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Abstract

Background—Occupational vinyl chloride (VC) exposures have been associated with toxicant-
associated steatohepatitis and liver cancer. Metabolomics has been used to clarify mode of action
in drug-induced liver injury but has not been performed following VC exposures.

Methods—Plasma samples from 17 highly exposed VVC workers without liver cancer and 27
unexposed healthy volunteers were obtained for metabolite extraction and GC/MS and LC/MS2
analysis. Following ion identification/quantification, Ingenuity pathway analysis was performed.

Results—613 unique named metabolites were identified. Of these, 189 metabolites were
increased in the VVC exposure group while 94 metabolites were decreased. Random Forest analysis
indicated that the metabolite signature could separate the groups with 94% accuracy. VC
exposures were associated with increased long chain (including arachidonic acid) and essential
(including linoleic acid) fatty acids. Occupational exposure increased lipid peroxidation products
including monohydroxy fatty acids (including 13-HODE); fatty acid dicarboxylates; and oxidized
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arachidonic acid products (including 5,9, and 15-HETE). Carnitine and carnitine esters were
decreased, suggesting peroxisomal/mitochondrial dysfunction and alternate modes of lipid
oxidation. Differentially regulated metabolites were shown to interact with extracellular-signal-
regulated kinase 1/2 (ERK1/2), Akt, AMP-activated protein kinase (AMPK), and the N-Methyl-D-
aspartate (NMDA\) receptor. The top canonical pathways affected by occupational exposure
included tRNA charging, nucleotide degradation, amino acid synthesis/degradation and urea cycle.
Methionine and homocysteine was increased with decreased cysteine, suggesting altered 1-carbon
metabolism.

Conclusions—Occupational exposure generated a distinct plasma metabolome with markedly
altered lipid and amino acid metabolites. ERK1/2, Akt, AMPK, and NMDA were identified as
protein targets for vinyl chloride toxicity.

Keywords

Vinyl Chloride; Toxicant Associated Steatohepatitis; TASH; Metabolomics; Hemangiosarcoma;
Occupational Health

1. Introduction

Vinyl chloride (VC) is an odorless, colorless gas polymerized to produce the ubiquitous
plastic polyvinyl chloride (PVC). VC is associated with several pathologies. VC exposure is
generally via inhalation in an occupational setting. Over 80,000 chemical workers have been
exposed to vinyl chloride. VC may enter the environment via airborne industrial emissions,
but may also leech into ground water as a solvent degradation product thus exposing
surrounding populations (Kielhorn et al., 2000; Anon., 2015). The Agency for Toxic
Substances & Diseases Registry lists VC as #4 on its Substance Priority List, a list
prioritized by a combination of a substance’s frequency, toxicity, and potential for human
exposure at National Priorities List sites (Anon., n.d.). Occupational VC exposure was first
associated with the development of hepatic hemangiosarcoma at a Louisville, KY B.F.
Goodrich Plant in 1974 (Makk et al., 1974). In response to this outbreak, a large
occupational hepatology database and specimen bank was formed at the University of
Louisville as part of a cancer surveillance project. More recently, we reported an 80%
prevalence of toxicant-associated steatohepatitis (TASH) in highly exposed VC workers
from this plant (Cave et al., 2010). Although those workers had much higher cumulative
exposures than allowed under the Occupational Safety and Health Administration Vinyl
Chloride Standard, a more recent ultrasound study of 347 asymptomatic current PVC
workers reported a 38.9% prevalence of steatosis with a normal mean body mass index
(Hsiao et al., 2004). This suggests TASH is a relevant health issue which may also occur in
individuals with much lower level exposures to vinyl chloride monomer. The mechanisms
leading to the disruption of hepatic lipid metabolism and TASH have recently been reviewed
(Wahlang et al., 2013; Joshi-Barve et al., 2015). TASH appears mechanistically different
from obesity or alcohol induced steatohepatitis. The metabolic disruption resulting from
known VC exposure has never been characterized.

