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a  b  s  t  r  a  c  t

An  innovative  complementary  approach  using  a liquid  chromatographic-mass  spectrometer  method  and
infrared spectroscopy  is  proposed  for measuring  internal  biological  exposure  to  dangerous  chemical  con-
taminants  and for monitoring  biochemical  changes  in  target  organs.  The  proposed  methodologies  were
validated  and  applied  in the  case  of  rats  exposed  to  low-doses  of  Bisphenol  A (BPA).  A liquid  chromato-
graphic  method  coupled  to  a tandem  mass  spectrometer  was used  in  order  to measure  BPA  concentration
in  rat  livers.  BPA was  detected  at different  levels  in  all liver  samples  from  BPA-treated  rats,  although  the
exposure  dose  was  the  same  in  all treated  animals,  and  also  from  control  rats,  highlighting  the  difficulties
in  eliminating  external  uncontrolled  exposure  and  the need  for  internal  biological  monitoring.  Fourier
Transform  Infrared  analysis  was  applied  to  detect  structural  changes  occurring  in several  molecules
(lipids,  proteins,  carbohydrates  and  nucleic  acids)  as  well  as the  presence  of  specific  metabolic  processes.
The spectroscopic  analyses  clearly  demonstrated  a different  lipid  composition  more  than  an  evident  lipid
accumulation  and  a glycogen  accumulation  decrease,  revealing  a metabolic  disturbance  in livers  with a

normal histological  aspect.

These  results  demonstrated  the  potential  of  an  integrated  approach  based  on mass  spectrometry  and
infrared  spectroscopy  to evaluate  at an  early  stage  the  hepatotoxic  effect  of  BPA  exposure  in  an  ani-
mal  model.  This  approach  can  be usefully  exploited  in  all the  investigations  aimed  to  provide  better
information  concerning  the  interrelationships  between  contaminant  exposure,  dose,  and  health  effects.
. Introduction

Several instrumental and analytical methodologies have been
eveloped for assessing exposure to chemicals, which are reported

n human health studies. In the scientific community, the expo-
ure to environmental pollutants is considered a source of health
isk [1]. It is now well established that diseases are due to com-
lex interactions between genetic and environmental factors, such
s infectious agents, lifestyle, nutrition, stress and also chemical
ollutants [2,3].

To investigate the link between environmental pollution and

ealth consequences, biomonitoring must be performed through
ighly sensitive methodologies and exposure assessment must
e based on measurements of pollutant concentrations in bio-
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E-mail address: marianna.portaccio@unicampania.it (M. Portaccio).
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logical fluids and/or in target tissues [4,5]. These data are crucial
for the development of interpretative models which are able to
correlate the bioaccumulation of these chemical pollutants with
physiological alterations in organisms that are exposed to them
[4].

It is important to emphasise that in studies based on an ani-
mal  model, the external exposure dose does not correspond to
the internal biological dose or rather the biologically effective
dose. Differences in internal exposures corresponding to equivalent
external doses, coupled with variations in individual susceptibility,
introduce a large measure of uncertainty in health risk assessment
[4]. Thus, there is an acute need for methods that provide better
information concerning the interrelationships between exposure,
dose, and health effects.
For this reason, we  propose an integrated approach that allows
us to derive measurements of internal biological exposure and to
measure early changes in biological processes at the molecular
level.
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Recently, we have focused our research activity on investigating
he relationship between Bisphenol A (BPA), an endocrine-
isrupting chemical, and metabolic disease occurrence. BPA is

nvolved in the modulation of genes related to lipid synthesis,
ncreased body weight, lipid accumulation and insulin secretion
6,7]. In particular, in the liver, a target organ for accumulation,
ecomposition and biological transmission of environmental con-
aminants, BPA may  influence an excessive de novo fatty acid
ynthesis, and consequently, contribute to the pathogenesis of hep-
tic steatosis and steatohepatitis (NASH) [8].

