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ABSTRACT: Polychlorinated biphenyls (PCBs) are persis-
tent organic pollutants and have been associated with
abnormal liver enzymes and suspected nonalcoholic fatty
liver disease (NAFLD), obesity, and the metabolic syndrome
in epidemiological studies. In epidemiological surveys of
human PCB exposure, PCB 153 has the highest serum levels
among PCB congeners. To determine the hepatic effects of
PCB 153 in mice, C57BL/6J mice were fed either a control
diet (CD) or a high fat diet (HFD) for 12 weeks, with or
without PCB 153 coexposure. The metabolite extracts from
mouse livers were analyzed using linear trap quadrupole−
Fourier transform ion cyclotron resonance mass spectrometer
(LTQ-FTICR MS) via direct infusion nanoelectrospray
ionization (DI-nESI) mass spectrometry. The metabolomics
analysis indicated no difference in the metabolic profile
between mice fed the control diet with PCB 153 exposure
(CD+PCB 153) and mice fed the control diet (CD) without
PCB 153 exposure. However, compared with CD group, levels
of 10 metabolites were increased and 15 metabolites were
reduced in mice fed HFD. Moreover, compared to CD+PCB
153 group, the abundances of 6 metabolites were increased
and 18 metabolites were decreased in the mice fed high fat diet
with PCB 153 exposure (HFD+PCB 153). Compared with
HFD group, the abundances of 2 metabolites were increased
and of 12 metabolites were reduced in HFD+PCB 153 group. These observations agree with the histological results and indicate
that the metabolic effects of PCB 153 were highly dependent on macronutrient interactions with HFD. Antioxidant depletion is
likely to be an important consequence of this interaction, as this metabolic disturbance has previously been implicated in obesity
and NAFLD.
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1. INTRODUCTION
The burden of liver disease has increased in the United States
in parallel with the obesity epidemic. The most common liver
problems, nonalcoholic fatty liver disease (NAFLD) or its more
advanced form, nonalcoholic steatohepatitis (NASH), are
thought to be due to overweight/obesity. Polychlorinated
biphenyls (PCBs) are persistent environmental pollutants.
Exposures to PCBs have been associated with NAFLD in
epidemiologic studies.1 Among PCB congeners, PCB 153 is
present at the highest levels.1 Our previous work demonstrated
that chronic PCB 153 exposure worsened obesity/NAFLD in
mice fed a high fat diet (HFD) but had no pathologic effect in
mice fed control diet (CD).2 To better understand the
biochemical mechanisms underlying these observations, a

comprehensive investigation using high throughput analysis
such as metabolomics is necessary.
Metabolomics is the study of low molecular weight molecules

(i.e., metabolites) found within cells and biological systems.
Several types of instruments have been utilized to analyze
metabolites including nuclear magnetic resonance (NMR)3,4

and mass spectrometry (MS).5−7 Each type of instrumental
analysis affords limited coverage of the metabolites and
therefore only provides a partial metabolite profile of each
sample. With the advantages of high sensitivity and accuracy,
wide dynamic range, and the ability to identify metabolites from
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complex samples,8,9 high-resolution mass spectrometry, such as
Fourier transform ion cyclotron resonance mass spectrometery
(FTICR-MS), is an attractive option in metabolomics
research.10,11

The objective of this study was to determine if PCB 153
induces NAFLD in mice fed a control diet, and/or alters the
metabolite profile, and/or exacerbates NAFLD in mice fed a
high fat diet. C57BL/6J mice were fed either a control diet
(normal chow, CD) or 43% milk fat diet (high fat diet, HFD)
for 12 weeks with or without PCB 153 coexposure. At the end
of feeding period, mice were anesthetized and liver samples
were collected. The metabolite extracts from mouse livers were
analyzed using linear trap quadrupole−Fourier transform ion
cyclotron resonance mass spectrometer (LTQ-FTICR MS) via
direct infusion chip-based nanoelectrospray ionization (DI-
nESI)−mass spectrometry.

2. EXPERIMENTAL METHODS

2.1. Animals and Diets

The animal protocol was approved by the University of
Louisville Institutional Animal Care and Use Committee. Male
C57BL/6J mice (8 weeks old, n = 40; The Jackson Laboratory,
Bar Harbor, Maine) were divided into 4 study groups (n = 10
per group) based on diet and PCB 153 exposure in this 12-
week study utilizing a 2 × 2 design. The control diet (CD) was
the Autoclavable Rodent Diet 5010 from LabDiet, Lebanon,
IN, and it consisted of 12.7% kcal from fat, 58.5% carbohydrate,
and 28.7% protein from both animal and vegetable sources.
The high fat diet (HFD) was TD.88137 from Harlan
Laboratories, Madison, WI, and it consisted of 42.7% kcal
from fat (milk fat), 42.0% carbohydrate (sucrose and corn
starch), and 15.2% protein (casein). PCB 153 (Ultra Scientific,
North Kingstown, RI) was administered in corn oil (vehicle) by
i.p. injection (vs corn oil alone) at a dose of 50 mg/kg on weeks
4, 6, 8, and 10. Mice were housed in a temperature- and light-
controlled room (12 h light; 12 h dark) with food and water ad
libitum. The animals were euthanized (sodium pentobarbital,
40 mg/kg body weight, i.p.) at the end of week 12. Thus, four
different treatment groups were evaluated in this fashion: CD,
CD+PCB 153, HFD, HFD+PCB 153.