Metabolomics is the study of low molecular weight molecules (i.e., metabolites) found
within cells and biological systems. With the advantages of high sensitivity and accuracy,
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wide dynamic range, and the ability to identify metabolites from complex samples, high-
resolution mass spectrometry is an attractive option for metabolomics research.
Metabolomics has been utilized for the evaluation of mechanistic disease processes and
biomarker development of non-alcoholic fatty liver disease, non-alcoholic steatohepatitis
(Kalhan et al., 2011; Puri et al., 2009), alcoholic steatohepatitis (Raszeja-Wyszomirska et al.,
2012), and drug-induced liver injury (O’Connell and Watkins, 2010), but has not been
performed for industrial chemical exposure, which is the purpose of this study. The goals of
the present study are to describe the alterations of the plasma metabolome following
chemical exposure at a polyvinyl chloride production facility compared to healthy controls.
The changes in these metabolites could contribute to adverse health outcomes in chemical
workers.

2. Methods
2.1. Subjects

De-identified data and plasma samples were obtained for highly exposed vinyl chloride
workers (= 17) from the University of Louisville Occupational Toxicology Specimen
Bank. Samples were stored at — 80 °C in polypropylene microfuge tubes. They were thawed,
aliquoted, and sent on dry ice to Metabolon for analysis. There were no other freeze-thaw
cycles. These workers were employed at a single B.F. Good-rich plant in Louisville, KY, and
were selected (inclusion criteria) based on exceptionally high cumulative VC exposures
prior to implementation of the Occupational Safety and Health Administration (OSHA)
Vinyl Chloride Standard in 1975; however, workers were also simultaneously exposed to a
variety of other chemicals (Supplemental Table) in addition to VC. These workers came
from the same cohort of “poly cleaners” that developed hepatic hemangiosarcoma (7= 26 to
date) and toxicant-associated steatohepatitis (TASH)(Cave et al., 2010). These 17 workers
never developed hepatic hemangiosarcoma during a prolonged follow-up period - now
approximately 40 years in duration. Their TASH status was unknown. Cumulative VC
exposures were quantified by the previously described cumulative exposure rank month
(CERM) (Greenberg and Tamburro, 1981). Subjects were selected so that their CERMS
matched as closely as possible to workers with hemangiosarcoma to allow for future
comparison. By doing so, we hoped to gain mechanistic metabolic information about high-
level exposures previously linked to liver disease. Unfortunately, healthy unexposed controls
with a similar storage time were not available from the biorepository; therefore, 27
unexposed volunteers without a history of liver disease matched by age and gender as
closely as possible to the chemical exposed group were recruited as controls. In order to
obtain a relatively homogenous population (apart from exposure) for metabolomics analysis,
the following exclusion criteria were used for all groups: age > 65 years old, body mass
index (BMI) > 35 kg/m?, alcohol consumption >30 g per day, and history of malignancy.
The protocol was approved by the University of Louisville Institutional Review Board and
informed consent was obtained. Potential differences in demographics and exposure
variables were determined by student’s #test using GraphPad Prism 6 (La Jolla, CA).
Statistical significance was set at p < 0.05.
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2.2. Metabolomics

Metabolon, Inc. (Durham, NC) performed gas chromatography/mass-spectrometry (GC/MS)
(Thermo-Finnigan Trace DSQ fast-scanning single-quadruple mass spectrometer) and liquid
chromatography-tandem mass spectrometry LC/MS/MS (Waters ACQUITY UPLC,
Thermo-Finnigan LTQ mass spectrometer) following metabolite extraction. Software was
used to match ions to a library of standards for metabolite identification and for metabolite
quantitation by peak area integration. Statistical significance was determined using Welch’s
ttests, and p < 0.05 was considered statistically significant.

2.3. Liver injury assessment

Plasma cytokeratin 18 (CK-18) whole (M65®) and caspase-cleaved fragments (M30
Apoptosense®) were measured by ELISA (diaPharma, Columbus, OH). Clinical chemistry
analysis was performed at the University of Louisville Hospital laboratory. Values were
measured by clinical chemistry analyzer. Statistical analysis was performed by student’s t-
test using GraphPad Prism. Statistical significance was set as p < 0.05. Results are reported
ad means + standard deviation.

