed to either of the two pollutants, or 

to a mixture of PCB126 and PFOS. Expression of different genes known to be involved in 

PCB126 toxicity were studied in order to investigate whether the presence of PFOS would 

modify the patterns of toxicity. We also examined effects of exposure to these chemicals on 

the liver and circulating lipidome.

2. Methods

2.1 Chemicals and reagents

PCB126 was purchased from the American AccuStandard Company (purity > 99.99 %; New 

Haven, CT, USA). PFOS (heptadecafluorooctanesulfonic acid potassium salt, CAS 2795–

39–3) was purchased from Sigma-Aldrich (purity > 98%, Saint Louis, MO, USA). Solutions 

of PCB126, PFOS, and a mixture of PCB126 and PFOS were dissolved in safflower oil 

vehicle (Dyets, Bethlehem, PA, USA) and used for animal study. The SPLASH LIPIDOMIX 

mass spec standard used for lipidomic assay was purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). All solvents used in lipidomic analysis were of high-performance 

liquid chromatography grade.

2.2 Animal experiment

Wild type male C57BL/6 mice (8 weeks old) were purchased form Taconic (Hudson, NY, 

USA). The animals were allowed access to chow and water ad libitum and maintained at 

23°C with 12/12-h light-dark cycle. The body weight was recorded before and two days 

after exposure. The animal protocol was approved by the University of Kentucky 

Institutional Animal Care and Use Committee, and a proof/certificate of approval is 

available upon request. The dose of PCB126 (0.5 mg/kg) was the same one used in our 

previous mouse studies (Wahlang et al., 2017; Deng et al., 2019), in which cardiometabolic 
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disease endpoints were analyzed, and PCB126 has been shown to induce liver injury and 

inflammation. The dosage of PFOS (250 mg/kg) was selected based on the total 

administered dose in previous animal studies (Sato et al., 2009; Wang et al., 2014; Wimsatt 

et al., 2016), where PFOS has been shown to disturb lipid metabolism and 250 mg/kg is an 

approximate maximum tolerated dose in mouse models. The dose of PCB126 and PFOS 

were higher than the environmental exposure levels in humans, and the doses in the current 

study were chosen to maximize the potential for identifying acute adverse effects. After 

acclimatization for one week, all male mice were randomly divided into four groups (n = 8/

group) and intragastric gavaged with a single dose of each solution: the control group 

(safflower oil vehicle), the PCB126-treated group (0.5 mg/kg), the PFOS-treated group (250 

mg/kg), and the PCB126 plus PFOS group (mixture solution delivered at the same dosage as 

mice treated with individual chemicals). Two days after exposure, animals were humanely 

euthanized after fasting for 16 h. Blood samples were collected via cardiac puncture into an 

ethylenediaminetetraacetic acid-treated tube and kept on ice prior to separation of plasma at 

3000 g centrifugation. Tissues were harvested for mRNA and lipids analyses. All biological 

samples were stored at −80 °C prior to analysis.

2.3 Histological studies

Sections from liver tissues were fixed in 10% neutral buffered formalin and embedded in 

paraffin for histological examination. Tissue sections were stained with hematoxylin-eosin 

(H&E) and examined by light microscopy. Reagents were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Photomicrographic images were captured at 20x magnification using a 

Nikon Eclipse Ti2 microscope (Melville, NY).

2.4 Real-time PCR

Mouse tissue samples were homogenized and total RNA was extracted using the TRIzol 

reagent (Thermo Fisher Scientific Inc, Waltham, MA, USA). RNA purity and quantity were 

assessed with the NanoDrop 2000/2000c (Thermo Fisher Scientific Inc) using the NanoDrop 

2000 (Installation Version 1.6.198) software. cDNA was synthesized from total RNA using 

the QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, USA). Polymerase chain 

reaction (PCR) was performed with the CFX96 Touch Real-Time PCR Detection System 

(Bio-Rad, Hercules, CA, USA) using the Taqman Fast Advanced Master Mix (Thermo 

Fisher Scientific Inc). Primer sequences from Taqman Gene Expression Assays (Thermo 

Fisher Scientific Inc) were as follows: tumor necrosis factor alpha (Tnfα), 

(Mm00443258_m1); plasminogen activator inhibitor (PAI-1, Serpine 1), 

(Mm00435858_m1); (NAD(P)H dehydrogenase quinone 1 (Nqo1), (Mm01253561_m1); E-

selectin (Sele), (Mm00441278_m1); intercellular adhesion molecule 1 (Icam1), 

(Mm00516023_m1); and beta actin (Actb), (Mm02619580_g1). The hepatic levels of 

mRNA were normalized relative to the amount of Actb mRNA, and expression levels in 

mice administered vehicle were set at 1. Gene expression levels were calculated according to 

the 2−ΔΔCt method (Livak and Schmittgen, 2001).

