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A B S T R A C T   

Exposure to polychlorinated biphenyls (PCBs) has been linked to dyslipidemia. Under acute exposure to PCBs, it 
has been observed that the secretion of bile acids (BAs) can be impacted, limiting (indirectly) lipid absorption in 
the gut. In this context, two non-targeted metabolomics studies on pig serum have recently suggested that BA 
concentrations may fluctuate under exposure to current non-dioxin-like (NDL)-PCB levels in food, reflecting the 
acute effects of such chronic exposure. The objective of this research is to implement a targeted liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) method for BA analysis in order to validate the findings 
of previous metabolomics studies, in which BA levels in serum samples from pigs exposed to environmental doses 
of NDL-PCBs were highlighted to be affected. The proposed LC-MS method involves the use of a C18- 
pentafluorophenyl LC column, which is not usually selected for the separation of BAs, but shows better per
formance for the separation of isomers than typical C18 columns. This LC-MS method shows excellent analytical 
performance such as low limits of detection (LODs) (≤1 ng/mL for most BAs) and good linearity (R2 > 0.994), 
while no matrix effect was observed. A total of 13 BAs have been quantified, while further BA isomers could be 
detected and semi-quantified. The application of this targeted LC-MS method confirmed previous findings, 
suggesting that exposure to low doses of NDL-PCBs decreases the concentration of BAs (i.e., glycochenodeox
ycholic acid, hyodeoxycholic acid and taurochenodeoxycholic acid) while the effect on the precursors (cholic 
acid and chenodeoxycholic acid) is less pronounced.   

1. Introduction 

Bile acids (BAs) are primarily produced in the liver and are actively 
transported to the gut. They act as potent “digestive surfactants” to 
promote lipid absorption (including fat-soluble vitamins), thus acting as 
emulsifiers [1]. They can undergo secondary biotransformation by gut 
microbiota, promoting or limiting their bioactivity. BAs account for 
about 50 % of cholesterol turnover and also act as hormones capable of 
regulating triglycerides, cholesterol, glucose, and energy homeostasis 
[1,2]. Therefore, their production and secretion are finely regulated in 
the body. However, several drugs, toxins and environmental contami
nants have been linked to disruption of BA homeostasis [3], and their 
effect on the general population is still underestimated. 

Recently, two metabolomics studies, which were performed on pigs 
orally exposed through their diet to current occurrence levels of non- 

dioxin-like PCBs (NDL-PCBs), led to the identification of four BAs 
among the biomarkers of effect related to NDL-PCB exposure, namely 
chenodeoxycholic acid (CDCA), lithocholic acid (LCA), 3-hydroxy-5- 
cholenoylglycine and chola-4,6-dien-24-oic acid [4,5], which has also 
been reported to occur at high exposure doses (mg/kg body weight (b. 
w.) [6]) but has never been reported previously at such low exposure 
doses (ng/kg b.w.) of NDL-PCBs. However, metabolomics results are 
generally obtained by non-targeted methods that need to be validated by 
targeted approaches [7]. In this framework, this study aims to confirm or 
discard such findings by implementing and applying a targeted liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) method for 
the determination of BAs in the pig serum samples characterized in the 
two previous metabolomics studies. 

Abbreviations: PCBs, Polychlorinated biphenyls; Bas, bile acids; QC, quality control. 
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2. Materials & methods 

2.1. Chemicals 

Ultrapure water was obtained from a Milli-Q system (Merck Milli
pore, Darmstadt, Germany). Methanol (MeOH, LC-MS grade), iso
propanol (2-IPA, LC-MS grade), and formic acid (FA) were purchased 
from Merck Lifesciences SLU (Madrid, Spain). The 14 chemical stan
dards of the BAs (Table 1) were purchased from Merck Lifesciences SLU. 