2.4. Ingenuity pathway analysis

We investigated interactions between metabolites using the Ingenuity Pathway Analysis
(IPA) software (QIAGEN; Redwood City, CA) and found 354 of our 613 metabolites could
be mapped using the Human Metabolomic Database (HMDB).

3. Results

3.1. Demographics

The mean age of the exposed group (50 + 6.3, 7= 17) was significantly higher (o= 0.0002)
than the mean age of the control group (38 + 12, n=26). All members of the exposed group
were Caucasian males and this is reflective of plant hiring practices at the time. At the time
of metabolomics analysis, sample storage age in years was significantly longer for exposed
vs. unexposed group (35 £ 5.1 vs. 0.18 + 0.0 years, p< 0.0001). Mean BMI (27 £+ 3.4 vs. 26
+ 4.3 kg/m?, p= 0.46) was similar between VC-exposed and control groups. Alcohol
consumption (5.0 £ 5.9 vs. 2.2 + 2.5 drinks per week, p=0.0342) was significantly higher in
exposed group; however, their alcohol consumption was still less than one drink per day on
average. There were 6 smokers in VC-exposed group and 1 smoker in the control group. VC
exposures were determined by cumulative exposure rank month (CERM). The mean CERM
was 1156 + 420 and this corresponds to a mean duration of employment and high-level VC
exposures (often exceeding 1000 PPM) of 25.50 + 5.688 years. The demographic data are
presented in Table 1. Results are reported as mean + standard deviation.

3.2. Liver injury assessment

Routine liver chemistry results are demonstrated in Table 2. There were no significant
differences between the groups in albumin (4.6 £ 2.3 vs. 4.5 + 3.8 g/dL Reference: 3.5-5.0),
total bilirubin (0.58 £ 0.25 vs. 0.57 £ 0.72 mg/dL Reference: 0.2-1.0), and ALT (23 + 19 vs.
22 + 3.6 U/L, Reference 20-70). There were significant differences in AST (24 £ 16 vs. 15
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+ 3.5 U/L, Reference: 10-50, p < 0.0087) and alkaline phosphatase between VC-exposed
group vs. control group (71 + 15 vs. 50 + 13 U/L Reference: 38-126, p < 0.0001); however,
both of these laboratory values are still within the reference ranges. Mean cytokeratin 18
(CK18) fragment levels were higher in the control group vs. the VC-exposed group: CK18
MB65 (458 + 225 vs. 244 + 119 U/L, p< 0.0004) and CK18 M30 (119 £+ 50.3 U/L vs. 111

+ 82.8 vs., p=0.737). The M30/M65 ratio of the VC-exposed group (0.463 [range: 0.229—
0.860]) was significantly higher (p < 0.001) than the control group (0.271 [range: 0.153-
0.589]).

3.3. Random Forest analysis

Random Forest analysis was performed between VVC-exposed subjects and healthy controls
to determine if the metabolic data could successfully separate the two groups. Sixteen of
seventeen (94%) VC-exposed subjects could be separated from healthy controls with a class
error of 0.059 (Fig. 1A). The importance plot displays the thirty metabolites that most
effectively separated the groups. Twenty of these metabolites were lipids (Fig. 1B). An
importance plot including unnamed metabolites was also performed. (Supplemental Figure).

3.4. Metabolomic analysis

Using LC/MS and GC/MS analysis identified 613 named unique plasma metabolites along
with 525 unique plasma metabolites that were not found in the reference library. Of the 613
identified named metabolites, 189 metabolites were significantly increased following VC
exposure and 94 were significantly decreased (Table 3 and Supplemental Data).

3.5. Linolenate and specific metabolites

Alpha-linolenate is an essential fatty acid in the human diet. This study did not differentiate
between alpha or gamma linolenate. The metabolites classified as either alpha or gamma
linolenate were upregulated 1.5-fold in VVC-exposed individuals compared to healthy
controls. A series of enzymatic reactions may convert linolenate to dihomo-linolenate.
Dihomo-linolenate was upregulated 8-fold in VC-exposed individuals compared to healthy
controls (Fig. 2).

