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Background: Advances in untargeted metabolomic technologies have great potential for insight 

into adverse metabolic effects underlying exposure to environmental chemicals. However, 

important challenges need to be addressed, including how biological response corresponds to the 

environmental chemical burden in different target tissues.

Aim: We performed a pilot study using state-of-the-art ultra-high-resolution mass spectrometry 

(UHRMS) to characterize the burden of lipophilic persistent organic pollutants (POPs) in 

metabolic tissues and associated alterations in the plasma metabolome.

Methods: We studied 11 adolescents with severe obesity at the time of bariatric surgery. We 

measured 18 POPs that can act as endocrine and metabolic disruptors (i.e. 2 dioxins, 11 

organochlorine compounds [OCs] and 5 polybrominated diphenyl ethers [PBDEs]) in visceral and 

subcutaneous abdominal adipose tissue (vAT and sAT), and liver samples using gas 

chromatography with UHRMS. Biological pathways were evaluated by measuring the plasma 

metabolome using high-resolution metabolomics. Network and pathway enrichment analysis 

assessed correlations between the tissue-specific burden of three frequently detected POPs (i.e. 

p,p’-dichlorodiphenyldichloroethene [DDE], hexachlorobenzene [HCB] and PBDE-47) and 

plasma metabolic pathways.

Results: Concentrations of 4 OCs and 3 PBDEs were quantifiable in at least one metabolic tissue 

for >80% of participants. All POPs had the highest median concentrations in adipose tissue, 

especially sAT, except for PBDE-154, which had comparable average concentrations across all 

tissues. Pathway analysis showed high correlations between tissue-specific POPs and metabolic 

alterations in pathways of amino acid metabolism, lipid and fatty acid metabolism, and 

carbohydrate metabolism.

Conclusions: Most of the measured POPs appear to accumulate preferentially in adipose tissue 

compared to liver. Findings of plasma metabolic pathways potentially associated with tissue-

specific POPs concentrations merit further investigation in larger populations.

Keywords

persistent organic pollutants; adipose tissue; liver; bariatric surgery; exposome; high-resolution 
metabolomics

1. Introduction

Growing evidence supports the adverse metabolic effects of a wide list of substances that 

can interfere with hormonal action in animals and humans – the so-called “endocrine-

disrupting chemicals (EDCs)” (Heindel et al. 2017; Ruiz et al. 2018). EDCs include 

persistent organic pollutants (POPs) with long-half lives in the human body (up to a decade) 

and lipophilic properties that promote their storage in fat-rich tissues. These POPs include 

dioxins, polychlorinated biphenyls (PCBs), organochlorine pesticides (e.g., 

dichlorodiphenyltrichloroethane [DDT]), and polybrominated diphenyl ethers (PBDEs) (Lee 

et al. 2014). Many epidemiologic studies have associated various POPs exposures with 

clinical markers for obesity and diabetes in adults and children (Burns et al. 2014; Cano-

Sancho et al. 2017; Heindel et al. 2017; Iszatt et al. 2015; Karlsen et al. 2017; Lee et al. 

2011; Lee et al. 2012; Lee et al. 2014; Ruiz et al. 2018; Vafeiadi et al. 2015; Vafeiadi et al. 
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2017; Valvi et al. 2012; Valvi et al. 2014; Valvi et al. 2017; Zong et al. 2018). However, 

there has been little study of underlying mechanisms in population studies, and previous 

association studies have almost exclusively measured POPs in peripheral blood.

Given the global epidemic trends of obesity, bariatric surgery is becoming an increasingly 

common intervention due to its demonstrated capacity to significantly reduce body weight 

and improve metabolic health indexes in adolescents and adults with severe obesity (Gletsu-

Miller et al. 2009; Inge et al. 2016; Lin et al. 2009; Michalsky et al. 2018; Panunzi et al. 

2016). However, there is large variability between individuals’ metabolic responses to 

bariatric surgery, and the causes of this variability are relatively unknown (Ryder et al. 