2.2. Instrumentation and experimental conditions 

Measurements were performed on an Agilent 1290 Infinity LC system 
(Agilent Technologies, Waldbronn, Germany) coupled with an API3200 
triple quadrupole (QqQ) mass spectrometer (AB SCIEX, Toronto, ON, 
Canada) through an electrospray ionization (ESI) source. The original 
method of Li et al. [8] was selected as starting point, and the optimized 
MS parameters are reported in ‘Supplementary Material’ (Tables S1-S2). 
The original method used a slight polar C18 column (Acquity UPLC CSH 
C18 column 2.1 × 100 mm, 1.7 µm; Waters). In this work, three different 
chromatographic columns were tested for the separation of BAs: 1) 
Hypersil Gold C18 (100 × 2.1 mm, 1.9 μm; Thermo Scientific), 2) 
Kinetex EVO C18 core–shell (100 × 2.1 mm, 1.7 μm; Phenomenex), and 
3) Evosphere C18-PFP (100 × 2.1 mm, 1.7 μm; Fortis Technologies). The 
chromatographic column was thermostated at 40 ◦C. A mobile phase 
flow rate of 0.2 mL/min was selected and the separation was carried out 
under gradient elution mode starting from 50 % of B (MeOH), hold for 
two minutes and then risen to 95 % of B at 15 min, hold for 3 min and 
then brought back to 50:50 (v/v) of A (5 mM ammonium formiate and 
0.01 % formic acid in water) and B at minute 18 and hold until minute 
21. 

2.3. Sample preparation 

The extracted serum samples from 6 pigs (4 pigs exposed to Aroclor 
1260, which is a commercially available mixture of NDL-PCBs, and 2 
control pigs) were used from a previous experiment ([4]). The experi
mental design related to the exposure and sample collection is reported 
in ‘Supplementary Material’ (Figure S1). Sample extracts were recon
stituted with a mixture of MeOH:water (60:40, v/v) and spiked with the 
internal standard (cholic-2,2,4,4-d4 acid 3-sulfate, CA-4d) at a concen
tration of 0.83 µg/mL. Quality control samples (QC) have been prepared 
mixing an aliquot from all the extracted samples used in this study. 

2.4. Data analysis 

Data were collected and treated by Analyst® Software (version 1.5) 
using the Scheduled MRM™ Algorithm (AB SCIEX). The integration 
process was manually curated. The statistical analysis of the data was 
performed using the stat.tool (github.com/lucanard/stat.tool) package in 
R environment. 

3. Results & discussion 

3.1. MS parameters optimization 

The standard solutions of the 14 BAs were prepared by dilution in a 
mix of MeOH:water (1:1, v/v) at a concentration of 5 µg/mL. They were 
injected in flow injection analysis (FIA) mode into the mass spectrom
eter to determine the optimal parameters to improve signal sensitivity. 
Thus, the Declustering Potential (DP), Entrance Potential (EP), Cell 
Entrance Potential (CEP) of the ion source, as well as the Cell Exit Po
tential (CXP) and the Collision Energy (CE) of the collision cell, have 
been optimized to enhance the signal of the ion transitions (measured as 
the intensity of the precursor and product ions) for the 14 compounds. 
The resulting parameters are reported in ‘Supplementary Material’ 
(Table S2). 

3.2. Chromatographic separation optimization 

The chromatographic method proposed by Li et al. [8] was selected 
as starting point in this work because it can effectively analyze 30 
different BAs (including the 14 BAs selected in this study). In this work, 
the composition of the mobile phase and the elution gradient have not 
been modified with respect to the original method, although the flow 
rate of the mobile phase has been increased to 0.3 mL/min between 
minutes 10 and 18 to improve the elution of the compounds. A mixture 
of the 14 BA standards, including the internal standard, was prepared in 
MeOH:water (1:1, v/v) at a concentration of 1.33 µg/mL and used for 
method optimization. 

Three C18-based columns were tested: 1) Hypesil Gold column, a 
high-performance silica C18 column widely used in general applications 
[9,10]; 2) EVO-C18 column, a slightly charged C18 column with theo
retically higher resolution for slightly charged lipophilic compounds 
(similarly to the CSH column) [11]; 3) Fortis C18-PFP column, a hybrid 
pentafluorophenyl (PFP) and C18 column with the capacity to interact 
with the steroidal group of bile acids [12,13]. Fig. 1 shows the separa
tion performance obtained for the BA mixture in each chromatographic 
column tested. Their separation performances were compared based on 
peak shape, retention window and co-elution of compounds. Generally, 
the three chromatographic columns were able to efficiently separate the 
BAs. 