3.6. Lineoleate and specific metabolites

Lineoleate (LA) is an essential fatty acid. In this study, we noted a 1.5-fold increase of LA in
VC-exposed individuals versus human controls. LA is metabolized via 15-lipoxygenase to
13-hydroxyoctadecadienoic (13-HODE), which was upregulated 211-fold in VC-exposed
individuals compared to healthy, human controls (Fig. 3).

3.7. Arachidonic acid and specific metabolites

LA is metabolized via a series of enzymes to arachidonic acid (AA). AA was 6-fold
increased in VC-exposed individuals compared to controls. AA is metabolized by
lipoxygenases or P450 to hydroxyeicosatetraenoic acids (HETES). Several HETES were
notably altered in the VC-exposed group compared to the healthy controls, including the
lipoxygenase products 5-HETE (110-fold increase), 12-HETE (15-fold increase), and 15-
HETE (615-fold increase), and the free radical-mediated arachidonic acid product 9-HETE
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(10-fold increase). Lipoxygenase may also metabolize AA to 15-0x0-52,8Z,117,13E-
eicosatetraenoate (15-KETE) which was increased 12-fold in VC-exposed individuals
compared to healthy controls. AA is metabolized via a series of enzymes to
docosapentaenoate (n6 DPA; 22:5n6), which was upregulated 5-fold in VC-exposed
individuals compared to healthy controls. AA is alternatively metabolized to leukotriene B4
via cyclooxygenase and leukotriene B4 was increased 52-fold in VVC-exposed individuals
compared to controls (Fig. 4).

3.8. Eicosapentaenoic acid and specific metabolites

LA is metabolized via a series of enzymes to eicosapentaenoic acid (EPA). EPA was 12-fold
increased in VC-exposed individuals compared to healthy controls. Lipoxygenases
metabolize EPA to hydroxyperoxyeicosapentaenoic acids (HEPEs). HEPEs were altered in
the VC-exposed group compared to healthy controls, including 5-HEPE (8-fold increase)
and 18-HEPE (11-fold increase). EPA is metabolized via a series of enzymes or via lipid
peroxidation to docosapentaenoate (n3 DPA; 22:5n3), which was upregulated 3.5-fold in
VC-exposed versus healthy controls. DPA (n3) is then metabolized to docosahexaenoate
(DHA; 22:6n3), which is upregulated 3.5-fold in VVC-exposed versus healthy controls. (Fig.
5).

3.9. Short, medium, and long chain fatty acids

One short chain, nine medium chain, and 19 long chain fatty acids were identified in the
plasma of individuals. Valerate, the short chain fatty acid identified, was increased 3.32 fold
in VC-exposed individuals. Of the nine medium chain fatty acids, only caproate (2.61-fold)
was significantly increased in VC-exposed individuals (Supplemental Data) The other
medium chain fatty acids were not significantly altered between groups. Eighteen of the 19
long chain fatty acids exhibited a significant increased fold-change in the VC-exposed
group, notably margarate (3-fold increase) (Supplemental Data).

3.10. Other metabolites

Other metabolites were identified that could be used to separate VC-exposed versus healthy
control subjects. Glutamate was upregulated 4-fold while glutamine was downregulated 3-
fold in VC-exposed. The nutrient choline was upregulated 4.5-fold in VVC-exposed
individuals versus healthy controls. Additionally, the peptides pyroglutamylvaline (28-fold
increase), cyclo(gly-glu) (14-fold increase), cyclo(glu-glu) (24-fold increase) were altered in
VC-exposed individuals versus healthy controls. Vitamin C, an important antioxidant, was
downregulated 6-fold in VC-exposed individuals compared to healthy controls
(Supplemental Data).

3.11. IPA ingenuity analysis

Metabolite interactions were investigated using the Ingenuity Pathway Analysis (IPA)
software. 354 of our 613 metabolites that could be mapped using the Human Metabolomic
Database (HMDB). IPA Ingenuity generated two networks with scores >40 — one network
identified as Amino Acid Metabolism, Small Molecule Biochemistry, Cellular Compromise
(Fig. 6A) and the other identified as Increased Levels of Alkaline Phosphatase, Cell Death
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and Survival, Free Radical Scavenging (Fig. 6B). Multiple metabolites that were altered in
our study were shown to interact with the proteins extracellular signal-regulated kinases 1/2
(ERK1/2) (9 metabolites), protein kinase B (Akt) (10 metabolites), AMP-activated protein
kinase (AMPK) (3 metabolites), and NA-methyl-D-aspartate (NMDA) receptor (6
metabolites).