2.2. Liver Histological Studies

Liver sections were frozen using optimal cutting temperature
(OCT), a liquid embedding medium, or fixed in 10% buffered
formalin for 24 h and embedded in paraffin for histological
examinations. Tissue sections were stained with either Oil Red
O (frozen OCT), hematoxylin−eosin (H and E; formalin-
fixed), or Sirius red stain (formalin-fixed) and examined under
light microscopy at 200× magnification. Photomicrographs
were captured using a Nikon Eclipse E600 microscope.

2.3. Metabolite Sample Preparation

Metabolites were extracted on the basis of Bligh and Dyer’s
method to cover both the polar and nonpolar metabolites.12

Each sample of liver tissue was weighed and homogenized for 2
min after adding water at a concentration of 100 mg of liver
tissue/mL of water. The homogenized sample was then stored
at −80 °C until use. To extract metabolites from the
homogenized liver tissue, 100 μL of homogenized liver tissue,
300 μL of water, and 1.5 mL of chloroform−methanol (v/v =
1:2) were mixed in a glass tube and vortexed for 1 min,
followed by adding 0.5 mL of chloroform, vortexing 1 min,
adding 0.5 mL of water, and vortexing for 1 min. The mixture

was then separated by centrifuging at room temperature for 8
min at 1100 rpm. 400 μL of the organic phase (bottom) were
aspirated into another glass tube and dried under nitrogen.
Each of the dried samples was dissolved in 100 μL of
chloroform−methanol (v/v = 1:1) and further diluted 25 times
before analysis. The aqueous phase was dried in a SpeedVac at
4 °C to remove methanol, followed by freeze-drying to vaporize
water. Each of the dried water phase samples was redissolved in
100 μL of methanol and then further diluted 5 times before
analysis.

2.4. Spike-In Samples

About 180 mg of liver tissue from three mice was mixed with
deionized water at a concentration of 100 mg/mL. The mixture
was then homogenized for 2 min and stored at −80 °C until
use. To extract metabolites from liver, a 200 μL of
homogenized liver sample was mixed with 1.6 mL of methanol
and vortexed for 1 min, followed by centrifugation at 4 °C for
10 min at 15 000 rpm. 1.4 mL of the top solution was aspirated
into a plastic tube and dried by N2 flow. After dissolving the
dried sample with 200 μL of methanol, a stock solution was
prepared by diluting the sample 10 times. Thirty aliquots of the
stock solution were then prepared with a volume of 50 μL per
aliquot.
A mixture of 15 acid standards was prepared at a

concentration of 10 μg/mL per acid. The acids included L-
proline, L-cystine, L-histidine, L-phenylalanine, L-tyrosine, L-
lysine, L-glutamic acid, L-aspartic acid, L-leucine, nonadecanoic
acid, hepadecanoic acid, heptanoic acid, nonanoic acid,
pentadecanoic acid, and undecanoic acid. Twenty microliters
of the acid mixture was added to each of the first 10 aliquots of
the stock solution, while 24 and 100 μL of the acid mixture
were added to each of the second 10 aliquots and the third 10
aliquots, respectively. Methanol was then added to each of the
30 aliquots to make the total volume of each aliquot to 200 μL.
This resulted in three sample groups with spiked-in acid
standards. The acid concentration in each of the spike-in
sample groups is 1.0, 1.2, and 5.0 μg/mL, respectively.

2.5. FTICR-MS and LTQ-MS/MS Analysis

The direct infusion experiments were performed on a hybrid
mass spectrometer, the so-called linear trap quadrupole−
Fourier transform ion cyclotron mass spectrometer (LTQ-
FTICR MS or LTQ-FT MS) (Thermo Electron Corporation,
Bremen, Germany) equipped with a chip-based nanoelectros-
pray ionization (nESI) ion source (Triversa NanoMate)
(Advion Biosciences, Ithaca, NY, USA). The mass spectrometer
was operated in positive ion mode. Each metabolite extract was
analyzed for 5 min with an m/z range of 50−1600. Mass
spectra were recorded using FTICR in the profile mode and the
resolving power (RP) was set at 200 000 at m/z = 400. The
maximum ion accumulation time was set at 1000 ms. The ion
optics was tuned for the sodium adduct of tricaprylin
([C27H50O6+Na

+]) at m/z = 493.25 using the linear ion trap
(LIT). The two most important nESI parameters were as
follows: the spray voltage = +1.8 kV and the nitrogen gas
pressure = 0.5 psi. The MS/MS spectrum of each metabolite
ion was acquired with the LTQ-MS. The parameters were set as
follows: parent ion m/z isolation window = ±0.5, spectrum
accumulation time = 1 min. The collision-induced dissociation
(CID) voltage is a molecule-dependent parameter and ranged
from 16 to 40 mV.
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2.6. Data Analysis