This study aims at validating complementary methodologies
n order to characterize the liver of rats exposed to BPA. In
rder to investigate an association between BPA exposure and
iver health status, the amount of BPA in the liver and pollutant-
nduced changes in the liver macromolecular structure must be
nalyzed. Nowadays, many techniques are available for BPA detec-
ion, such as amperometric, chemical, electrochemical, SERS- and
rapheme oxide – based sensors [9,10, and references therein].
LISA assays are also often considered but they are not adequate
or the determination of BPA in biological samples due to the pres-
nce of structurally and biologically similar molecules (endogenous
ormones) that influence their specificity [11] Among all of the
nalytical techniques available, mass spectrometry, specifically
oupled with liquid chromatography, is considered the most accu-
ate and precise method for measuring low levels of BPA and other
nvironmental chemicals in biological samples. Our previous expe-
ience [12,13] has helped us to set up the methodology described
n this study.

In addition, Fourier Transform Infrared (FT-IR) analysis is con-
idered one of the most accurate techniques to elucidate the
olecular and structural changes in response to various treat-
ents. Moreover, it can be considered a rapid, high-throughput,

oninvasive and very sensitive technology that can reveal very
mall alterations in bonds within functional groups of molecules
14]. Many reports have characterized hepatic tissues using
nfrared spectroscopy [15] but only a few authors [16] have uti-
ized this technology to study the biological effects due to chemical
ollutant exposures that can predict adverse outcomes.

. Materials and methods

.1. Chemicals and reference materials

HPLC grade reagents, including ultrapure water, acetonitrile
ACN) and methanol (MeOH) were purchased from Romil (ROMIL
td, UK). BPA (native and d6) and reagents were purchased from
igma Aldrich (Sigma-Aldrich, Milano, Italy). MIP  cartridges were
FFINIMIP

®
solid-phase extraction (SPE) BPA in glass tube and were

urchased from Polyntell (Polyntell SA, Paris, France).
Stock standard solutions and quality control samples (QCs)

t three BPA levels (1, 10, 50 ng) were prepared as reported in
icolucci et al. [13]. The liver from two rats was chosen as reference

amples for determination of accuracy and recovery, intraday and
nterday precision.

.2. Animals and BPA exposure protocol

Wistar rats (Harlan Laboratories) were kept under standard
umidity and temperature conditions with a 12:12 light/dark cycle
lights on at 07:00 am)  and free access to standard fresh food and
ater, in accordance according with the rules of the European

nion Guide for the Care and Use of Laboratory Animals.

BPA exposure was performed as recently reported [17]. In brief,
fter the coupling period, female rats were exposed to BPA (0.1 mg/L
n drinking water in glass bottles, n = 2) or to vehicle (ethanol
iomedical Analysis 165 (2019) 207–212

at 0.1 mL/L in drinking water, n = 3) from gestation to lactation
period. At weaning, newborns received the same treatment of the
mother via drinking water. A daily dose of 10 �g/kg bw was  cal-
culated based on daily drinking consumption. The male newborns
(n = 2–3/dam, randomly chosen) were sacrificed at 60 postnatal dies
following deep anaesthesia by an overdose of Tanax (0.1 mL intra-
pulmonary) to collect liver. Tissues were cut and partially stored
at −80 ◦C or fixed in Bouin’s fluid for histological analysis. Exper-
imental protocols were approved by the local Ethical Committees
and by the Italian Ministry of Education, University and Research
(45/2014-PR 17/11/2014).

2.3. Sample preparation and instrumental analysis

The liquid-liquid extraction with MeOH coupled to a solid phase
extraction by AFFINIMIP® SPE columns was used to extract BPA
from liver, according to the procedure previously described [12].
The samples were then analysed by a Dionex UltiMate 3000 HPLC
system (Thermo Fisher Scientific Inc, Italy) coupled to a triple
quadrupole instrument (API 2000; AB Sciex, Germany) equipped
with a TurboIon electrospray source. The chromatographic separa-
tion and instrumental parameters were reported in Nicolucci et al.
[13].

The analyte identification was based on multiple reaction mon-
itoring (MRM). The target compounds were specifically identified
not only by the retention time but also by monitoring the follow-
ing ion transitions: m/z 227.1• m/z 212.1 (quantifier) and m/z  227.1•
m/z 133.2 (qualifier) for BPA; m/z 233.1• m/z  215.0 (quantifier) and
m/z 233.1•  m/z 138.2 (qualifier) for d6-BPA.