2019). POPs exposures may be one contributing factor, as recent studies show high 

concentrations of POPs in adipose tissue that are associated with adverse cardiometabolic 

profiles (Ferro et al. 2018) and attenuated weight loss in older patients after bariatric surgery 

(Pestana et al. 2014). However, this hypothesis is currently underexplored. The rich tissue 

repository of bariatric surgery cohorts provides a resource for addressing evidence gaps that 

cannot be easily addressed in general population studies, such as how POPs partition across 

different tissues. The repository also provides an opportunity to characterize biological 

mechanisms underlying POPs toxicity in key targeted metabolic tissues.

We conducted a feasibility study using state-of-the-art exposomic and metabolomic methods 

based upon ultra-high-resolution mass spectrometry (UHRMS) to characterize the burden of 

lipophilic POPs in metabolic (adipose and liver) tissues and associated biological pathways 

in peripheral blood. Findings can serve as a proof-of-concept for future investigations in 

bariatric surgery cohorts that aim to leverage a systems biology approach to provide insight 

into potential mechanisms underlying environmental toxicity in humans.

2. Methods

2.1 Study population and design

Eleven adolescents 12–20 years of age undergoing bariatric surgery at Cincinnati Children’s 

Hospital between 2006 and 2012 were offered enrollment in a prospective biospecimen 

repository protocol (Pediatric Obesity Tissue Repository [POTR]). Sample recruitment and 

other POTR features have been reported previously (Davidson et al. 2017). Intraoperatively, 

visceral adipose tissue (vAT) samples from the omentum, abdominal subcutaneous AT 

(sAT), and liver samples were obtained by the surgeon and processed immediately in an area 

adjacent to the operating room. All samples were snap-frozen in liquid nitrogen, then stored 

at −80°C. Plasma was collected pre-operatively after overnight fasting and stored at −80°C. 

Written informed consent was obtained from participants equal to or above 18 years old or 

from the parent or guardian if participants were less than 18 years old. The study was 

approved by the Institutional Review Board at Cincinnati Children’s Hospital.

2.2 Assessment of tissue-specific POPs concentrations

Targeted lipophilic POPs were selected due to prior evidence supporting their potentially 

adverse metabolic effects in animal and humans (Cano-Sancho et al. 2017; Heindel et al. 

2017; Lee et al. 2014; Pestana et al. 2014; Ruiz et al. 2018). The 18 targeted POPs consisted 
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of two dioxins (2,3,7,8-tetrachlorodibenzo-p-dioxin [2,3,7,8-TCDD] and 2,3,7,8-

tetrachlorodibenzofuran [2,3,7,8-TCDF]), 11 organochlorine compounds (OCs; including 

o,p’-dichlorodiphenyldichloroethene[DDE], p,p’-DDE, hexachlorobenzene [HCB], and 

eight PCB congeners (28, 52, 77, 101, 138, 153, 170, 180), and 5 PBDEs (congeners 28, 47, 

99, 100 and 154). Limits of detection (LOD) varied across individuals based on POPs 

studied and the mass of available tissue (Table 1). Out of the 18 measured POPs, 7 (i.e. p,p’-

DDE, HCB, PCB-28, PCB-153, PBDE-47, PBDE-100 and PBDE-154) had quantifiable 

concentrations above LOD in more than 80% of participants for at least one of the metabolic 

tissues, and therefore were included in subsequent statistical analysis. The percentages of 

values above LOD of the 11 POPs excluded from further analysis ranged from 0% to 64% in 

all three tissues (Supplementary Table S1).

Tissue POPs concentrations were measured in vAT, sAT and liver tissues collected during 

surgery. All tissue samples were prepared in batches of 11 study samples and 3 method 

blanks using a modified version of the QuECHERS method described by (Zamariola et al. 