Table 4 lists the top ten canonical pathways identified by IPA Ingenuity that were affected by
vinyl chloride exposure. These pathways include tRNA charging, urea cycle, nucleotide
degradation, and amino acid synthesis and degradation.

4. Discussion

VC exposure has been linked to several pathologies including a variety of cancers (Makk et
al., 1974; Mastrangelo et al., 2004; Ruckart et al., 2015), liver disease (Cave et al., 2010),
and autoimmune diseases (Powell et al., 1999). In the present study, we performed
metabolomics analyses of plasma samples to obtain a comprehensive view of the alterations
of metabolism in individuals who were exposed to VVC and other chemicals, without
developing cancer. Following VC exposure, a significant number of metabolites were altered
in the plasma metabolome of individuals. The most striking differences in the present study
were observed in the elevations of fatty acids and their oxidized metabolites, giving insight
into the mechanisms of VC-induced toxicity and potential noninvasive biomarkers of
exposure. Recently, Stachowska et al. demonstrated a positive correlation between 13-
HODE, 9-HODE, 5-HETE and hepatic steatosis and observed a significant decrease in these
lipid metabolites following dietary intervention and ultrasound-confirmed resolution of the
patient group’s steatosis (Maciejewska et al., 2015). Our metabolomics data along with our
assessment of liver injury demonstrated that VC-induced alterations in the plasma
metabolome may be independent of the development of liver injury associated with VC-
exposure. While VC-exposed subjects in our study had normal CK18 or ALT values and
neither liver ultrasounds nor biopsies were available, we focused on lipid metabolites based
on the results of our Random Forest analysis and confusion matrix; however, the Ingenuity
analysis demonstrated that multiple additional pathways were also altered in VC exposure.

Polyunsaturated fatty acids (PUFAS) can be classified as either n-6 or n-3 and have opposing
effects (Schmitz and Ecker, 2008). The n-6 PUFAs, linoleic acid and arachidonic acid, along
with their oxidized metabolites were all significantly upregulated in our study. Increased
levels of these metabolites, especially the ratio of n-6/n-3, are associated with systemic
inflammation and hepatic injury (Araya et al., 2004; Lopez-Vicario et al., 2014). Linoleic
acid is metabolized by lipoxygenases to oxidized linoleic acid metabolites (OXLAMS). Two
specific OXLAMSs 9-and 13-HODE have previously been shown to be elevated in non-
alcoholic steatohepatitis (NASH) (Feldstein et al., 2010) and alcoholic-associated
steatohepatitis (ASH) (Raszeja-Wyszomirska et al., 2012). In Feldstein’s study, the 25th
percentile value for 9- and 13-HODE in NASH patients was above the median value in
control patients. Additionally, chronic binge alcohol drinking has been shown to increase
plasma OXLAM levels, specifically 9- and 13-HODE (Liu et al., 2015). Similarly here, 13-
HODE was significantly elevated in the plasma metabolic profile. Comparing 13-HODE
levels to linoleic acid levels may lend insight into the severity of NASH (Alkhouri et al.,
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2014). Indeed, in our study 13-HODE levels were increased 200-fold in VVC-exposed
individuals versus controls, while linoleic acid levels were increased only 1.6-fold.