2.4. FTIR spectroscopy

Rat liver was examined by Fourier Transform Infrared spec-
troscopy (FTIR) to identify possible variations on the functional
groups of organic molecules following exposure to BPA. FTIR spec-
tra were obtained using a Perkin Elmer Spectrum One spectrometer
in a transmission geometry using KBr pellets. Initially, 0,1 g of a
liver sample was mixed with 5 mL  water and sonicated on ice for
5 min  by using a Soniprep 150 Plus Utrasonic Disgregator. The
homogenate was  stored at −20 ◦C for 24 h. After this, the sample
was lyophilized (24 h), using a Lio-5P Freeze Dryer. KBr pellets were
prepared by mixing a small quantity of liver powder with KBr (at
the ratio of 1/100) [18]. For every sample two KBr pellets were
prepared. All spectra were obtained using 64 scans in the range
from 4000 to 450 cm−1 with a 4 cm−1 spectral resolution. Each
measurement was performed in triplicate. The spectra were pre-
liminarily analyzed using the application routines provided by the
software package (“Spectrum” Perkin Elmer Inc., Hopkinton, MA,
USA) controlling the whole data acquisition system.

The use of a univariate analysis similar to the one described
in Ref. [19] allowed us to use average spectra for the discussion
reported in paragraph 3.6.

2.5. Tissue section

Liver samples were fixed in Bouin’s solution and processed for
paraffin embedding following standard procedures. Subsequently,
sections (5 �m)  were stained with hematoxylin and eosin and they
were observed under a light microscope (CTR500, Leica) to assess
the morphology of hepatic tissues. Images were obtained by using
a high-resolution digital camera (DC300 F; Leica).
2.6. Statistical analysis

Data were shown as the mean ± standard deviation (SD). Sta-
tistically significant differences were assessed by one-way ANOVA
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Table  1
Mean percentage recoveries, matrix effect, precision in spiked livers.

BPA added
(ng)

Matrix
effect (%)

Recovery
(%)

Precision (%RDS) Accuracy
(%)

Intraday Interday

1 71.2 98.6 14.1 17.9 102.1
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Table 2
Classification of liver samples for FTIR spectroscopy measurements according to BPA
concentration determination by LC/ESI-MS/MS analysis.

Class name Recovered BPA concentration (�g/g)

Low BPA level 0. 52–1.32
Medium BPA level 2.41–4.85
High BPA level 8.44–19.61
10  88.2 87.5 15.0 16.4 92.3

50  85.4 82.9 12.9 15.1 82.2

ollowed by an unpaired, two-tailed independent sample T-test. A
-value less than 0.05 was considered statistically significant. Sta-
istical analysis was done by using GraphPad Prism 5.0 H statistical
oftware (GraphPad Software Inc., La Jolla, CA).

. Results and discussion

.1. Validation of BPA analysis in rat liver tissues

The analytical method, previously published [12,13], was set-up
or rat liver and then validated according to FDA Guidance for Indus-
ry [20]. The calibration curves for BPA detection were obtained
y performing a linear regression analysis on peak area ratios of
PA and IS against BPA standard concentrations ranging from 0.1
o 200 ng/mL, containing internal standard at 100 ng/mL. Good lin-
arity was obtained with the correlation coefficient (R2, weighting
actor 1/x) of no less than 0.994. The limit of detection (LOD) of
he detectors is 0.01 ng/mL. The limit of quantification (LOQ) of the
PLC method is 0.1 ng/mL.

In the chromatograms (not shown), a lower baseline noise was
bserved, and no interfering peaks from the matrix were detected,
roving effective sample clean-up. Ion suppression in the analyte
esponses was observed and a matrix effect for each analyte in QCs
as calculated in a range 71.2–88.2%. Since isotope-labeled inter-
al standard (IS) was used in this study and the results showed the
ame degree of ion suppression in internal standard, the quantifi-
ation based on the analyte/IS response ratios allowed us to correct
he matrix effect.

The analyte recovery of extraction procedure was evaluated by
piking different levels of standard analyte and internal standard
o samples at three levels in 5 replicates. The results are reported in
able 1. The effective mean recoveries, without considering com-
ensation due to the labeled IS, ranged from 82.9 to 98.6%.