2017). Briefly, 0.2–0.5g of tissue was weighed, placed in an amber glass vial and treated 

with 3.5mL of LC-MS grade water. Each sample was then spiked with 50μL internal 

standard solution prepared in 2-proponal that was designed to represent environmental 

chemicals with a range of physiochemical properties to monitor analysis QA/QC, and 

included 500 ng/mL [13C6]-Anthracene, [13C12]-PCB28, [DIETHYL-D10]-Chlorpyrifos, 

[13C12]-PCB101, [13C12]-4,4’-DDE, [13C12]-PCB153, [13C12]-PCB180, [13C12]-PBDE47, 

[13C10]-Mirex, [13C6]-cis-Permethrin, [13C12]-PBDE99 and [13C12]-PBB153. Following 

addition of the internal standard solution, the sample was then homogenized for 1 min and 

placed in a sonicating bath for 10 min. The resulting homogenate was transferred to a 50 mL 

conical tube containing 10mL acetonitrile, 4000mg MgSO4 and1000mg NaCl, and vortexed 

for 5 min. After centrifuging, a 1.5mL aliquout was transferred to a cleanup tube containing 

50 mg primary and secondary amine exchange material (PSA), 50 mg C18 and 150 mg 

MgSO4, vortex-mixed for 1 min and centrifuged at max speed for 5 min. From the 

supernatant, a 1 mL aliquot was transferred to a clean, glass tube and dried completely in a 

vacuum centrifuge operated at 35°C. The residue was then resuspended in 50 μL isooctane 

and transferred to a GC vial containing a low volume insert and capped with a Teflon lined 

cap until analysis.

Tissue extracts were analyzed using a Thermo Scientific 1310 gas chromatograph connected 

to a Q Exactive GC Orbitrap GC-MS/MS ultra-high-resolution mass spectrometer and 

Triplus RSH autosampler. A 2 µL aliquot of extract was injected into an inlet maintained at 

250ºC in pulsed split-less mode. The analytes were separated on an Agilent DB-5MSUI 

capillary column (30m length × 0.25mm inner diameter × 0.25µm film thickness) using high 

purity helium (99.999% purity) as the carrier gas at a constant flow rate of 1 mL/min. The 

oven temperature program consisted of an initial temperature of 100ºC for 1 min, increased 

to 180ºC at 25ºC/min; followed by a temperature ramp to 215ºC at 5ºC/min, and finally 

increased to 300ºC at 25ºC/min and held for 10 min, resulting in a total run time of 26.6 

min. Analyte retention times were determined using individual standards and confirmed by 

matching analyte spectra to the 2014 National Institute of Standards and Technology mass 

spectral library.
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Mass spectral data was obtained using an electron ionization source, operated at a source 

temperature of 250°C, electron impact energy of −70 eV and transfer line temperature 

maintained at 280°C. The UHRMS was operated in full-scan mode over mass-to-charge 

(m/z) range 85–850 and 60,000 resolution. Scan speed at this resolution was approximately 

6 Hz, providing >12 scans across each peak. POPs concentrations were determined by 

comparison of the peak area of each analyte quantification ion to a 5-point calibration curve 

ranging from 0.1–10 ng/mL since 13C internal standards were not available for all the 

quantified analytes. Only peaks within the analyte retention time +/− 0.2 minutes and 

exhibiting a qualifier ratio within 25% of the standard ratio were considered for 

quantification. The method detection limit was determined using the EPA method (USEPA 

[2003]) based upon repeated analysis (n=7) of the lowest spiking level. Raw GC-HRMS 

acquisition files and quantified POPs have been submitted to the Metabolomics Workbench 

(https://www.metabolomicsworkbench.org/; Study ID: ST001406; DOI: 10.21228/

M86X2T).

2.3 Plasma high-resolution metabolomics

High-resolution metabolomics profiling was completed using well-established methods 

(Soltow et al. 2013). Samples were prepared and analyzed in a single batch and included 

four analyses of two separate pooled human plasma samples for quality control purposes. 