2.5 Measurements of cardiovascular disease and liver injury markers

The Milliplex Map Mouse CVD Magnetic Bead Panel 1 (Millipore Corp, Billerica, MA, 

USA) was used to measure plasma levels of PAI1, Icam1, and sE-selectin on the Luminex 
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Xmap MAGPIX system (Luminex Corp, Austin, TX, USA). Plasma aspartate transaminase 

(AST) activity and alanine transaminase (ALT) activity were measured with the Piccolo 

Xpress Chemistry Analyzer using Lipid Panel Plus reagent disks (CLIAwaived Inc, San 

Diego, CA, USA).

2.6 Lipidomic analysis of plasma and liver

Plasma and liver samples were extracted as previously reported (Deng et al., 2020). Briefly, 

20 μL of plasma was spiked with internal standard solution and extracted with methyl 

tertiary-butyl ether (MTBE) twice. The combined extract was dried under nitrogen. For liver 

samples, 20 mg liver tissues were homogenized and spiked with the internal standard 

solution. Methanol and MTBE were added and each sample was shaken for 1 h at room 

temperature. Phase separation was induced by adding 1.25 mL of H2O, and the mixture was 

centrifuged for 10 min at 3000 g at 4°C. The upper lipid phase was then collected and dried 

under nitrogen flow. The lipid residue was dissolved in 400 μL of mixed solvent of 

chloroform and methanol (2:1, v/v). Lipidomic analysis was performed using an Ultimate 

3000 ultra high performance liquid chromatography (UHPLC) system coupled to a Q-

Exactive Orbitrap mass spectrometer (MS) equipped with a heated electrospray ion source 

(Thermo Scientific, CA, USA). Lipid extracts were separated on a Waters ACQUITY BEH 

C8 column (2.1 × 50 mm, 1.7 μm) as described in our previous report (Deng et al., 2020). 

The mass spectrometer was operated in positive ionization mode. The full scan and fragment 

spectra were collected at resolutions of 70,000 and 17,500, respectively. Quality control 

(QC) samples prepared from pooled mouse plasma and liver extracts were used to monitor 

the reproducibility of the lipid extraction and mass spectrometry analyses. Data analysis and 

lipid identification were performed using the software LipidSearch 4.2 (Thermo Fisher 

Scientific). Lipids were assigned using a general database, and oxidized lipids were assigned 

using an Oxid GPL database in LipidSearch. The assignments were made based on both 

precursor and characteristic product ions. The peak areas of deuterium labeled internal 

standards were analyzed using Thermo Xcalibur 4.0 QuanBrowser. The peak areas for each 

lipid class were normalized by internal standards. The data for liver samples were further 

normalized to tissue weight.

2.7 Total antioxidant capacity in liver

Total antioxidant capacity (TAC) in liver was determined using a commercially available 

assay kit (Abcam ab65329). Liver tissue (ca. 45 mg) was homogenized in cold PBS, 

centrifuged at 4 °C for 10 min at 13,000 g, and the supernatant was used for analysis of 

TAC. Samples were diluted (1:4) before adding to a 96-well plate. The reaction was initiated 

by adding of Cu2+ working solution to each well, and the plate was shaken for 90 min at 

room temperature shielded from light. Colorimetric activity was measured by optimal 

density at 570 nm, and antioxidant capacity was calculated against the Trolox linear standard 

calibration curve.

2.8 Statistical analyses

Statistical analyses of the lipid data were performed using Metaboanalyst 4.0 web portal 

(www.metaboanalyst.ca). Partial least-squares discriminant analysis (PLS-DA) of lipid data 

was used to identify initial trends and clusters in data sets. Machine learning approaches 
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(heatmap, random forest) were used in the analysis of oxidized lipid data to identify 

oxidized phospholipids (OxPLs) that were expressed differently among groups. The 

heatmap was clustered by Euclidean distance measures and Ward’s clustering algorithm. 

Random forest provides feature selection criteria on the basis of the impact of metabolites 

on the classification accuracy (Xia et al., 2009). Statistical analyses of RT-qPCR gene 

expression, plasma biomarkers, and lipidomic data were performed using the GraphPad 

Prism version 7.04 for Windows (GraphPad Software Inc., La Jolla, CA, USA). 