The interday precision was evaluated by considering five spiked
amples for every concentration level, on three consecutive work-
ng days (n = 15). The intraday precision was expressed as RSD and

as found to be equal to or lower than 15%, whereas interday pre-
ision was at maximum 18% (Table 1). The accuracy, determined
y comparing the mean result for five analyses to the nominal con-
entration value, was between 82.1 and 102.1% at all concentration
evels.

For each set of samples, to capture possible environmental
ontamination and avoid cross contaminations, procedural blanks
ere processed and handled similarly to the actual samples. If

races of BPA were detected in method blanks, the values were
ubtracted from sample concentrations. All the results were very
atisfactory, indicating that both the extraction procedure and ana-
ytical method are highly reliable.

.2. Concentrations of BPA in rat liver

The previously validated method was applied to analyze real

amples of rats exposed to BPA. By measuring the concentrations
f BPA in the liver, we  verified that BPA exposure had occurred.
t is important to note that the liver is a target tissue, the primary
rgan responsible for BPA metabolism in humans and animals [21].
Fig. 1. Representative infrared spectrum for liver samples with low BPA level. The
spectral range due to the main contributions from proteins, lipids and sugars are
indicated.

Therefore, it can be extensively exposed to BPA and be susceptible
to lower doses more than other organs [22].

BPA was  detected above the detection limit in all liver sam-
ples from BPA-treated and control rats, highlighting the difficulties
in eliminating external and uncontrolled exposure. Environmental
sources of this chemical are known and it is practically impossi-
ble to totally eliminate external contaminations. When low levels
of exposure are used in the studies, contamination effects can
obscure the true exposures and negatively influence the estimation
of potential adverse health effects. A part of the scientific commu-
nity asserts that the studies in rodents have provided inconsistent
data regarding its estrogenic activity and toxicity, due to the fact
that BPA is found in a lot of equipment used during laboratory
experiments, thereby contributing to unwanted exposure [23,24].
Therefore, it is of critical importance to develop and validate the
analytical methods which are able to measure the real values of
bioaccumulation in target organ/tissue.

The values of BPA concentration in the liver expressed per g
of tissue, ranged from 0.52 to 19.61 �g g−1. Nevertheless, the
mean value of concentration in the liver of BPA-treated rats was
about 8 times higher than the corresponding value in control
rats (8.07 ± 2.60 �g g-1 vs 1.02 ± 0.25 �g g-1, p = 0.0041). More-
over, BPA-treated rats showed a different hepatic bioaccumulation
although the exposure dose was  the same in all treated animals,
confirming the need to perform internal biological monitoring. In
particular, BPA-treated livers were classified into two groups: high
BPA level and medium BPA level (Table 2). In contrast, the livers
from control rats belonged to a low BPA level class.

3.3. FTIR spectroscopy results

The results obtained by FTIR spectroscopy on liver samples
were presented using the three different classes as reported in
Table 2. In Fig. 1, a representative infrared spectrum of rat liver

samples with a low BPA level is reported. In the spectrum, the
typical bands assigned to functional groups of macromolecules
present in the liver tissue can be seen [18,25,26]. A large band
was present at 3302 cm−1 that was mainly ascribed to the N H
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Fig. 2. The infrared spectra of livers treated with low, medium and high BPA levels (a) in the 3600 – 3030 cm−1 region (the spectra were normalized with respect to the CH2

asymmetric stretch mode, which is observed at 2927 cm-1); (b) in the 3100–2800 cm−1 region (the spectra were normalized with respect to the CH2 asymmetric stretch mode,
w  mediu
w d spec
r nel c).
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hich  is observed at 2927 cm-1); (c) The infrared spectra of livers treated with low,
ith  respect to the amide I band, which is observed at 1658 cm-1); (d) The infrare

egion (the spectra were normalized with respect to the amide I band, shown in pa

tretching (Amide I) of proteins with few contributions from O H
tretching of polysaccharides and intermolecular H bonding. In
he 3100–2800 cm−1 region, it was also possible to recognize
he contribution of functional groups of lipids, due specifically
o C C stretching at 3060 cm−1, CH3 asymmetric stretching at
959 cm−1, CH2 asymmetric stretching at 2927 cm−1 and CH3 sym-
etric stretching at 2876 cm−1. A faint contribution to ester C O