Plasma aliquots were removed from storage at −80°C, thawed and 50 μL was treated with 

100 μL of ice-cold LC-MS grade acetonitrile. Plasma was then equilibrated for 30 min on 

ice, centrifuged (16.1 × g at 4°C) for 10 minutes to remove precipitated proteins, transferred 

to a 200 μL autosampler vial and maintained at 4°C until analysis (<22 h). Sample extracts 

were analyzed using liquid chromatography and Fourier transform high-resolution mass 

spectrometry (Dionex Ultimate 3000, Q-Exactive HF, Thermo Scientific). For each sample, 

10 μL aliquots were analyzed in triplicate using hydrophilic interaction liquid 

chromatography with electrospray ionization source operated in positive mode. Analyte 

separation was accomplished by a 2.1 mm x 50 mm x 2.5 μm Waters XBridge BEH Amide 

XP hydrophilic interaction liquid chromatography and an eluent gradient (A= 2% formic 

acid, B= water, C= acetonitrile) consisting of an initial 1.5 min period of 2.5% A, 22.5% B, 

75% C followed by a linear increase to 2.5% A, 77.5% B, 20% C at 4 min and a final hold of 

1 min. Mobile phase flow rate was held at 0.35 mL/min for the first 1.5 min, increased to 0.5 

mL/min and held for the final 4 min. The high-resolution mass spectrometer was operated at 

120,000 resolution and mass-to-charge ratio (m/z) range 85–1275. Probe temperature, 

capillary temperature, sweep gas and S-Lens RF levels were maintained at 200°C, 300°C, 1 

arbitrary units (AU), and 45, respectively. Additional source settings were optimized for 

sensitivity using a standard mixture, tune settings for sheath gas, auxiliary gas, sweep gas 

and spray voltage setting were 45 AU, 25 AU and 3.5 kV, respectively. Maximum C-trap 

injection times were set at 100 milliseconds and automatic gain control target 1 × 106. 

During untargeted data acquisition, no exclusion or inclusion masses were selected, and data 

was acquired in MS1 mode only. Raw data files were then extracted using apLCMS (Yu et 

al. 2009) at five different peak detection settings that have been separately optimized for 

detection of a wide range of peak intensities and abundances. Peaks detected during each 

injection were aligned using a mass tolerance of 5 ppm (parts-per-million) and retention 

grouping was accomplished using non-parametric density estimation grouping, with a 
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maximum retention time deviation of 30 seconds. The resulting feature tables were merged 

using xMSanalyzer, which identifies overlapping or unique features detected across the 

different peak detection parameters, and retains the peak with the lowest replicate CV and 

non-detects for inclusion in the final feature table (Uppal et al. 2013). All R-scripts for data 

extraction with apLCMS and data merging with xMSanalyzer are provided in the 

supplementary material. Uniquely detected ions consisted of m/z, retention time and ion 

abundance, referred to as m/z features. Prior to data analysis, triplicate m/z features averaged 

and filtered to remove those with triplicate coefficient of variation (CV) ≥ 100% and non-

detected values greater than 10%. The final feature table included 14,144 m/z features with 

average triplicate CV of 30.7%. To further evaluate m/z feature quality, we assessed CV 

across replicate injections of the two separate pooled plasma samples. Mean CVs for m/z 
features detected in two or more injections for the two plasma pools were 29.9% and 31.7% 

for the 9,148 and 9,034 m/z features, respectively. Raw LC-HRMS acquisition files and 

processed feature tables have been submitted to the Metabolomics Workbench (Study ID: 

ST001407; DOI: 10.21228/M86X2T) and linked to GC-HRMS results (Project ID: 

PR000963).

2.4 Statistical analysis

Descriptive analysis included the comparison of mean POPs levels between tissue pairs 

using non-parametric Wilcoxon signed rank test, and the calculation of Spearman correlation 

coefficients (ρ) for within- and between-tissue POPs pairs. For the seven POPs included in 

the main analysis, values that were below LOD were substituted by LOD/2. All descriptive 

analyses were performed using R version 3.5.1.