Comparisons between groups were made by one-way ANOVA and post hoc Tukey’s test 

considering significance at the level of P < 0.05. Data are expressed as mean ± SEM. To 

determine combined action between exposure to PCB126 and PFOS, the synergy (S) and 

multiplicative (V) indices were calculated as follows (Berenbaum, 1989; Ngamwong et al., 
2015).

Synergy index (S)

S =
XPP − XC

XPCB + XPFOS − 2 × XC

Multiplicative index (V)

V =
XC × XPP

XPCB × XPFOS

Where XC is the measurements for the control mice; XPCB is the corresponding value for the 

PCB126 exposed mice; XPFOS is for PFOS exposed mice; and XPP is for PCB126 and PFOS 

mixture exposed mice. S = 1 suggests no interaction between PCB126 and PFOS on hepatic 

genes and OxPLs, and OxPLs; S > 1 suggests a positive interaction (synergism); and S < 1 

suggests a negative interaction (i.e., antagonism). For the multiplicative index (V), V = 1 

suggests no interaction on the multiplicative scale; V >1 suggests multiplicative interaction; 

and V<1 suggests negative multiplicative interaction. Confidence intervals (CIs) were 

calculated using a reported method (Berenbaum, 1989; Ngamwong et al., 2015).

3 Results

3.1 Effects of PFOS and/or PCB126 on body weight and hepatic genes

There were no differences in body weight among all the groups, suggesting that the dose 

used did not cause hypophagia (Supplementary Figure S1). PCB126 exposures in mouse 

models have been shown to induce hepatic toxicity through activation of oxidative stress and 

inflammatory pathways (Wahlang et al., 2017; Petriello et al., 2018). In order to examine the 

effects of PFOS exposure on these reported PCB126 toxicity pathways, the genes involved 

in PCB126-mediated inflammation (Icam1, Tnfα), redox balance (Nrf2, Nqo1), and vascular 

inflammation and thrombosis (PAI1, Sele) were examined. Co-exposure to PCB126 and 

PFOS led to minor upregulation of hepatic Icam1 expression, and PAI1 was significantly 

induced in co-exposed mice (Figure1A and B). The expression of Nrf2 was upregulated in 

all three exposure groups compared with the controls, while Nqo1 was significantly 

Deng et al. Page 6

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



upregulated only in the mixture-exposed group (Figure1C and D). The exposures had no 

effects on Tnfα and Sele (Figure1E and F). In order to understand the combined effects of 

PCB126 and PFOS, the S and V indices were calculated. It was found that the S index was 

2.50 (1.21 to 3.79) and 1.27 (0.64 to 1.9) for PAI1 and Icam1, respectively. The S index was 

1.76 (0.01 to 3.51) for Nqo1, and the large CI was due to the variation in mixture exposed 

mice. These results suggest an additive synergistic effect between PCB126 and PFOS in 

regulating PAI1, Icam1, and Nqo1. The V index was lower than 1 for all tested genes, 

indicating the absence of multiplicative interaction between PCB126 and PFOS in the 

regulation of hepatic genes.

3.2 Effects of co-exposure on liver injury and vascular inflammation/thrombosis

Hepatic steatosis and injury were assessed by histology and measuring liver enzyme activity 

levels. Histological analysis of liver sections demonstrated few lipid droplets in PFOS 

exposed mice, while apparent microvesicular lipid accumulation was observed in mixture 

exposed mice when compared to other groups (arrow, Figure 2A). Additionally, 

inflammatory cell infiltration around the periportal area was observed in PCB126+PFOS 

exposed mice (arrow head), which was a sign of acute inflammation. Activity levels of 

plasma AST and ALT were elevated in mice co-exposed to PCB126 and PFOS when 

compared to other groups (Figure 2B). Analysis of plasma markers of vascular 

inflammation/thrombosis demonstrated that circulating levels of PAI1 protein were 

upregulated in co-exposed mice compared to other groups, but there were no differences in 

levels of Icam1 and sE-selection among groups (Figure 3).

3.3 Effects of PCB126 and/or PFOS on plasma and liver lipidome

To better understand the basis and significance for the apparent hepatic lipid accumulation 

observed in mice co-exposed to PCB126 and PFOS, we used high resolution mass 

spectrometry based lipidomics analysis. A PLS-DA was performed to identify groups of 

lipids that contributed to the differential effects of pollutant exposure on the mouse plasma 

lipidome. Compared to the control group, there were clear differences with exposures to 

either PFOS alone or to the mixture of PCB126 and PFOS (Supplemental Figure S2A). 

However, distinct separation between PFOS and the mixture was not observed, indicating 

that the observed effects derived from the mixture exposure were largely driven by PFOS. 