Phospholipase A2 (PLA2) catalyzes the release of AA from phospholipids (Burke and
Dennis, 2009). AA and its eicosanoid metabolic products are potent pro-inflammatory
agents. AA is decreased in NASH and previous metabolomics studies have reported either
increased (Puri et al., 2009) or unaltered (Feldstein et al., 2010) levels of AA lipoxygenase
products 5-HETE and 15-HETE in NASH patients. Feldstein et al. demonstrated no changes
in the arachidonic acid P450 products 9-HETE and 12-HETE in patients with NAFLD or
NASH (Feldstein et al., 2010). Previous studies in patients with ASH reported plasma
elevations of 5-HETE, 12-HETE, and 15-HETE (Raszeja-Wyszomirska et al., 2012). We
measured levels of AA and its 5-, 9-, 12-, 15-HETE metabolites at levels that in some cases,
to our knowledge, have never been reported in human subjects (up to 615-fold increase over
controls). Soluble PLA2 has been shown to be released from cells undergoing necrosis. As
necrotic cell death is the major player in VC-induced liver injury, the increase in AA may
stem from the increased release of PLA2. Lysolipids, natural products formed by the
hydrolysis of phospholipids, may also be cytotoxic (Park et al., 2010). Here, lysolipids were
also elevated as expected with an increase in AA. AA and its eicosanoid metabolites are
primary components of the phospholipid membrane of inflammatory cells (Gibney and
Hunter, 1993; Kew et al., 2004; Faber et al., 2011). The increase in lipoxygenase (LOX) and
P450 enzymatic products could be derived from an increase in substrate or, as observed in
ASH (Raszeja-Wyszomirska et al., 2012), from increased expression of these enzymes. We
postulate that lipotoxicity, pro-inflammatory lipid peroxidation products, and inflammatory
oxidized lipid metabolites from AA may be important mechanisms for VC and other
chemical-related organ injury. Additionally, the increased levels of pro-inflammatory lipids
suggests that VVC exposure may increase cardiovascular disease risk (Burhop et al., 1988;
Kayama et al., 2009; Maayah and El-Kadi, 2016).

Although steatohepatitis biomarkers (ALT and CK18) were negative in workers exposed to
VC, the pattern of the lipid peroxidation products is similar to those reported by Feldstein et
al. These findings suggest that HODE and HETEs arise due to a chemical process, rather
than an enzyme-mediated process. Lack of production of 20-hydroxy-HETE, EETs and
dihydroxy-EETSs suggests that the P450-dependent pathways don’t occur under these
conditions; however, these oxidized lipids may activate receptors, such as PPAR-gamma,
known to be activated by HODESs. The accumulation of long chain fatty acids suggests that
PLA2 may be activated, releasing the precursors to HODES.

AMPK, ERK1/2, and Akt are protein kinases that were at the center of two of the top
Networks specified by IPA Ingenuity Analysis. The dysregulation of ERK1/2, AMPK, and
Akt has been implicated in insulin resistance and altered metabolism (Jiao et al., 2013; Wang
et al., 2004). Akt is a serine/threonine-specific protein kinase involved in multiple pathways,
including glucose metabolism, apoptosis, and cell proliferation. ERK1/2 are protein kinases
involved in the insulin signaling. AMPK is an enzyme that plays a role in energy
homeostasis — upregulation leads to hepatic fatty acid oxidation and ketogenesis,
lipogenesis, etc. (Hardie, 2007). AMPK activation induces catabolic events and favors
adenosine triphosphate (ATP) generation during energy depletion, e.g. glycolysis is
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enhanced and ATP-consuming processes are inhibited by AMPK (Krause et al., 2002). Both
AMPK and Akt activity were increased in a mouse model of VVC metabolite exposure
(Anders et al., 2016). The observation that multiple metabolites known to regulate these
enzymes have been differentially regulated is important and could have implications for
future research in VC exposure-related diseases, such as TASH and hemangiosarcoma.
Adiponectin leads to increased insulin sensitivity via AMPK activation (Yamauchi et al.,
2002). The decreased levels of adiponectin seen in VC-exposed individuals with TASH
(Cave et al., 2010) may lead to decreased activation of AMPK leading to the insulin
resistance observed in that population. Tumor uptake of linoleic acid is directly proportional
to 13-HODE production and 13-HODE was shown to be required for ERK1/2
phosphorylation in rat hepatomas (Sauer et al., 2007). Linoleic acid-dependent tumor growth
in rats has been associated with increased ERK1/2 phosphorylation. Interaction of ERK1/2
with the altered metabolites in our study could provide mechanistic insight into the
development of fatty liver in toxicant-associated steatohepatitis, hepatocellular carcinoma,
and liver hemangiosarcoma seen in individuals exposed to VC. Moreover, ERK1/2
activation has been shown to be cytoprotective in oxidative stress-induced cell death and
inhibition of the ERK1/2 pathway sensitized hepatocytes to apoptosis (Czaja et al., 2003;
Rosseland et al., 2005). Indeed, in a mouse model of VC metabolite exposure, indices for
oxidative stress (4-HNE adduct formation) were increased (Anders et al., 2016), while
ERKZ1/2 phosphorylation was inhibited (Lang AL and Beier JI, unpublished observation).