For the integrated analysis of the tissue-specific POPs concentrations and the plasma 

metabolome, we initially visualized the relationships between different classes of POPs 

detected in each tissue type and in plasma metabolic alterations. We used a differential 

network analysis that tested for associations between the three POPs detected at the highest 

concentrations, including two OCs (i.e., p.p’-DDE, HCB) and one PBDE (i.e. PBDE-47), 

and the plasma metabolome. Network analysis was completed separately for POPs 

concentrations in each tissue using xMWAS (Uppal et al. 2018), which provides an 

automated framework for integrative and differential network analysis. Pairwise integration 

was first completed using partial least squares (Le Cao et al. 2009). The igraph package in R 

was then used to generate a multi-data integrative network (Casardi 2006), with only 

associations where |r|>0.3 and p<0.05 retained in the network. Metabolite and exposure 

clusters were identified in the network by the multilevel community detection method 

(Blondel et al. 2008), followed by determination of eigenvector centrality measure to 

compare the importance of nodes across the three tissues (Lichtblau et al. 2017). Enriched 

metabolic pathways were characterized using Mummichog (Li et al. 2013), which uses a 

permutation-based framework that accounts for the many-to-many mappings of m/z features 

and accounts for the additional complexity of untargeted mass spectral data while isolating 

biological effects and reducing type I error metabolites. When possible, metabolites 

annotated using Mummichog were compared using m/z and retention time to a database of 

confirmed endogenous compounds analyzed on the same system. Metabolite annotation 

confidence were reported using Schymanski et al. 2014 (Supplementary Tables S2–S4).
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3. Results

The 11 adolescent bariatric surgery patients had a mean age (range) of 17 (11–20) years, 

who predominantly were females (n=10 vs 1 male) and of Caucasian origin (n=10 vs 1 

African-American). All participants had severe obesity (body mass index in kg/m2: mean 

[range] = 51 [36, 68]) and none of the participants were diagnosed with type 1 or 2 diabetes 

mellitus at the time of the surgery.

POPs with good detection rates (>80%) in at least one metabolic tissue included 4 OCs 

(p,p’-DDE, HCB, PCB-28 and PCB-153) and 3 PBDEs (congeners 47, 100 and 154) (Table 

1). Among all POPs examined, p,p’-DDE was detected at the highest concentration in vAT 

(median[IQR]=5645 [3997–6263] pg/g-tissue) and in sAT (9170 [6433–13810] pg/g-tissue), 

whereas PBDE-154 was detected in the highest concentration in liver. Overall, all POPs had 

the lowest concentrations in the liver compared to adipose tissue compartments, except 

PBDE-154 for which concentrations did not significantly differ on average between tissues 

(median[IQR] in pg/g-tissue=1096 [435–1810] in vAT vs. 1311 [891–2347] in sAT vs. 1783 

[750–2668] in liver; p-value = 0.18 for vAT-sAT difference, 0.79 for vAT-Liver, and 0.59 for 

sAT-Liver). Between adipose tissue types, except for PBDE-154, all other POPs were 

detected at higher concentrations in sAT than in vAT (p-value<0.05) (Table 1).

Between-tissue correlations using non-parametric Spearman ρ were significant for all 

pairwise comparisons of POPs examined (p-value<0.05) and, overall, were more modest for 

liver-adipose tissue POPs pairs (−0.17 ≤ ρ ≤ 0.58) and stronger for vAT-sAT POPs pairs 

(0.17 ≤ ρ ≤ 0.89) (Figure 1). Within-tissue correlations ranged from 0 to moderately high 

(Spearman ρ = |0.80|, depending on the POPs pair and tissue examined (Figure 1).

To identify systemic metabolic alterations associated with tissue-specific POPs 

concentrations, we used a network-based MWAS approach that tested for metabolic pathway 

alterations present in metabolite clusters associated with p,p’-DDE, HCB and PBDE-47 in 

each tissue. For all three tissues, POPs levels were correlated with alterations in metabolic 

features and pathways (Figures 2–3). Clustering of metabolites associated with vAT POPs 

suggests different biological response profiles were present for each POP, with three separate 

clusters for each exposure. Of these, HCB in vAT compared to other tissues showed the 

greatest number of correlated plasma pathways, including branched chain amino acids 

(BCAA), sulfur and other amino acid pathways, pathways of carbohydrate, microbial, 

nucleotide and nucleoside and co-factor metabolism. p,p’-DDE and PBDE-47, which were 

present in separate clusters in vAT, were correlated with xenobiotic metabolism and 

aspartate/asparagine, respectively.