In this context, the C18-PFP column provided a wider retention 
window (i.e. 8 min vs the retention window of 5 and 5.5 min provided by 
the EVO-C18 column and the Hypersil Gold C18 column, respectively), 
improving the separation of the compounds while maintaining the same 
total analysis time. It also showed higher peak resolution for most 
compounds. Although it has already been used once for BA separation 
[13], better performance of C18-PFP columns than C18 columns has 
never been reported before for this purpose. This fact also reduces the 
probability of co-elution of the different BA isomers naturally present in 
real serum samples (e.g. hyocholates) which were not available as pure 
standards in this study. Furthermore, no co-elution of compounds was 
observed on the C18-PFP column, with the only exception of the posi
tional isomers CDCA and DCA, which partially co-eluted but could be 
quantified using different ion transitions. The EVO-C18 column showed 
no co-elution for most compounds (with the exception of CDCA and 
CDA), while the Hypersyl Gold C18 showed co-elution of several com
pounds (UDCA-CDCA, GCA-TLCA, and CDCA-CDA). Compared to the 
original method of Li et al. [8], the selected C18-PFP column method 

Table 1 
Bile acids (n = 13) and the internal standard (CA-4d) investigated in this study.    

Molecular weight 

Abbreviation Compound Pure compound 
(g/mol) 

Pure bile 
acid (g/mol) 

CA-4d cholic-2,2,4,4-d4 acid 3-sulfate 
disodium salt  

536.2  492.2 

GCA glycocholic acid hydrate  483.6  465.6 
GCDCA glycochenodeoxycholic acid  449.6  449.6 
GDCA glycodeoxycholic acid  392.6  392.6 
GLCA glycolithocholic acid  433.6  433.6 
LCA lithocholic acid  465.6  465.6 
TCDCA taurochenodeoxycholic acid  521.7  521.7 
TDCA sodium taurodeoxycholic acid 

hydrate  
539.7  499.7 

TLCA taurolithocholic acid sodium salt  505.7  483.7 
UDCA ursodeoxycholic acid  392.6  392.6 
TCA taurocholic acid sodium salt  537.7  515.7 
CA cholic acid  408.6  408.6 
CDCA chenodeoxycholic acid  392.6  392.6 
DCA deoxycholic acid  392.0  392.0  
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Fig. 1. Separation of the BA mixture in each of the LC columns tested: (1) Hypersil Gold C18 column (Thermo Scientific); (2) EVO-C18 column (Phenomenex); (3) 
Evosphere C18-PFP column (Fortis Technologies). 
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showed a wider detection window for BAs (under the same total analysis 
time) and higher peak resolution for all compounds included in both 
studies. 

3.3. Linearity, LOD, LOQ and matrix effect 

Calibration curves were obtained for all 14 BAs at the following 
concentrations: 1, 5, 10, 50, 100, 500 and 1000 ng/mL, which were 
injected in duplicate (Table 2). High linearity (R2 > 0.994) was observed 
throughout the selected concentration range for the 14 compounds in 
pure solvent and in matrix. The limit of detection (LOD) was below 4 ng/ 
mL for all compounds and the limit of quantification (LOQ) of the 
compounds was below 12 ng/mL. All compounds showed a negligible 
matrix effect, as the signal of the peaks spiked in the QCs was between 
80 and 130 % of the signal of the same compounds injected in pure 
solvent, with the only exception of GLCA which showed a matrix effect 
of 141 %. 

3.4. Sample analysis 

The serum extracts from the pigs were injected under the same 
analytical conditions. A QC sample was injected every 10 samples (for a 
total of 6 QC injections) to evaluate the performance of the method 
during the analysis. All compounds showed good repeatability with 
intraday precision exhibiting a coefficient of variation (CV, %) below 18 
%. In total, 7 compounds out of 13 (CDCA, CA, UDCA, TCDCA, GLCA, 
GDCA, GCDCA) were detected in the serum samples. Two of them, 
UDCA and GDCA, were at concentration levels below the LOQ; there
fore, were excluded from the statistical analysis. Furthermore, addi
tional peaks showing the same ion transitions of CDCA, TCDCA, GCDCA, 
and GCA were detected at different retention times (see ‘Supplementary 
Material’, Figures S2-S5). Given the uniqueness of such transitions and 
the predominance of hyocholates derivatives (HDCAs) in pigs, they were 
putatively assigned as hyodeoxycholic acid (HDCA), taurohyodeox
ycholate (THDCA), glycohyodeoxycholate (GHDCA) and glyco
hyocholate (GHCA) [14]. They have been quantified using the 
calibration curve of their isomers CDCA, TCDCA, GCDCA and GCA, 
respectively. 