Further analysis of lipidomic data by one-way ANOVA revealed that there was an overall 

decrease in abundance of particular classes of plasma lipids after exposures to either PFOS 

alone or to the mixture of PCB126 and PFOS. Glycerolipids and phospholipids were the 

most significantly changed lipid classes (Figure 4). Specifically, the total level of 

monoglyceride (MG), diacylglycerol (DG), phosphatidylcholine (PC), and 

phosphatidylinositol (PI) were significant decreased in the PFOS and PCB126+PFOS 

groups compared to the control and PCB126 groups. Although the total level of ceramide 

(Cer) was not changed after exposures, further analysis of individual Cer species indicated 

that the plasma level of (i) Cer 22:0 was decreased in the PFOS and PCB126+PFOS group, 

and (ii) Cer 24:1 and Cer 18:2/24:1 were lower in PFOS and mixture exposed mice 

compared with PCB126 exposed mice (Figure 5A). On the contrary, the ratio of long-chain 

C16:0 ceramide to very-long-chain C24:0 ceramide (Cer C16/C24), a biomarker strongly 
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associated with metabolic defects (Tippetts et al., 2018), was 5- to 6-fold higher with PFOS 

exposure and PCB126+PFOS co-exposure (Figure 5B).

PLS-DA processing of liver lipids indicated significant changes in liver lipid composition in 

the PFOS and PCB126+PFOS groups (Supplemental Figure S2B). The levels of DG and 

triacylglycerol (TG) were increased in mice exposed to either PFOS or co-exposed to 

PCB126+PFOS. There was no significant difference in the total level of phospholipids 

(Figure 6). However, detailed analyses of individual lipid species indicated that the 

phospholipids with saturated and mono-unsaturated fatty acid chains were increased in the 

PFOS and PCB126+PFOS groups. Conversely, phospholipids species with polyunsaturated 

double bonds, for examples C22:6, were significant decreased in the PFOS and 

PCB126+PFOS groups compared to the PCB126 and/or control groups (Supplemental 

Figure S3). Hepatic levels of cholesterol ester (ChE) were significantly increased after co-

exposure to PCB126 and PFOS compared to other groups. Analysis of ChE with different 

fatty acyl chains indicated that ChE18:1,18:2, and 22:6 were the major contributors to the 

elevated hepatic ChE levels in mice co-exposed to PCB126 and PFOS (Supplemental Figure 

S4).

3.4 Effects of PCB126 and/or PFOS on liver oxidized phospholipids

OxPLs are generated by addition of molecular oxygen to double bonds of polyunsaturated 

diacyl- and alk(en)ylacyl phospholipids under conditions of oxidative stress. OxPLs are 

implicated in regulation of inflammation, thrombosis, angiogenesis, and other pathological 

processes (Bochkov et al., 2010). In the present study, a total of 361 OxPLs were detected in 

liver samples using our untargeted LC-MS method. PLS-DA suggested significant 

differences in OxPLs abundance between unexposed and chemical-exposed mice, and the 

most pronounced changes were observed after PCB126+PFOS administration 

(Supplemental Figure S5). To identify major OxPLs that were different expressed between 

unexposed and chemical-exposed mice, ANOVA and machine learning algorithm 

approaches were performed. The heat map was constructed based on the top 25 OxPLs of 

importance (Figure 7A), which were analyzed with one way ANOVA and Fisher’s LSD 

post-hoc analyses. Detailed information of these 25 OxPLs is summarized in Table 1. The 

data clearly illustrated the profound changes in lipids oxidation after exposure to either 

PCB126, PFOS or the mixture of PCB126+PFOS. Both Heat map and random forest 

analysis showed higher levels of PC(26:1+2O), PC(29:1COOH), PC(32:3+2O), and 

PC(34:1+2O) after mixture exposure than that of single chemicals (Figure 7A and B). The 

levels of these four OxPLs were further analyzed. The Synergy index (S) and Multiplicative 

index (V) were calculated to identify the combined effects of PCB126 and PFOS on the 

levels of OxPLs. The calculated S and V values are listed in Table S1. It was found that the 

S index was higher than 1 for all these four OxPLs, suggesting a positive interaction on the 

additive scale (an additive synergistic effect). Additionally, the V index was higher than 1 for 

PC(32:3+2O) and PC(34:1+2O), indicating a positive multiplicative interaction between 

PCB126 and PFOS in the induction of these two OxPLs. It should be noted that limited 

structural information of OxPLs could be elucidated from LC-MS analysis because the 

fragment spectrum was dominated by m/z 184 (the phosphocholine head group). Thus, 

fragments corresponding to oxidized fatty acid chains were observed as minor signals if any. 
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In order to gain more structural information on oxidized fatty acid chains, future studies will 

employ negative ionization MS detection, under which oxidized fatty acid chains will be 

effectively charged and detected. Derivatization and ion mobility mass spectrometry could 

be used to further identify isomers and determine oxidation sites (Spickett and Pitt, 2015; 

Deng et al., 2016).