For POPs levels in sAT and metabolite associations, we found two separate clusters, 

including one cluster centered on HCB and a second cluster that included p,p’-DDE and 

PBDE-47 (Figures 2–3). Both clusters included alterations in glycolysis and glucogenesis. 

Additional pathways associated with HCB included amino acid, lipid and fatty acid, and 

carbohydrate metabolism pathways, microbial, xenobiotic and Co-factor metabolism. The 

cluster of metabolites associated with p,p’-DDE and PBDE-47 in sAT included mainly lipid 

and carbohydrate metabolism pathways.
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Metabolites associated with liver POPs were also present in two separate clusters, and were 

consistent with different pathways (Figures 2–3). HCB, which was present in one cluster, 

included alterations in lipid and fatty acid metabolism pathways, and amino acids, such as 

tryptophan metabolism. Liver p,p’-DDE and PBDE-47, which were present in the second 

cluster of metabolites, showed pathways from amino acid metabolism, including BCAA, 

microbiome-related pathways and nucleotide metabolism.

4. Discussion

We demonstrated the feasibility of quantifying a large number of POPs in multiple 

metabolic tissues, utilizing a rich bariatric surgery repository and state-of-the-art ‘-omics’ 

technologies. We found large differences in POPs concentrations across metabolic tissues, 

and we observed higher concentrations accumulated in adipose tissue, especially in sAT, 

than in liver, for all POPs except PBDE-154, which had similar average concentrations 

across all tissues. Findings from this pilot study provide a proof-of-concept that multiple 

plasma metabolic pathways could be associated with tissue-specific POPs burden. The 

findings are relevant to the design of planned future investigations in larger populations with 

longitudinal follow-up of bariatric surgery patients. Such studies could provide mechanistic 

insight into findings from epidemiologic studies in which peripheral blood is the only 

available matrix for chemical profiling.

We measured many tissue POPs, including legacy dioxins, OCs including insecticides (DDT 

and HCB) and industrial byproducts (PCBs), and flame retardants (PBDEs). Although 

regulations have banned the use of OCs and restricted the use of PBDEs in the United States, 

we found detectable levels for almost all POPs in at least some study subjects’ adipose and 

liver tissues. Only a few studies have assessed POPs partitioning across metabolic tissues in 

humans (Helaleh et al. 2018; Kim et al. 2014; Kim et al. 2011; Pestana et al. 2014), and no 

previous study has evaluated the associations between the tissue-specific POPs burden and 

the plasma metabolome.

We observed higher POPs concentrations in sAT compared to vAT tissue for almost all POPs 

examined, which is only partially consistent with findings from previous studies. A 

Portuguese adult bariatric surgery population, also largely female (89%), found higher 

concentrations of HCB in sAT, but lower concentrations of p,p’-DDE in sAT, compared to 

vAT concentrations (Pestana et al. 2014). Another recent study measured PBDEs in sAT and 

omental vAT collected from 34 predominantly female obese Qatari adults; higher 

concentrations of PBDE-154 were found in sAT compared to vAT, but lower concentrations 

of PBDE-47 were found in sAT (Helaleh et al. 2018). In our study we observed higher 

median concentrations in sAT compared to vAT for PBDE-47. It is possible that differences 

in lifetime exposures to POPs, based on population characteristics, may explain the higher 

accumulation in vAT compared to sAT reported among older patients for some POPs (Kim 

et al. 2014), in contrast to findings in our adolescent patient study. The higher concentrations 

seen in sAT compared to vAT for most OCs in the our study could also be due to 

physiological differences in sAT versus vAT, which may include lipid composition 

differences across adipose tissue compartments (Bourez et al. 2012)(Garaulet et al. 2001).
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We found lower concentrations of all POPs in liver compared to adipose tissue, except for 