The FTICR-MS data were processed using the software
package MetSign.13 For metabolite peak quantification, the
raw instrument data were first reduced into a peak list using
second-order polynomial fitting (SPF) and Gaussian mixture
model (GMM). After peak alignment, a contrast-based method
was employed for normalization.14,15 Pairwise two-tailed t-test
was used to study the abundance change of each metabolite
between two testing sample groups.
For metabolite identification, each peak detected in the

FTICR-MS data was first assigned to metabolite(s) recorded in
the public databases (Kyoto Encyclopedia of Genes and
Genomes (KEGG), LIPID MAPS, and the Human Metab-
olome Database (HMDB)), by matching the experimentally
measured metabolite ion m/z value and the profile of the
isotopic peaks with the theoretical data of database metabolites.
The thresholds for m/z variation and isotopic peak profile
similarity measured by Pearson’s correlation coefficient were set
as ≤5 ppm and >0.75, respectively. To narrow down the
metabolite candidates of the initial assignment, the MS/MS
spectra were acquired for metabolites detected with significant
abundance changes between two testing sample groups. Each
experimental MS/MS spectrum was compared to the in silico
MS/MS spectra of all candidate metabolites generated by Mass
Frontier 7.0 (Thermo Scientific, FL, USA). The spectral
similarity between the experimental MS/MS spectrum and the
in silico MS/MS spectrum of metabolite of interest was
evaluated using Pearson’s correlation coefficient. The metabo-
lite candidate(s) with the best MS/MS spectral similarity was
(were) considered as the metabolite giving rise to the
experimental spectrum, while the other candidates were
discarded. The authentic standards of the metabolites of
interest were then analyzed on LTQ-MS/MS to further confirm
the metabolite identification.
To evaluate the accuracy of both the analytical platform and

the data analysis method, the true-positive rate (TPR), the
positive predictive value (PPV), and their harmonic mean F1
score were calculated as follows:

=
+

TPR
TP

TP FN (1)

=
+

PPV
TP

TP FP (2)

= × ×
+

F1
2 TPR PPV

TPR PPV (3)

where TP (true-positive) is the number of spiked-in acids that
were detected as molecules with significant peak area changes
between groups of spike-in samples by the statistical analysis,
FP (false positive) is the number of molecules that were not
spiked-in acids but detected as molecules with significant peak
area changes, and FN (false negative) is the number of spiked-
in acids that were not detected as molecules with significant
peak area changes. TPR is called recall, PPV is called precision,
and their harmonic mean F1 score can be used as an accuracy
of the statistical significance test.

3. RESULTS AND DISCUSSION
3.1. PCB 153 Worsened Steatosis in Mice Fed a High Fat
Diet (HFD)

Histological examination showed that mice fed a control diet
did not develop significant steatosis with or without PCB 153

administration (Oil Red O and H and E stains, Figure 1A,B).
Mice fed HFD showed minimal steatosis, but PCB 153

coexposure drastically augmented this effect. Thus, coadminis-
tration of PCB 153 to HFD-fed mice clearly worsened hepatic
steatosis, while PCB 153 had no effect in the control diet-fed
mice.
3.2. Evaluation of Metabolomics Analysis Platform

The FTICR-MS data of the spike-in samples were processed
using MetSign.13 Of the 15 spiked-in acids, the metabolite
peaks of 10 acids (L-proline, L-cystine, L-histidine, L-phenyl-
alanine, L-tyrosine, L-lysine, L-glutamic acid, L-aspartic acid, L-
leucine, and nonadecanoic acid) were recognized on the basis
of the match of m/z values and isotopic peak profile. Of the 10
detected acids, L-histidine, L-lysine, and nonadecanoic acid were
already present in the liver metabolite extract before the
addition of the acid standards. On the basis of the design of the
spike-in experiment, all of the 10 detected spiked-in acids are
the true-positive metabolites that have different concentrations
between the two sample groups, while all other metabolites are
false positives if they are detected as the metabolites with
significant concentration change between two sample groups.
A pairwise two-tailed t-test was performed to recognize the

metabolite peaks with significant peak area changes between
the two testing groups constructed from the three sample
groups of the spike-in experiment. Figure 2 displays the relation
between the p-value threshold of the t-test and the recall, the
precision, and F1, respectively. With the increase in the p-value
threshold, the TPR increases, and it reaches the highest value of
0.80 at a p-value of 0.03. There is a relatively large deviation
between the PPV values of these three pairs of testing groups.
The best PPV value reaches a value of 0.63 when comparing
testing groups 1.0 vs 1.2 μg/mL, while it is only 0.30 for 1.0 vs
5.0 and 1.2 vs 5.0 μg/mL at a p-value of 0.05. The F1 value
ranges from 0.43 to 0.70 at a p-value of 0.05. The high value of
TPR and moderate value of F1 indicate that the analytical
platform and the data analysis method employed in this study
are able to detect the metabolites with abundance changes from
the biological samples. However, the analytical platform
variations also introduce a certain level of false positive
discovery, resulting moderate values of PPV and F1.
3.3. Metabolite Identification

The metabolite putative assignment was accomplished by
MetSign13 software using the FTICR-MS data. About 800
metabolite peaks were putatively assigned to at least one
database metabolite with an m/z variation window of ≤5 ppm
and a minimum value of 0.75 as Pearson’s correlation