3.5 Effects of PCB126 and/or PFOS on liver TAC

TAC is the combined non-enzymatic (small molecules and proteins) antioxidant capacity, 

and it can be considered as a cumulative index of antioxidant status. There were no 

significant differences in hepatic TAC among different treatment groups (Supplemental 

Figure S6), suggesting that although liver lipids were oxidized after pollutant exposures, the 

overall hepatic antioxidant activity was maintained. This could be explained by the induction 

of hepatic redox genes including Nrf2 and Nqo1 after pollutant exposures.

4 Discussion

The current study aims at examining possible interactions between PCB126 and PFOS as 

determinants of vascular inflammation and dysregulation of hepatic lipid metabolism using a 

mouse model. On the basis of gene expression, plasma biomarkers, and lipidomics results, 

we demonstrated that acute co-exposure to a mixture of PCB126 and PFOS led to toxicity 

outcomes that were also observed after PFOS exposure. Additionally, distinct toxicity effects 

were observed after mixture exposure that were different from exposures to either chemical 

alone. For example, the PCB126+PFOS co-exposure induced apparent lipid droplet 

accumulation and inflammatory cell infiltration in the liver while also increasing plasma 

liver enzyme levels, indicative of hepatic steatosis and liver injury. Previous studies from our 

laboratory and others have shown that exposure to dioxin-like PCBs, such as PCB126, can 

induce inflammation, redox stress and atherogenic related genes (Chapados and Boucher, 

2017; Wahlang et al., 2017; Deng et al., 2019). Assessment of transcriptional levels of those 

genes demonstrated that co-exposure to the mixture of PCB126 and PFOS induced 

expression of genes involved in vascular injury (Icam1), redox pathway (Nqo1), and 

thrombosis/fibrosis (PAI1). Moreover, consistent with hepatic gene expression, plasma 

levels of PAI1 were also significantly increased after co-exposure (Figure 3). Importantly, 

PAI1 is a marker of endothelial dysfunction and inflammation, and increased circulating 

levels of PAI1 have been considered as a nontraditional risk factor for cardiovascular disease 

(Cesari et al., 2010). Collectively, the data suggest that acute co-exposure to the mixture of 

PCB126 and PFOS caused a distinct, enhanced toxicity pattern which was absent with 

individual exposures.

In order to gain more insight into potential interactions between PCB126 and PFOS in lipid 

metabolism, lipidomic analyses of plasma and liver samples were performed. We 

demonstrated that acute co-exposures to a mixture of PCB126 and PFOS led to lipid profiles 

that were also observed after PFOS exposure, indicating that the lipid disturbance observed 

in mixture exposed mice was driven by PFOS. In concordance with previously reported 

studies on PFOS (Haughom and Spydevold, 1992; Wan et al., 2012; Lai et al., 2018), both 

PFOS-containing exposures resulted in decreased circulating lipids (Figure 4), In contrast, 
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the ratio of plasma ceramide C16/C24, a biomarker for cardiometabolic disease risk and a 

driver of metabolic disease(Raichur et al., 2014; Turpin et al., 2014; Tippetts et al., 2018), 

was increased in both the PFOS-containing groups (Figure 5B). In humans, high ceramide 

C16/24 ratios show a strong association with major adverse cardiac events, as well as other 

metabolic defects, such as insulin resistance (Laaksonen et al., 2016; Lemaitre et al., 2018). 

The induction of high ceramide C16/24 ratios with exposure to PFOS and the mixture of 

PCB126+PFOS warrants further investigation. The mixture exposure significantly decreased 

plasma levels of ChE compared with the PFOS group (Figure 4). This could be attributed to 

the combined effects of downregulating cholesterol export out of hepatocytes by PCB126 

(Shen et al., 2019), activation of PPARs by PFOS (Takacs and Abbott, 2007; Zhang et al., 
2014), and upregulation of fatty acid translocase by PFOS (Wan et al., 2012). These 

metabolic events may occur simultaneously in co-exposed mice, resulting in the ChE 

sequestration in liver therefore decreased plasma ChE levels.

Many studies have shown that liver is the major target organ for PCB126 and PFOS 

bioaccumulation (Lyche et al., 2004; Bogdanska et al., 2011). Previous research with 

individual pollutants showed that exposure to PCB126 or PFOS led to accumulation of liver 

lipids, and thus causing steatosis (Wan et al., 2012; Wang et al., 2014; Wahlang et al., 2017). 