A limitation of our study is the age of the samples of VC-exposed subjects versus the age of
our control samples. The samples of VVC-exposed subjects were collected and frozen in the
1970s. We have utilized old samples for previous studies of workers exposed to VC and
acrylonitrile, 1,3-butadiene, and styrene (ABS) (Cave et al., 2010; Cave et al., 2011);
however, this is the first time we have performed metabolomics on such samples. Being
frozen for such an extended period of time could have altered the metabolites in these
samples. Oxidized lipids were increased, which could have been due to storage time.
Additionally, the workers were exposed to other chemicals besides VC, which could
confound the results. However, due to the unusually high exposures of VC to the subjects —
similar to workers who developed hemangiosarcoma, VC is still considered the major culprit
in the current study. The ideal control group would have been unexposed subjects from the
1970s matched perfectly for demographic factors, unfortunately, those subjects were not
available in our biorepository. While the modern day controls were matched well for BMI,
they were younger and drank significantly less alcohol — differences that are potential
confounders in our study. However, both groups consist of middle-aged adults and neither
group drank excessively. Low-risk drinking is defined by National Institute on Alcohol
Abuse and Alcoholism as no >14 drinks per week for men; therefore, both groups in our
study are in the low risk range (Anon., n.d.). Additionally, our results demonstrate a different
metabolic profile from that observed in alcoholic steatohepatitis (Raszeja-Wyszomirska et
al., 2012). Thus, while statistically significant, the differences in mean age and alcohol
consumption were probably not clinically significant; however, given the sensitivity of the
metabolomics technique, these minor differences could have impacted our study.
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5. Conclusion

This study is the first to examine the plasma metabolome following chemical exposure at a
polyvinyl chloride production facility. The chemical mixture exposure altered the plasma
metabolome in distinct ways and allowed for predictable group assignment with Random
Forest analysis with 95.41% accuracy. We postulate that differences in biologically active
metabolites including lipids contribute to the pathogenesis of VVC-related diseases. In this
study, workers were selected based on exposure and not disease. In the future, metabolomics
studies should include workers selected for exposure-associated diseases. This study
provides proof of concept that a metabolomics approach yields useful information when
applied to exposed chemical workers. Thus, these data will be used for further research to
identify potential targets for studying the mechanism of industrial chemical toxicity and
potential targets for therapeutic interventions. Metabolomics analysis may also be a useful
tool in the investigation of other industrial toxicants and their impact on human health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CK18 cytokeratin-18
CERM cumulative exposure risk month
DHA docosahexaenoic acid
EPA eicosapentaenoic acid
ERK extracellular-signal-regulated kinase

GC-MS gas chromatography-mass spectrometry
HEPE hydroxyeicosapentaenoic acid
HETE hydroxyicosatetraenoic

HODE hydroxyoctadecadienoic

HMDB human metabolome database
LA linoleic acid
LC liquid chromatography

NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis

OXLAM  oxidized linoleic acid metabolite

PUFA poly-unsaturated fatty acid

PVC polyvinyl chloride

TASH toxicant-associated steatohepatitis
VvC vinyl chloride
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Fig. 2.
(1 column). Box and whisker plots of linolenate and its metabolite dihomolinolenate in
healthy controls compared to VC-exposed individuals. (p < 0.05 unexposed vs. exposed.)
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(1 column). Box and whisker plots of linoleate and its 12,15-lipoxygenase metabolite (13-