tretching was also present near 1740 cm−1. In the 1660-1550 cm−1

egion the most relevant contribution of the functional groups of
roteins was clearly present with Amide I (C O stretching) and
mide II (N H bending) bands at 1658 and 1552 cm−1, respec-

ively. The bands given to the functional groups of polysaccharides
ere present in the 1150-950 cm−1 region. In particular, the peak

t 1150 cm−1 was mainly attributed to the CO C C asymmetric
tretching of glycogen. In this region, it was also possible to identify

 contribution at 1080 cm−1 ascribed to PO-2 symmetric stretch-
ng of nucleic acids and at 1040 cm−1 due to C–O stretching of
olysaccharides. In addition, at 1452, 1400 and 1244 cm−1 the con-
ributions due to CH2 bending, COO- symmetric stretching of fatty
cids and PO-2 asymmetric stretching were, respectively, present.
s is well known [25,26], the greatest variations in the absorbance
alues in the IR spectra of liver samples were expected in the lipid
egion around 3000–2800 cm−1 and in the ester region around

−1
760–1710 cm . Changes were also expected in the wave number
omain 1200-950 cm−1 corresponding in part to polysaccharide
ontribution. To perform an accurate analysis and to highlight sig-
ificant variations, we analyzed in greater detail the single spectral
m and high BPA levels in the 1800–800 cm -1 region (the spectra were normalized
tra of livers treated with low, medium and high BPA levels in the 1200–800 cm -1

regions using appropriate normalizations and calculating, in some
cases, the ratio between the intensities of certain characteristic
peaks. In Fig. 2a, the infrared spectra of liver samples with low,
medium and high BPA levels in the 3600–3030 cm-1 region are
reported. The spectra were normalized with respect to the CH2
asymmetric stretch mode, observed at 2927 cm-1. A significant
decrease was  observed in Fig. 2a, due probably to reduced contribu-
tion of glycogen O H absorbance as also reported by Severcan et al.
[18] and Melin et al. [27]. This observation was strongly supported
by the variation of the 1040 cm-1 contribution, assigned mainly to
the C O stretching vibrations in polysaccharides. This band was
almost lost in the spectrum of the liver with a higher BPA level (see
Fig. 2d).

In Fig. 2b, the 3100-2800 cm−1 region is reported for the three
different liver classes. The spectra were normalized with respect
to the CH2 asymmetric stretch mode (2927 cm-1). In this Figure, in
addition to the contributions already outlined in Fig. 1, it was  pos-
sible to notice two  other structures located at 3015 and 2853 cm-1.
The intensity of the contribution at 3015 cm-1 (assigned to C C
unsaturated fatty acids) slightly increased indicating an increase
in the unsaturated lipids in livers with higher BPA levels. This
becomes evident by calculating the intensities ratio of this con-
tribution (3015 cm-1) to the CH2 symmetric stretch saturated fatty

-1
acid peak to CH3 symmetric stretch saturated fatty acid (2876 cm )
(see Fig. 3). In Fig. 2b, the contribution at 2853 cm-1 (assigned to
CH2 symmetric stretching of saturated fatty acid) also increased
slightly. These data clearly demonstrated three clusters of samples
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Fig. 3. Comparison of the mean values of saturated lipids, ester and glycogen con-
tents for liver samples treated with low, medium and high BPA doses obtained
by  evaluating ratio of selected bands. The numerical values are expressed as the
mean ± standard deviation evaluated by considering selected peak intensity values
in  the spectra acquired for each examined samples at different BPA dose. The aster-
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hepatic tissue from animals with low, medium or high BPA levels.
sks indicate that a significant difference between intensity ratio occurred at ***p <
.001; **p < 0.01; *p < 0.05.

ue more to a different lipid composition than to an evident lipid
ccumulation. An increase in the −CH2 functional groups suggested
n increase of saturated fatty acids with longer carbon chains, such
s palmitic acid (C16) and stearic acid (C18). The accumulation of
atty acids with elongated carbon chains may  have promoted the
iosynthesis, involving desaturase enzymes, first to monounsat-
rated fatty acids and then to polyunsaturated fatty acids [28].
his process was started in the livers with higher BPA level as
emonstrated by the significant peak at 3015 cm-1 relative to C C
nsaturated fatty acids. In addition, the lower stability of the lat-
er ones due to methylene groups between two  double bonds, may
ave actived the radical process by the ROS with consequent oxida-
ive degradation. Subsequently, an accumulation of unsaturated
atty acids linked to higher BPA levels might have exposed the liver
o an insult by ROS, with consequent oxidative damage.