Accordingly, in the present study, we found marked hepatic fat accumulation in mice 

exposed the mixture of PCB126+PFOS (Figure 2A) corresponding to increased hepatic 

levels of ChEs in this group (Figure 6). Notably, hepatic triglyceride was decreased upon 

exposure to the mixture as compared to PFOS alone (Figure 6). It was reported that PFOS 

induces PPARα activation in both rodents and humans (Berthiaume and Wallace, 2002; 

Takacs and Abbott, 2007). On the contrary, the transcript levels of PPARα were 

downregulated in rodent liver after PCB126 exposure (Gadupudi et al., 2016). In addition to 

PPARα, other mechanisms exist which are responsible for the lipid dysregulation in 

response to PFOS and PCB126 exposures. It is not known at this time why the 

PCB126+PFOS mixture exposure led to decreased hepatic TG compared with PFOS. 

Potential mechanisms include an interaction between PCB126 and PFOS on PPARα or other 

transcription factors known to respond to those two chemical exposures such as pregnane X 

receptor (Dong et al., 2016; Shi et al., 2019). Understanding these mechanisms needs further 

investigation. It was found that the abundance of oxidized lipids was higher in the co-

exposed mice (Figure 7), suggesting a contribution to the overall liver injury as evidenced by 

elevated plasma AST and ALT levels in these mice (Figure 2B).

Exposures to PCB126 and PFOS are known to induce oxidative stress (Qian et al., 2010; 

Newsome et al., 2014; Khansari et al., 2017). Disturbed redox balance and excess reactive 

oxygen species (ROS) could lead to the production of OxPLs (Bochkov et al., 2010). In the 

current study, using ANOVA and random forest analysis it was found that OxPLs were 

present at higher levels in mice exposed to the mixture of PCB126 and PFOS (Figure 7). 

Furthermore, by calculating Synergy index (S) and Multiplicative index (V), we found that 

PC(26:1+2O), PC(29:1COOH), PC(32:3+2O), and PC(34:1+2O) were elevated more 

pronounced after mixture exposure than each chemical alone. Specifically, multiplicative 

effects between PCB126 and PFOS were observed for PC(32:3+2O) and PC(34:1+2O). 

These results indicate synergistic interactions in the co-exposure group. Considerable 

evidence suggests that OxPLs play an important role in inflammation and cardiometabolic 
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diseases (Bochkov et al., 2017; Boffa and Koschinsky, 2019). Notably, OxPLs are known to 

stimulate expression of Nrf2-dependent antioxidant genes such as Nqo1 (Afonyushkin et al., 
2011), therefore, the Nqo1 gene induction in the co-exposed group (Figure 1) may be in 

response to the higher OxPLs levels induced in this group. Furthermore, oxidative stress has 

been shown to mediate the induction of PAI1 (Swiatkowska et al., 2002; Liu, 2008; Sangle 

and Shen, 2010), which partially explains the high hepatic gene expression and circulating 

levels of PAI1 in the mixture-exposed group.

Taken together, the results suggest that co-exposure to PCB126 and PFOS could promote 

redox stress and further enhance the production of OxPLs, which potentially led to the 

observed upregulation of antioxidant and atherogenic gene/protein expression profile. We 

hypothesize that the higher levels of OxPLs induced by the PCB126+PFOS mixture could 

also contribute to increased inflammation and the development of cardiometabolic disease. 

While this is an acute study, using a high dose of PFOS and looking at short term effects of 

interactions between two different pollutants classes, it is also important to consider doses 

relevant to human exposure and to address additional factors such as diet and longer duration 

of exposures, which all can modify toxicity outcomes. Future studies involving high fat diet 

feeding, chronic co-exposures, and a dose related with human exposure will be used to better 

understand the mechanistic outcomes of PCB126+PFOS mixture effects on the liver-

cardiovascular axis and subsequent metabolic alterations.