PBDE-154, which could be a chance finding, or it might suggest a more facilitated transport 

into, or slower metabolism or release rate of PBDE-154 from hepatocytes compared to other 

POPs (Hakk et al. 2009). At least one other study in humans has reported higher 

concentrations of PBDE-154 and some other PBDE congeners in liver than in adipose tissue, 

albeit in a small number of participants (Meironyte Guvenius et al. 2001). For other POPs, 

the lipophilicity and physico-chemical properties can explain the higher concentrations in 

the adipose tissue compared to the liver, as adipose is the main storage depot for 

accumulative exposures for most POPs (Jackson et al. 2017).

In our analysis of untargeted plasma metabolomics, we found evidence that some plasma 

metabolic pathways could be common for the different POPs examined and linked to the 

same POP exposure in all three metabolic tissues, while other metabolic pathways where 

unique to the POP exposure and tissue examined. For example, HCB and PBDE-47 or p,p’-

DDE (examined either as a cluster exposure group, or separately) in both adipose tissue and 

liver were consistently correlated with aspartate and asparagine metabolism. To the contrary, 

pathways of lipid and fatty acid metabolism (i.e. de novo fatty acid biosynthesis and fatty 

acid activation) were shown to correlate only with HCB levels in sAT and liver, but not in 

vAT, and were not correlated with the other POPs in any tissue. The pathway of glycolysis 

and glyconeogenesis was shown to correlate with POPs exposures in sAT but not in vAT or 

liver. These preliminary findings suggest only a partial overlap of mechanisms of toxicity of 

different POPs in metabolic tissues.

HCB levels from both sAT and vAT were associated with BCAA metabolism (valine, 

leucine and isoleucine degradation), while PBDE-47 and p,p’-DDE levels in the liver were 

associated with this pathway. BCAAs, which provide a key signaling pathway that regulates 

functions related to energy homeostasis, nutrition metabolism and gut health, have 

previously been identified in a number of metabolomic studies as an early marker of insulin 

resistance and type 2 diabetes risk (Lynch and Adams 2014; Nie et al. 2018; Zhao et al. 

2016). Thus, potential associations with altered BCAA metabolism and subsequent 

molecular effects could provide one possible mechanism explaining metabolic effects of 

POP exposures.

Alterations in pathways of lipid and fatty acid and carbohydrate metabolism have also been 

suggested by few previous metabolomic studies of POPs exposure. In a study of blood levels 

of HCB, p,p’-DDE, PCBs and hexachlorohexane, comparison of low and high exposure 

groups identified a series of metabolites identified as glycerophospholipids and 

sphingolipids associated with exposure (Carrizo et al. 2017). Similar findings were observed 

in a study of 1,016 elderly participants in Sweden (Salihovic et al. 2015), as well as using an 

untargeted metabolomic approach in a US population with elevated dietary exposures to 

OCs and brominated flame retardants (Walker et al. 2019). These metabolomic findings are 

consistent with previous results that have shown PCBs can reduce synthesis of long-chain 

unsaturated fatty acids by inhibiting delta 5 and delta 6 desaturase activities in the liver 

(Matsusue et al. 1999). MWAS of plasma levels of DDT and degradation products during 

pregnancy and early postpartum also showed p,p’-DDE was associated with changes in 

multiple fatty acid and lipid pathways (Hu et al. 2019). Taken together, these results suggest 

Valvi et al. Page 9

Environ Int. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exposure to lipophilic POPs leads to disruption in essential fatty acid metabolism and related 

glycolytic and lipid pathways, which may have important implications for fatty liver and 

other metabolic diseases (Murphy et al. 2015; Scorletti and Byrne 2013).