Figure 1. PCB 153 worsened hepatic steatosis in mice fed a high fat
diet. (A) The HFD+PCB 153 mice showed macrovesicular steatosis by
H and E staining. (B) Oil Red O staining of hepatic sections
established the occurrence of microvesicular steatosis in the HFD
+PCB 153 mice.
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coefficient between the theoretical isotopic peak profile and the
experimental one. To the metabolite peaks detected with
significant abundance changes between two testing sample
groups, an experimental MS/MS spectrum was acquired for
each of these peaks on LTQ-MS/MS. An in silico MS/MS
spectrum was generated for each of the putative metabolite

candidates assigned to the metabolite peaks with significant
abundance changes. The in silico MS/MS spectra were then
matched to the experimental MS/MS spectrum of the
metabolite ion. The metabolite candidate with the best MS/
MS spectral match was considered as the metabolite present in
the sample. Figure 3 depicts an example of MS/MS
identification. The molecular ion m/z value of the peak
measured by FTICR-MS is 156.07731, which was tentatively
assigned to the metabolite L-histidine (a metabolite recorded in
human metabolite database with database identification number
HMDB00177) with an m/z value deviation of 0.06 ppm and
the isotopic peak profile similarity of 0.9974. The in silico MS/
MS spectrum of this putatively assigned metabolite was
obtained using Mass Frontier, and the in silico MS/MS
spectrum (Figure 3A) is highly similar to the experimental
spectrum (Figure 3B) with a Pearson’s correlation coefficient of
1.00. Figure 3C shows the MS/MS spectrum of authentic L-
histidine standard. The Pearson’s correlation coefficient
between the MS/MS spectrum of the authentic L-histidine
and the experimental MS/MS spectrum acquired from the
biological sample is 0.85. Such a high spectral similarity
significantly increases the identification confidence of L-
histidine from the biological samples.

3.4. Metabolite Quantification

Four sample groups were generated in this study, including CD
group (animals fed a control diet), CD+PCB 153 group
(animals fed a control diet with exposure to PCB 153), HFD
group (animals fed a high fat diet), and HFD+PCB 153 group
(animals fed a high fat diet with exposure to PCB 153). To
investigate the metabolite abundance change between two
sample groups, pairwise two-tailed t-test was employed with a
p-value threshold of 0.05. Four pairs of sample groups were
compared in this study after normalization. Specifically, we
compared the metabolite profile difference between CD group
and CD+PCB 153 group, CD group and HFD group, CD
+PCB 153 group and HFD+PCB 153 group, and HFD group
and HFD+PCB 153 group.
In order to have high metabolite coverage, two samples were

collected from each mouse liver: water phase metabolite extract
and organic phase metabolite extract. The statistical test was
applied to the water phase samples and the organic phase
samples, respectively. The test results were then merged for
summary. A few metabolites were detected in both the organic
phase samples and the water phase samples, but none of them
was recognized as a molecule with significant abundance
changes between two sample groups. For each of the
comparisons, the peak distribution of each metabolite in the
samples of the two testing sample groups was generated. Figure
4 depicts a sample peak intensity distribution of metabolites
recognized with significant abundance changes between the
HFD group and the HFD+PCB 153 group. It can be seen that
the abundance of this metabolite (fucose 1-phosphate) is
significantly decreased in the HFD+PCB 153 group with a fold-
change of 2.65 and a p-value of 4.84 × 10−4.
To measure the metabolite abundance changes between two

sample groups, the term fold-change was defined as the ratio of
the large abundance value (peak area) of a metabolite in one
group divided by the small abundance value of the same
metabolite in the other group. The positive sign and negative
sign indicate the abundance increase and decrease in the testing
group, respectively. No metabolite was detected with significant
abundance changes between the CD group and the CD+PCB

Figure 2. Relationship between the cutoff value of the p-value of t-test
and the values of TPR (top), PPV (middle), and F1 (bottom) during
the analysis of the spiked-in experiments.
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Figure 3. An example of identifying metabolites using MS/MS information. The metabolite ion m/z value was measured using FTICR-MS as
156.0773. (A) The experiment MS/MS spectrum of the metabolite ion. (B) The matching result of the metabolite between the experiment MS/MS
spectrum and the in silico MS/MS spectrum of the same metabolite ion generated by Mass Frontier 7.0. The matched fragment ions are highlighted
in red, and the unmatched fragment ions in black. (C) The MS/MS spectrum of the L-histidine standard.
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153 group. This indicates that PCB 153 alone has no significant
effect on liver at the metabolite level. However, a total of 14
metabolites were detected with significant abundance changes
between the HFD and HFD+PCB 153 groups, as listed in
Table 1.
Among the metabolites with significant changes between the

HFD and HFD+PCB 153 groups, erythronic acid had the
largest abundance change with a 28.8-fold increase in the HFD
+PCB 153 group (p = 8.35 × 10−5). Erythronic acid is formed
either by oxidation of D-N-acetyl glucosamine, an alternating
unit of hyaluronic acid,16 or by degradation of ascorbic acid
(vitamin C) and glycated proteins.17