In Fig. 2c, the protein spectral region of the three liver classes is
eported. In this case, the spectra were normalized with respect to
he Amide I band at 1658 cm−1. In all the spectra, the contributions
f Amide I and Amide II were found to be very similar. The former
ne may  give clear indications of changes in the secondary struc-
ure of proteins. In particular, the Amide I band may  be affected by

 wave number shift indicating an oxidative process for proteins

29]. In the present case, no similar shifts were obtained indicating
hat no oxidative process for the proteins in all the different exam-
ned samples was present. The absence of significant changes was

Fig. 4. Histological analysis of rat liver after staining with standard hematoxyli
iomedical Analysis 165 (2019) 207–212 211

also confirmed when the intensity ratio of Amide II to Amide I was
calculated.

Regarding the contribution at 1740 cm−1 (see Fig. 2c) related
to the functional group of esters (C O), the livers with higher BPA
levels exhibited barely detectable intensities. An increase of esters
in the livers with higher BPA levels were found (see Fig. 3) only
from the ratio of the intensity of this peak to the intensity of CH3
asymmetric stretch saturated fatty acids (2959 cm-1). This increase
emphasizes an esterification of fatty acids with a consequent initial
accumulation of triglycerides, i.e. an early stage of steatosis [30].

In Fig. 2d, the spectral region, normalized to Amide I peak,
related to polysaccharides contribution is reported. There was a
general intensity decrease for the rat liver samples with higher
BPA levels. In particular, the decrease of 1150 cm−1 contribution
related to glycogen was  particularly significant. This decrease was
also confirmed when the ratio between glycogen (1150 cm-1) and
CH3 asymmetric stretch of saturated fatty acid (2959 cm-1) peaks
was calculated (see Fig. 3). This significant decrease for increasing
BPA levels demonstrated a decrease in the glycogen levels, index
of insulin resistance. In fact, in this state, the endogenous glucose
suppression, no longer converted into glycogen by insulin action, is
eliminated. Glucose, in high blood concentration (hyperglycaemia)
and in the presence of high concentrations of insulin (hyperinsulin-
eamia), promotes the synthesis of fatty acids by de novo lipogenesis
with consequent triglyceride accumulation. This suggested that a
better discrimination of liver classes was obtained based on sugar
content rather than that based on lipids. In fact, Peng et al. [26]
demonstrated that IR microspectroscopy enabled the discrimina-
tion of liver steatosis grades based also on their metabolic changes
in sugars.

In  addition, the ratio of absorbance at 1040 cm−1 (the C O
stretching vibration) to 1080 cm−1 (the phosphate symmetric
stretching vibration) had a smaller value when the BPA level
increased (see Fig. 3) indicating an increase in the content of nucleic
acids in tissues [18].

IR spectroscopy allowed us to provide a biochemical characteri-
zation of rat livers highlighting the BPA-induced changes occurring
in the hepatic tissue. The livers with higher BPA levels presented a
different lipid composition and a glycogen accumulation decrease,
indicating a metabolic disturbance preceding steatosis.

3.4. Morphological analyzes of rat liver tissues

To confirm the results of spectroscopic analyzes, in Fig. 4 his-
tological features are shown. No significant alterations resulted in
The images did not clearly show the presence of lipid droplets. This
confirmed that the rats exposed to BPA did not have a steatotic liver
but probably they developed an insulin resistance.

n-eosin. Low (A), medium (B) and high (C) BPA levels. Scale bars = 20 �m.
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. Conclusions

The high sensitivity of a triple quadrupole LC/ESI-MS/MS
ethod allowed us to demonstrate that BPA-treated rats showed a

ifferent hepatic bioaccumulation although the exposure dose was
he same in all treated animals, confirming the need to perform
nternal biological monitoring.

In addition, FT-IR spectroscopy proved able to reveal important
PA-induced changes in not yet steatotic livers, with a normal his-
ological aspect. We therefore note that the spectroscopic approach
s a suitable method to reveal metabolic disturbance at an early
tage.
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