5 Conclusions

The current study demonstrated the additive synergistic effects of PCB126 and PFOS on 

hepatic expression of redox, inflammation, and atherogenic genes, including Nqo1, Icam1 
and PAI1. Additionally, mixture exposure significant induced the circulating levels of PAI1 

protein, a biomarker for cardiovascular disease risk. Furthermore, mixture exposed mice 

developed liver injury. Mechanistically, exposure to a mixture of PCB126 and PFOS can 

significantly induce a redox imbalance and lipid peroxidation. The synergistic effects of the 

two pollutants on PC(26:1+2O), PC(29:1COOH), PC(32:3+2O), and PC(34:1+2O) were 

multiplicative and/or additive, which may contribute to the activation of pathological 

processes. If translatable to humans, these effects might result in liver injury and increased 

risk of cardiovascular diseases. The work described herein provides new evidence that 

pollutant mixtures can induce a toxicity profile that is distinct from individual pollutant 

exposure, therefore underlines the importance of investigating effects of mixtures of 

chemicals or pollutants in risk assessment and biomonitoring experimental settings.
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Abbreviations

ALT alanine transaminase

AST aspartate transaminase

Cer ceramide

ChE cholesterol ester

DG diacylglycerol

MG monoglyceride

MS mass spectrometer

MTBE methyl tertiary-butyl ether

OxPLs oxidised phospholipids

PC phosphatidylcholine

PCBs polychlorinated biphenyls

PCR polymerase chain reaction

PFAS per- and polyfluoroalkylated substance

PFOS perfluorooctane sulfonic acid

PI phosphatidylinositol

PLS-DA partial least-squares discriminant analysis

QC quality control

ROS reactive oxygen species

TAC total antioxidant activity

TG triacylglycerol

UHPLC ultra-high performance liquid chromatography
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• Toxicity pattern for the PCB126 and PFOS mixture was distinct from single 

chemicals.

• Cardiovascular disease biomarker PAI1 was upregulated after mixture 

exposure.

• Mixture exposure induced higher OxPLs production in liver.

• Mixture exposure led to liver injury which was related with lipid 

dysregulation.
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Figure 1. Hepatic gene expression in mice exposed to PCB126 (0.5 mg/kg), PFOS (250mg/kg), 
and a mixture of PCB126 (0.5 mg/kg) and PFOS (250mg/kg).
Hepatic expression of inflammation, atherogenic, and redox genes, including Icam1 (A), 

PAI1 (B), Nrf2 (C), Nqo1 (D), Tnfα (E), and Sele (F). Bars represent mean ± SEM of eight 

animals in each group. Different subscript letters (a, b, c) indicate statistical significance 

(p<0.05) by one-way ANOVA and post hoc Tukey’s test.
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Figure 2. Effects of PCB126 (0.5 mg/kg), PFOS (250 mg/kg), and PCB126+PFOS (0.5 mg/kg+250 
mg/kg) mixture exposure on liver injury.
(A) H&E staining of hepatic sections established the apparent lipid accumulation (arrow) 

and inflammatory cell infiltration around the periportal area (arrow head) in the mixture 

exposed group. (B) Elevated plasma ALT and AST levels were observed in the mixture 

exposed group. Bars represent mean ± SEM of eight animals in each group. Different 

subscript letters (a, b, c) indicate statistical significance (p<0.05) by one-way ANOVA and 

post hoc Tukey’s test.

Deng et al. Page 19

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Effects of PCB126 (0.5 mg/kg), PFOS (250 mg/kg), and PCB126+PFOS (0.5 mg/kg+250 
mg/kg) mixture exposure on markers of cardiovascular disease.
Plasma levels of PAI1, Icam1, and sE-selectin were measured using the MAGPIX system. 

Bars represent mean ± SEM of eight animals in each group. Different subscript letters (a, b) 

indicate statistical significance (p<0.05) by one-way ANOVA and post hoc Tukey’s test.
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Figure 4. Effects of PCB126 (0.5 mg/kg), PFOS (250 mg/kg), and PCB126+PFOS (0.5 mg/kg+250 
mg/kg) mixture exposure on plasma lipid levels.
Lipids including cholesterol ester (ChE), sphingolipids (Cer, SM), neutral lipids (MG, DG, 

TG), and phospholipids (PC, PE, PI) were analyzed using UHPLC-Q Exactive mass 

spectrometer. The normalized peak areas of lipid species in each lipid class were 

summarized. Bars represent mean ± SEM of eight animals in each group. Different subscript 

letters (a, b) indicate statistical significance (p<0.05) by one-way ANOVA and post hoc 

Tukey’s test.