Compared with the changes observed between the CD group
and CD+PCB 153 group, the metabolite abundance changes

between the HFD and HFD+PCB 153 groups demonstrated
the presence of a diet−toxin interaction between PCB 153 and
HFD. This interaction may affect some metabolic pathways and
therefore induce the abundance changes of these measured
compounds. Thus, PCB 153 alone does not induce NAFLD,
but it worsens NAFLD caused by a HFD, which agrees with
our histological examination (Figure 1).
For the CD+PCB 153 vs HFD+PCB 153 groups, 50 FTICR-

MS peaks were detected with significant abundance changes in
water phase samples and 14 peaks in organic phase samples.
Combining the water phase and the organic phase results, 24
metabolites were identified by in silico MS/MS spectral
matching, although three of them (m/z = 369.1178,
203.0535, and 365.1075) do not have unique identification

Figure 4. The peak area distribution of metabolite fucose 1-phosphate in the HFD samples (red triangles) and in the HFD+PCB 153 samples (blue
stars). The abundance test (pairwise two-tailed t-test) shows that the regulation of this metabolite in the HFD+PCB 153 group is decreased with a
fold change of 2.65 and a p-value of 4.84 × 10−4.

Table 1. Metabolites Detected with Significant Abundance Changes between the HFD Group and the HFD+PCB 153 Group

m/z metabolite name
adduct
ion

metabolite database
IDs

fold
change p-value

156.07731 L-Histidine H+ C00135,
HMDB00177

−1.80 4.64 × 10−2

170.03332 Creatine K+ HMDB00064,
C00300

−1.83 4.72 × 10−2

175.00113 Erythronic acid K+ HMDB00613 28.77 8.35 × 10−5

260.05434 D-Glucosamine6-phosphate H+ C00352 −2.19 4.14 × 10−3

262.07009 Fucose 1-phosphate NH4
+ HMDB01265 −2.65 4.84 × 10−4

376.05929 S-(Hydroxymethyl)glutathione K+ HMDB04662 −2.97 1.14 × 10−2

346.0469 Glutathione K+ HMDB00125,
C00051

−5.91 2.04 × 10−3

459.25103 Stearoylglyceronephosphate Na+ C03805 −1.67 3.14 × 10−2

266.153 Isobutylphendienamide Na+ C10944 −2.57 1.71 × 10−2

309.16728 Fructoselysine H+ C16488 −2.94 5.96 × 10−3

347.1235 Fructoselysine K+ C16488 −2.08 1.70 × 10−2

283.03409 Uridine K+ HMDB00296,
C00299

−1.80 4.99 × 10−2

559.30352 Cucurbitacin P K+ LMST01010114 −2.02 1.25 × 10−2

685.39477 15α,25-Dihydroxy-16β,23R:16α,24S-diepoxy-9β,19-cyclolanostan-3β-yl 2-O-acetyl-α-L-
arabinopyranoside

Na+ LMST01100006 2.05 3.68 × 10−3
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(Table 2). The identified metabolites include glycerolipids,
sterol lipids, phospholipids, sphingolipids, and other small
molecules. It should be noted that the FTICR-MS peaks with
m/z = 309.1673 and 347.1235 were both identified as
fructoselysine with different adduct ions H+ and K+,
respectively. The same fold change (−2.43) between the two
testing sample groups confirms the accuracy of our FTIRC-MS
and data analysis platforms. Another case is the identification of
FTICR-MS peaks with m/z = 156.0773 and 194.0335. The in
silico MS/MS spectral matching identified these two peaks as
being generated by the metabolite L-histidine, with adduct ions
H+ and K+, respectively. The fold changes of these two FTICR-
MS peaks between the two testing groups are −1.90 and −1.94,
respectively.
For the CD vs HFD groups, 57 FTICR-MS peaks were

detected having significant abundance different between the
CD group and the HFD group in the water phase samples and
17 peaks in the organic phase samples. Combining the results
of the water phase and the organic phase samples, 25
metabolites were further confirmed by MS/MS spectral
matching. Of the 25 compounds, two do not have a unique
identification (Table 3). It should be noted that metabolite PC
(o-22:1(13Z)/20:4(8Z,11Z,14Z,17Z)) has a 4.44-fold increase
in the HFD group, which agrees with a previous study.18

Several important limitations in the study design could
impact the generalizability of these results. First, differences
existed between CD and HFD, not only in macronutrient
content and source, but also in micronutrient composition.

However, similar, but not identical, vitamin and mineral mixes
were given with each diet. These potential confounders could
impact metabolite differences observed between diet groups
regardless of PCB administration. The primary objective of this
study was to determine the effects of PCB administration
within a given diet (e.g., HFD vs HFD+PCB 153, and CD vs
CD+PCB 153), and these analyses would be unaffected. Thus,
the most important conclusion from our work is that
macronutrient−toxicant interactions are critical determinants
of PCB 153’s effects on hepatic metabolites. Additional
consideration must also be given to the PCB dosing protocol.
PCBs were manufactured as mixtures, and multiple highly
chlorinated PCB congeners have simultaneously bioaccumu-
lated in humans primarily by ingestion.1 This study investigated
only a single congener (PCB 153), which is the single most
abundant PCB in humans.1 Because a metabolomics dose−
response curve has never been performed for any PCB, for this
initial study a relatively high cumulative dose (200 mg/kg,
administered to mice i.p., over 12 weeks) was selected on the
basis of a previously published National Toxicology Program
Protocol (NTP TR 530, 210 mg/kg cumulative dose,
administered to rats by gavage over 14-weeks).19 The NTP
protocol produced lipid-adjusted serum PCB levels approx-
imately 10-fold higher than the most highly exposed subject
from the Anniston, Alabama human cohort of highly exposed
residents living near a former PCB production facility.20