HODE) in healthy controls compared to VC-exposed individuals. (p < 0.05 Unexposed vs.
Exposed).
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metabolites (5-HEPE, 18-HEPE), and other EPA metabolites (DHA, n3 DPA; 22:5n3) in

healthy controls and VC-exposed individuals. (p < 0.05 Unexposed vs. Exposed.)
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Fig. 6.
A (2 columns). Ingenuity Analysis: Network 1 - Amino Acid Metabolism, Small Molecule

Biochemistry, and Cellular Compromise. This pathway demonstrates interactions with
metabolites altered in this study and ERK1/2 and NMDA. B (2 columns). Ingenuity
Analysis: Network 2 — Increased Levels of Alkaline Phosphatase, Cell Death and Survival,
Free Radical Scavenging. This pathway demonstrates interactions with AMPK and Akt.
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Table 1

Demographic information of control versus VC-exposed individuals.

Control  VC-Exposed

Number 27 17

Age (years) 3812  5o4434
BMI (kg/m?) 26443 27+34
Alcohol consumption (drinks per week) 22+25 g5g+59b
Duration of employment at time of sampling (years) 0 25.50 + 5.688
CERM (cumulative exposure rank month) 0 1156 + 420

ap =0.0002 compared to control.

bp< 0.05 compared to control.
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Table 2

Clinical laboratory values of control and VC-exposed individuals.

Control VC-Exposed

Albumin
Total Bilirubin
Alkaline phosphatase

AST

ALT
CK18 M30 (U/L)
CK 18 M65 (U/L)

45+038 45%0.23
06+0.7 0.6+0.3
50+ 13 71 + 152
1535 94416
22+3.6 23+19
119+50.3 111+828
458 £225 o944 +119C

4p<0.0001.
bp< 0.05.

€h=0.0004.
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Table 4

Top ten canonical pathways affected by Vinyl Chloride exposure.

Ingenuity canonical pathways  —log Ratio Molecules
(p-value)
tRNA charging 2.01E01  2.35E-01 AMP, L-phenylalanine, L-glutamine, L-asparagine, L-tryptophan, glycine, L-
methionine, L-histidine, L-cysteine, L-valine, L-alanine, L-isoleucine, L-leucine,
L-proline, L-threonine, L-aspartic acid, L-arginine, L-tyrosine, L-lysine
Superpathway of Citrulline 1.13E01  2.63E-01 Citrulline, AMP, L-glutamine, L-proline, urea, phosphate, fumaric acid, L-aspartic
Metabolism acid,2-oxoglutaric acid, L-arginine
Urea Cycle 9.05E00 3.5E-01 Citrulline, AMP, urea, phosphate, fumaric acid, L-aspartic acid, L-arginine
Purine Nucleotides Degradation 8.62E00 2.29E-01  Xanthosine, AMP, inosine, uric acid, adenosine, phosphate, hypoxanthine,
11 (Aerobic) xanthine
Arginine Biosynthesis IV 8.42E00 2.92E-01 Citrulline, AMP, phosphate, fumaric acid, L-aspartic acid,2-oxoglutaric acid, L-
arginine
Citrulline Biosynthesis 8.15E00  2.69E-01 citrulline,L-glutamine,L-proline,urea,phosphate,2-oxoglutaric acid, L-arginine
Adenosine Nucleotides 8.15E00 2.69E-01 AMP, inosine, uric acid, adenosine, phosphate, hypoxanthine, xanthine
Degradation 11
Purine Ribonucleosides 7.68E00  3.33E-01 Xanthosine, inosine, adenosine, phosphate, hypoxanthine, xanthine
Degradation to Ribose-1-
phosphate
Superpathway of Methionine 7.66E00 1.41E-01 Pyruvic acid,adenosine,betaine,phosphate,2-oxoglutaric acid, L-methionine,
Degradation alpha-ketobutyric acid, dimethylglycine, L-cysteine
Phenylalanine Degradation 1V 7.46E00  2.05E-01 AMP, I-phenylalanine, L-glutamine, alpha- A-phenylacetyl-L-glutamine,

(Mammalian, via Side Chain)

phenylpyruvic acid, glycine, 2-oxoglutaric acid, phenylacetic acid
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