Deng et al. Page 21

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Effects of PCB126 (0.5 mg/kg), PFOS (250 mg/kg), and PCB126+PFOS (0.5 mg/kg+250 
mg/kg) mixture exposure on plasma levels of ceramides and the ratio of ceramide C16/C24.
Ceramides were analyzed using UHPLC-Q Exactive mass spectrometer. Bars represent 

mean ± SEM of eight animals in each group. * p <0.05 versus control mice, # p <0.05 versus 

PCB126 exposed mice. Different subscript letters (a, b) indicate statistical significance 

(p<0.05) by one-way ANOVA and post hoc Tukey’s test.
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Figure 6. Effects of PCB126 (0.5 mg/kg), PFOS (250 mg/kg), and PCB126+PFOS (0.5 mg/kg+250 
mg/kg) mixture exposure on liver lipid levels.
Lipids including cholesterol ester (ChE), sphingolipids (Cer, SM), neutral lipids (MG, DG, 

TG), and phospholipids (PC, PE, PI) were analyzed using UHPLC-Q Exactive mass 

spectrometer. The normalized peak areas of lipid species in each lipid class were 

summarized. Bars represent mean ± SEM of eight animals in each group. Different subscript 

letters (a, b, c) indicate statistical significance (p<0.05) by one-way ANOVA and post hoc 

Tukey’s test.
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Figure 7. Effects of PCB126 (0.5 mg/kg), PFOS (250 mg/kg), and PCB126+PFOS (0.5 mg/kg+250 
mg/kg) mixture exposure on liver OxPLs profiles.
OxPLs were analyzed using UHPLC-Q Exactive mass spectrometer. (A) Heat map showing 

the top 25 OxPLs that were differentially expressed in different groups identified using 

ANOVA. Each column corresponds to the OxPLs from an individual mouse, and each row 

corresponds to a given OxPLs. (B) Variable-importance plot of the top OxPLs identified by 

random forest analysis. The mean accuracy value decrease is a measure of how much 

predictive power is lost if a given metabolite is removed or permuted in the random forest 

algorithm; thus, the more important a metabolite is to classifying samples into time point 
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categories, the further to the right its point is on the graph. *: OxPLs identified by both 

ANOVA and random forest analysis. a: PC(34:2+O) with the retention time at 7.49 min, b: 

PC(34:2+O) with the retention time at 8.33 min, c: PC(34:2+2O) with the retention time at 

8.77 min, d: PC(34:1+2O) with the retention time at 6.47 min, e: PC(34:1+2O) with the 

retention time at 8.59 min. See also Table 1 for detailed information on OxPLs.
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Table 1.

Detailed information of the top 25 OxPLs that differentially expressed in liver samples from control, PCB126, 

PFOS, and PCB126+PFOS mixture exposed mice.

Species Ion Formula Rt (min) m/z Observed ([M+H]+) Δppm

PC(38:4+3O) C46 H85 O11 N1 P1 9.23 858.5855 0.002

PC(38:4+2O) C46 H85 O10 N1 P1 8.55 842.5900 0.682

PC(38:3+2O) C46 H87 O10 N1 P1 8.13 844.6062 0.004

PC(34:1+2O) C42 H83 O10 N1 P1 6.47 792.5749 0.004

PC(36:2+2O) C44 H85 O10 N1 P1 8.38 818.5906 0.004

PC(32:3+2O) C40 H75 O10 N1 P1 8.47 760.5123 0.005

PC(34:1+2O) C42 H83 O10 N1 P1 8.59 792.5749 0.004

PC(36:2+2O) C44 H85 O10 N1 P1 8.78 818.5906 0.004

PC(34:2+2O) C42 H81 O10 N1 P1 8.77 790.5593 0.004

PC(41:7+5O) C49 H85 O13 N1 P1 8.89 926.5753 0.002

PC(34:2+O) C42 H81 O9 N1 P1 8.33 774.5645 0.202

PC(38:3+O) C46 H87 O9 N1 P1 9.70 828.6101 1.449

PC(27:2CHO) C35 H65 O9 N1 P1 2.78 674.4396 0.621

PC(27:0CHO) C35 H69 O9 N1 P1 5.16 678.4703 0.211

PC(26:1+2O) C34 H67 O10 N1 P1 4.35 680.4499 0.256

PC(29:1COOH) C37 H71 O10 N1 P1 5.42 720.4806 0.599

PC(29:0CHO) C37 H73 O9 N1 P1 5.51 706.5018 0.002

PC(28:0COOH) C36 H71 O10 N1 P1 5.70 708.4813 0.419

PC(31:2+2O) C39 H75 O10 N1 P1 6.46 748.5135 1.556

PC(33:3+2O) C41 H77 O10 N1 P1 7.34 774.5280 0.004

PC(33:4+O) C41 H75 O9 N1 P1 7.33 756.5174 0.002

PC(27:1COOH) C35 H67 O10 N1 P1 3.31 692.4497 0.005

PC(36:2+O) C44 H85 O9 N1 P1 8.28 802.5944 1.529

PC(34:2+O) C42 H81 O9 N1 P1 7.49 774.5634 1.228

PC(34:1+O) C42 H83 O9 N1 P1 7.40 776.5800 0.002
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