Limitations regarding our PCB dosing protocol must be
acknowledged, and future studies investigating PCB mixtures at

Table 2. Metabolites Detected with Significant Abundance Changes between the CD+PCB 153 Group and the HFD+PCB 153
Group

m/z metabolite name
adduct
ion

metabolite database
IDs

fold
change p-value

156.0773 L-Histidine H+ C00135, HMDB00177 −1.90 1.18 × 10−2

194.0335 L-Histidine K+ C00135, HMDB00177 −1.95 2.77 × 10−2

227.0439 N-Acetylglutamine K+ HMDB06029 −2.17 2.23 × 10−2

175.0011 Erythronic acid K+ HMDB00613 16.73 2.90 × 10−4

219.0274 2S,4S,5R,6-Tetrahydroxy-hexanoic acid K+ LMFA01050392 −2.81 1.64 × 10−3

249.0383 Chorismate Na+ HMDB12199 −2.38 3.39 × 10−3

260.0543 D-Glucosamine6-phosphate H+ C00352 −1.84 4.85 × 10−2

268.1054 Adenosine H+ HMDB00050 −1.64 2.76 × 10−2

286.2757 Heptadecasphing-4-enine H+ LMSP01040002 3.29 5.64 × 10−3

347.1235 Fructoselysine K+ C16488 −2.43 3.62 × 10−2

309.1673 Fructoselysine H+ C16488 −2.43 4.25 × 10−2

346.0469 Glutathione K+ C00051, HMDB00125 −19.86 9.13 × 10−3

376.0593 S-(Hydroxymethyl)glutathione K+ HMDB04662 −3.67 5.56 × 10−4

381.0813 Melibiose K+ HMDB00048 −3.79 8.55 × 10−4

402.0964 S-Lactoylglutathione Na+ C03451, HMDB01066 −3.51 9.51 × 10−4

559.3035 Cucurbitacin P K+ LMST01010114,
C08804

−1.87 1.87 × 10−2

867.6961 PC(o-22:1(13Z)/20:4(8Z,11Z,14Z,17Z)) NH4
+ HMDB13451 2.45 1.20 × 10−3

615.4948 1,2-Di-(9Z-heptadecenoyl)-sn-glycerol Na+ LMGL02010021 −2.37 6.24 × 10−4

685.3948 15α,25-Dihydroxy-16β,23R:16α,24S-diepoxy-9β,19-cyclolanostan-3β-yl 2-O-acetyl-α-
L-arabinopyranoside

Na+ LMST01100006 2.25 5.01 × 10−4

903.7553 1-Docosanoyl-2-(15Z-tetracosenoyl)-sn-glycero-3-phosphoethanolamine NH4
+ LMGP02010292 8.09 1.13 × 10−3

899.7505 1-Heptadecanoyl-2-(9Z-heptadecenoyl)-3-octadecanoyl-sn-glycerol K+ LMGL03010071 5.86 1.44 × 10−5

369.1178 o-Feruloylquinate Na+ C02572 −3.29 2.01 × 10−2

Aucubin Na+ C09771,
LMPR0102070006

203.0535 D-Glucose Na+ C00031 −2.22 5.73 × 10−3

2S,4S,5R,6-Tetrahydroxy-hexanoic acid Na+ LMFA01050392
365.1075 Melibiose Na+ C05402, HMDB00048 −5.86 5.38 × 10−5

Sucrose Na+ C00089
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lower doses and more physiologic routes of administration
(e.g., gavage) have been planned. However, the most important
finding of this study is that even at a relatively high dose of PCB
153, no effects on hepatic metabolites were observed in the
absence of high fat feeding. Therefore, the data suggest that the
PCB-HFD interaction could be more important than the
cumulative PCB dose.

3.5. Ingenuity Pathway Analysis (IPA)

As demonstrated by the spike-in experimental data, the
analytical platform and the data analysis method employed in
this study can introduce a certain level of technical variations.
Such variations can cause both false positive and false negative
discoveries. On the other hand, the quantitative analysis was
performed on the abundance of each individual metabolite. The
inter-relationships between the various metabolites were not
considered, however, and thus, IPA was employed. IPA
correlates specifically targeted metabolites with potential
metabolic pathways for data analysis that helps researchers to
model, analyze, and understand complex biological and
chemical systems at the core of life science research.21,22