An important study limitation is the small sample size, which reduced power and could 

explain some inconsistencies in pathway associations across POPs and tissues. We also 

limited our analyses to bariatric surgery patients with extreme obesity who provided a 

unique resource of samples from metabolic tissues that cannot be easily accessible in healthy 

subjects, and therefore our results may not be fully generalizable to the general population or 

to lean subjects. Due to the small sample we provided results for the POPs-metabolome 

analysis unadjusted for important confounders, such as age, sex, preoperative weight loss, 

and diet patterns and composition. Diet is an important source of exposure to POPs for the 

general population (Arrebola et al. 2012; Frederiksen et al. 2009; Linares et al. 2010) and 

dietary macronutrient composition may also influence the POP accumulation in metabolic 

tissues (Myrmel et al. 2016). Association studies with proper adjustment for confounders are 

required in larger populations with available metabolic tissue samples to draw valid causal 

inferences. Prospective study designs are particularly needed to exclude reverse causation as 

an explanation for our findings, as weight gain, preoperative weight loss, and altered 

metabolic pathways in severely obese subjects could influence the uptake and elimination of 

lipophilic POPs in metabolic tissues (Imbeault et al. 2002; Wolff et al. 2005). POPs reflect 

chronic exposure, while metabolic pathways may reflect short-term effects of other 

covariates. Prospective investigations with repeated measures of untargeted high-resolution 

metabolomics could help address uncertainty in the temporal variability of some metabolites 

that has not been extensively studied (Carayol et al. 2015; Floegel et al. 2011). Future 

investigations of tissue-specific POPs concentrations should include lipid adjusted POP 

measures and complement exposure assessment with POP concentrations in plasma. 

Important study strengths include the bariatric surgery design that provided a rich tissue 

repository for the characterization of the POPs burden in metabolic tissues including the 

liver. Innovative high-resolution metabolomics technologies allowed us to evaluate for the 

first time the correlations between the tissue-specific POPs concentrations and plasma 

metabolic pathways. Findings pointed to many metabolic pathways potentially altered by 

POPs, which requires further investigation in prospective studies and larger populations.

5. Conclusions

Using state-of-the-art exposomic and metabolomic methods, we showed greater 

concentrations of POPs in adipose tissue compared to liver for all POPs examined, except 

PBDE-154. The tissue-specific POPs concentrations were correlated with multiple plasma 

metabolic pathways, including amino acid metabolism, lipid and fatty acid metabolism, and 

carbohydrate metabolism. Findings provide complementary insight to previous 

investigations where peripheral blood was the only available matrix for chemical profiling 

and can inform the design of future investigations in bariatric surgery cohorts that aim to 

leverage a systems biology approach for insight into potential mechanisms underlying 

environmental toxicity in humans.
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Highlights

• We measured persistent organic pollutants (POPs) in tissues of severely obese 

adolescents

• DDE was the POP with the highest concentration in adipose tissue, and 

PBDE-154 had the highest concentration in liver

• Most pollutants had higher concentrations in adipose tissue than in liver

• The tissue-specific POPs burden was associated with plasma metabolic 

pathways
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Figure 1. Between- and within-tissue correlation matrix (Spearman ρ) for pairs of POP with 
detection rates in metabolic tissues >80%.
Blue represents positive correlations and red negative correlations. The magnitude of the 

correlation coefficient is proportional to color intensity and diameter.
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Figure 2. Plasma metabolome wide association study (MWAS) for the three POP most frequently 
detected in vAT, sAT and liver tissues.
Metabolites were first tested for association with each POP; clusters were identified using a 

multilevel community detection to identify communities of nodes that are tightly connected 

with each other, but sparsely connected with the rest of the network.

Valvi et al. Page 18

Environ Int. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Metabolic pathways correlated with tissue-specific POP clusters from the plasma 
metabolome wide association study (MWAS).
The vertical axis represents the pathways correlated with POPs in vAT (blue circles), sAT 

(green circles) or Liver (grey circles). Circle radius is proportional to the number of 

correlated metabolite features within each pathway. The horizontal axis represents the 

negative log10 (p-value) of each pathway.
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