The total amount of BAs, calculated using the 9 quantifiable BAs in 
pig serum, ranged from 2 to 5 µg/mL for all 6 subjects included in the 
study, similar to the normal concentration of BAs reported in literature 
[15]. Quantification results show that the concentration of BAs differs 
over the time-points of the exposure period between the two classes of 
pigs (Fig. 2), with a p-value < 0.05 (ANOVA) for all compounds. How
ever, the differences at each singular time point were not significant for 
most of them. Furthermore, the concentrations did not show a clear 
trend in both groups, as already observed in previous metabolomics 
studies for several metabolites, including BAs [4,5]. This variability can 
be explained because the concentration of BAs can vary between sub
jects due to the circadian rhythm, the digestive process, and pigs ge
netics which might not be the same for all subjects [15]. 

Therefore, instead of relying on concentrations, we analyzed the 
trends of the BAs during the exposure to low doses of NDL-PCBs using 
the time zero centering approach [9,16], which was already successfully 
applied in the previous metabolomics studies [4,5]. The trends of the 

Table 2 
Determination coefficient of the calibration curves prepared in solvent and in 
presence of matrix, matrix effect and LOD and LOQ of the compounds analyzed 
in this work. The matrix effect corresponds to the mean ratio between the 
calculated concentrations in matrix and in solvent expressed as a percentage.  

Compounds R2 in 
solvent 

R2 in 
matrix 

Matrix 
effect (%) 

LOD 
(ng/mL) 

LOQ 
(ng/mL) 

CDCA  0.9943  0.9977  100.3  0.74  2.23 
CA  0.9977  0.9953  127.1  0.52  1.59 
DCA  0.9979  0.9963  107.7  0.46  1.38 
TCA  0.9999  0.9983  113.9  1.80  5.45 
UDCA  0.9998  0.9973  120.5  0.14  0.42 
TLCA  0.9995  0.9968  119.9  0.51  1.56 
TDCA  1.0000  0.9952  126.7  0.67  2.11 
TCDCA  1.0000  0.9952  126.7  0.70  2.13 
LCA  0.9995  0.9952  105.4  0.69  2.09 
GLCA  1.0000  0.9959  141.4  4.02  12.12 
GDCA  0.9993  0.9953  125.5  2.19  6.64 
GCDCA  0.9996  0.9967  133.9  2.19  6.64 
GCA  0.9997  0.9964  107.8  0.63  1.93 
CA-4d  0.9977  0.9964  104.8  1.67  5.05  

Fig. 2. Box-plots of BA concentration in the two groups of pigs at different time points (x-axys). Red is for the control group and Blue is for the treated group (exposed 
to Aroclor 1260). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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BAs differ between the two groups as shown in Fig. 3. Generally, they 
tend to decrease in the pigs exposed to NDL-PCBs, while they tend to be 
stable in the control group. Among the 9 BAs quantified in this work, 7 
showed to have a different trend between the two groups (p-value <
0.05), with the exceptions of GHDCA and HGCA (p-value ≥ 0.05). The 
data confirm the finding that exposure to low doses of NDL-PCBs in
fluence the concentration profiles of BAs in exposed pigs, decreasing 
their concentration and likely their gut-liver re-circulation, a very 
important process for the cholesterol turnover and the correct absorp
tion of lipids [14]. 

4. Conclusions 

Non-targeted metabolomics analysis has already proven to be a very 
powerful tool capable of identifying biomarkers of effect in thousands of 
different experimental designs [17]. However, as these are non-targeted 
approaches, such biomarkers must be validated using targeted analytical 
methods capable of overcoming the uncertainty associated with 
non-targeted metabolomics analysis. In this work, a targeted 
LC-MS-based method was implemented and applied to the determina
tion of BAs in serum samples from pigs exposed to NDL-PCBs, in order to 
validate BA biomarkers that had already been identified by two inde
pendent metabolomics studies. The results showed that the developed 
method was suitable for the field of application and could quantify BAs 
in the matrix, without any significant matrix effect. The targeted anal
ysis confirmed the general finding that the BA pathway is affected by 
exposure to low doses of NDL-PCBs (5 orders of magnitude below the 
previously investigated exposure doses [6]), but could not confirm all 
BA biomarkers found in previous studies. Further research is needed to 
better understand the role of PCBs in BA homeostasis and their impact 
on the health of exposed subjects. 
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