Therefore, it is necessary to incorporate the analytical discovery
with the metabolite pathway analysis to further filter and/or
enrich the analytical discovery.
All 14 metabolites recognized with significant abundance

changes between the HFD group and the HFD+PCB 153
group were subjected to IPA for network analysis. Six
metabolites were mapped into the IPA database. The most
probable metabolite network reported by IPA contained 5
metabolites including creatine, glucosamine-6-phosphate, glu-
tathione, L-histidine, and uridine with a score of 14 (Figure 5).
The IPA analysis resulted in that the top hepatotoxicity
function is glutathione (GSH) depletion in liver and the top

canonical pathway is glutamate metabolism. GSH, a tripeptide
composed of glutamine, cysteine, and glycine, is the major
intracellular antioxidant in the liver, and its physiological
function is to prevent damage to cellular components that may
be caused by xenobiotic metabolites, reactive oxygen species
(ROS), and free radicals.23 In the liver, glutamate is the
terminus for release of ammonia from amino acids, and the
intrahepatic concentration of glutamate modulates the rate of
ammonia detoxification into urea.24

GSH (entry 7 of Table 1) had a 5.91-fold decrease in the
HFD+PCB 153 group (p-value of 2.03 × 10−3), and its
conjugate, S-(hydroxymethyl)glutathione (entry 6) had a 2.97-
fold decrease (p-value of 1.14 × 10−2). Hepatic mitochondrial
GSH depletion has been associated with the progression of
alcoholic liver disease25 and blood GSH depletion with obesity
and diabetes.26 Lower hepatic GSH content has also been
reported in nonalcoholic steatosis.27 Furthermore, Swenberg et
al. reported the formation of oxidative DNA lesions in PCB
126-exposed rats, which was likely due to ROS generation.28

Therefore, the GSH depletion noted in the steatotic livers of
mice treated with HFD+PCB 153 implies increased oxidative
stress leading to extensive utilization of GSH, which eventually
decreased liver GSH stores. Further evidence for oxidative
stress can also be accounted for by the increased levels of
erythronic acid, the degradation product of vitamin C, another
crucial antioxidant.
The mechanism by which PCB 153 induces oxidative stress

needs further investigation. PCB 153 is very poorly
metabolized,29 and therefore conjugation of its metabolites is
very unlikely to deplete glutathione. Unlike PCB 126, which is a
potent Ah-receptor agonist strongly inducing CYP1A activity,
PCB 153 is reported to have weak “phenobarbital” activity,30

Table 3. Metabolites Detected with Significant Abundance Changes between the CD Group and the HFD Group

m/z metabolite name adduct ion metabolite database IDs fold change p-value

175.0011 Erythronic acid K+ HMDB00613 −26.70 4.16 × 10−2

219.0274 2S,4S,5R,6-Tetrahydroxy-hexanoic acid K+ LMFA01050392 −1.72 1.21 × 10−2

251.054 2-Hydroxy-3-carboxy-6-oxo-7-methylocta-2,4-dienoate Na+ C06581 −2.25 4.58 × 10−3

262.0701 Fucose 1-phosphate NH4
+ HMDB01265 1.93 5.55 × 10−3

286.2757 Heptadecasphing-4-enine H+ LMSP01040002 3.92 1.74 × 10−3

355.0671 2-Caffeoylisocitrate H+ C02927 −1.92 4.54 × 10−2

364.1238 Lactosamine Na+ HMDB06591 1.77 9.17 × 10−3

365.0966 Streptidine6-phosphate Na+ C01121 −1.80 6.33 × 10−3

365.102 Hinokitiolglucoside K+ C15451 −3.93 3.16 × 10−4

380.0977 Lactosamine K+ HMDB06591 1.36 4.94 × 10−2

381.069 Streptidine6-phosphate K+ C01121 −2.36 1.41 × 10−3

384.1218 Acutumidine H+ C10565 −1.87 1.26 × 10−2

390.3365 N-(5-Hydroxy-pentyl)-5Z,8Z,11Z,14Z-eicosatetraenoyl amine H+ LMFA08020020 −4.94 3.06 × 10−2

399.0858 Elephantopin K+ LMPR0103090004, C09403 −2.55 5.92 × 10−3

459.251 Stearoylglyceronephosphate Na+ C03805 2.10 1.33 × 10−3

497.3475 25-Hydroxy-24-epi-brassinolide H+ C11050 2.05 4.42 × 10−2

519.3296 25-Hydroxy-24-epi-brassinolide Na+ C11050 1.96 7.21 × 10−3

527.1377 3-Fucosyllactose K+ HMDB02094 −2.53 1.15 × 10−2

535.3036 25-Hydroxy-24-epi-brassinolide K+ C11050 1.64 2.11 × 10−2

615.4948 1,2-Di-(9Z-heptadecenoyl)-sn-glycerol Na+ LMGL02010021 −3.66 3.02 × 10−2

663.0984 Isoorientin 3′-O-glucuronide K+ LMPK12110311 −5.87 6.50 × 10−4

867.6961 PC(o-22:1(13Z)/20:4(8Z,11Z,14Z,17Z)) NH4
+ HMDB13451 4.44 5.25 × 10−5

879.6859 1-Heptadecanoyl-2,3-di-(9Z,12Z-heptadecadienoyl)-sn-glycerol K+ LMGL03010067 28.39 1.34 × 10−5

203.0535 2S,4S,5R,6-Tetrahydroxy-hexanoic acid Na+ LMFA01050392 −1.47 2.23 × 10−2

D-Glucose Na+ C00031
365.1075 Melibiose Na+ C05402, HMDB00048 −3.18 1.49 × 10−4

Sucrose Na+ C00089
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suggesting it will be a relatively poor inducer of CYP2B and
thus is expected to have relatively poor ability to induce
monooxygenase activity, which could increase the levels of
reactive compounds that reduce glutathione levels. However, it
is possible that the depletion could be due to glutathione
consumption by increased lipid peroxides, which should have
been generated within the steatotic livers of the HFD+PCB 153
group. It must also be noted that our results are consistent with
the findings of Twaroski et al., as we observed no effects of
PCB 153 on glutathione in the presence of a normal rodent
chow diet.31 PCB 153-mediated glutathione depletion occur-

ring only in the presence of HFD is not only innovative, but
also probably the most important finding in this study.
Regardless of its mechanism, the reduction in glutathione

(entry 7 of Table 1) would diminish its availability for
transformation into S-(hydroxymethyl)glutathione (entry 6)
and should trigger the up-regulation of glutathione biosynthesis
from glutamate, glycine, and cysteine, its component amino
acids. Glutamate is made from the TCA cycle intermediate 2-
oxoglutarate and ammonia, which could account for the
decrease in measured D-glucosamine 6-phosphate (entry 4),
either from its use as an ammonia source or from lowered
production due to ammonia depletion. Histidine (entry 1) can

Figure 5. IPA proof-of-knowledge characterization of the metabolic networks in mouse liver affected by PCB 153. The dashed line indicates indirect
interactions between metabolites, while the solid line means a direct metabolite interaction. Filled circles represent metabolites discovered in this
work, and the color of each filled circle represents the direction and magnitude of fold-changes. Green color means down-regulated, red color means
up-regulated.
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also be rationalized as an ammonia source by decarboxylation
and oxidation or as a source of both ammonia and glutamate via
the pathway initiated by the action of histidine ammonia-lyase.
The synthesis of uridine (entry 12) likely falls as ammonia is
shunted into glutamate production. The degradation of creatine
(entry 2) gives rise to glycine through the action of creatinase
and sarcosine dehydrogenase. Interestingly, reduced serum
creatine levels in humans and mouse models has recently been
reported in a metabolomic profiling studies of steatosis32,33 and
NAFLD progression.34 Such a simple accounting of glutathione
consumption upon exposure of the liver to PCB 153, therefore,
provides good rationalization of the observed reduction in
metabolite levels (Table 1), centered on the glutamate
metabolism.
IPA mapped 7 of the 24 metabolites recognized with

significant abundance changes between the CD+PCB 153
group and HFD+PCB 153 group. The most probable
metabolite network reported by IPA contained 6 metabolites
including adenosine, L-histidine, glutathione, D-glucose, meli-
biose, and S-lactoylglutathione with a score of 16. The top
hepatotoxicity function is glutathione depletion in liver, and the
top canonical pathway is also glutamate metabolism. D-Glucose
was detected with a 2.22-fold decrease in the HFD+PCB 153
group, indicating a significant decrease of D-glucose in the liver
due to the exposure to PCB 153. D-Glucose has been used as a
biomarker for diagnosis of liver cancer.35 GSH was detected
with a 19.9-fold decrease in the HFD+PCB 153 group, and this
provides further evidence in the importance of HFD in PCB
153-mediated GSH depletion.
Seven of the 25 metabolites with significant abundance

changes between the CD group and HFD group were mapped
to the IPA database. The most probable metabolite network
lipid metabolism, molecular transport, small molecule bio-
chemistry reported by IPA has a score of 11 and contains 5
metabolites including stearoylglyceronephosphate, L-fucose 1-
phosphate, melibiose, streptidine 6-phosphate, and 2-hydroxy-
3-carboxy-6-oxo-7-methylocta-2,4-dienoate.

4. CONCLUSIONS

Polychlorinated biphenyls (PCBs) are persistent environmental
pollutants. The hepatic effects of PCB 153 in mice were
investigated via a direct infusion nanoelectrospray ionization
linear trap quadrupole−Fourier transform ion cyclotron
resonance mass spectrometry (DI-nESI-LTQ-FTICR MS).
No difference was observed in the metabolite profile of mice
a fed control diet with or without PCB 153 exposure. However,
when mice fed a high fat diet were compared with mice fed a
control diet, 15 metabolites were reduced and 10 metabolites
were increased. Compared to the CD+PCB 153 group, 18
metabolites were reduced while 6 metabolites were increased in
the HFD+PCB 153 group. Compared with the HFD group, 12
metabolites were reduced including glutathione and creatine
and 2 metabolites were increased, most notably erythronic acid,
in the HFD+PCB 153 group. These data indicate that PCB 153
had no observable effects on metabolites when administered to
mice fed CD, which is consistent with the absence of
histopathology. In contrast, when administered with HFD,
PCB 153 produced significant metabolic changes (vs HFD, or
CD+PCB 153), which are consistent with worsened obesity/
NAFLD pathology. Thus, the metabolic effects of PCB 153
were heavily dependent on macronutrient interactions with
HFD. Antioxidant depletion is likely to be an important

consequence of this interaction, as this mechanism has
previously been implicated in obesity/NAFLD.
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