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We evaluated the possible protective effects of six polyphenols on benzo(a)pyrene
(BaP)-induced cytotoxicity in Caco-2 cells. We show that treatment with quinic acid,
ferulic acid, homovanillic acid, trolox and BaP decreased cell viability, whereas naringenin
and eriodictyol affected viability in a bi-phasic manner with low concentrations decreasing
viability whereas higher concentrations increase viability. Co-treatment with 20 uM
eriodictyol or naringenin reduced BaP-induced cytotoxicity, including cell apoptosis, cell
cycle progression, and oxidative stress. Our results show that the protective effect of
eriodictyol was superior to that of naringenin. The potential protective mechanisms of
eriodictyol on BaP-induced toxicity were investigated by proteomics. We identified 80
differentially expressed proteins (DEPs) with proteins associated with genetic information
processing pathway representing the highest proportion and number of proteins
responding to eriodictyol treatment, including key proteins such as RPA2, SNRPA,
RAD23B, NUP155 and AARS. Our results provide new knowledge on how polyphenols
may prevent BaP-induced carcinogenesis.

Keywords: benzo(a)pyrene, eriodictyol, Caco-2 cells, cytotoxicity, proteomics

INTRODUCTION

Benzo(a)pyrene (BaP), a well-known genotoxic polycyclic aromatic hydrocarbon (PAH), is a
ubiquitous environmental chemical carcinogen, mainly present in cigarette smoke, incompletely
combusted crude oils, coal tars, and certain types of processed foods. Humans are exposed to BaP
by inhalation and intake, particularly via food which contributes with 97% of the intake. Long-term
exposure to BaP can elicit genotoxic, neurotoxic, mutagenic and carcinogenic responses in various
organs and tissues (1). As part of its carcinogenic mechanism, BaP is activated by phase I and II
metabolizing enzymes generating 7, 8-diol-9, 10-epoxide (BPDE), which may interfere with cellular
processes by covalently binding to DNA, eventually linked to carcinogenesis (2). In addition, BaP is
associated with formation of reactive oxygen species (ROS) that may induce the generation of the
highly reactive genotoxic BaP-quinone component, 8-hydroxy-2-deoxyguanosine, 8-oxo-dG (3).
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FIGURE 6 | Protein-protein interactions analysis of 80 differentially expressed proteins (DEPs) involved in genetic information processing. The network model was
generated by Omicsbean. Circle nodes for genes/proteins, rectangle for KEGG pathway or biological process. Pathways were colored with gradient color from yellow
to blue, yellow for smaller P-value, and blue for larger P-value. In case of fold change analysis, genes/proteins exhibiting significant changes in expression are colored
in red (up-regulation) and green (down-regulation) and no significant expression genes/proteins are colored in white. A default confidence cutoff of 400 was used:
interactions with bigger confident scores are show as solid lines between genes/proteins, otherwise as dashed lines.

and naringenin, respectively). These results were consistent with
a previous report showing that eriodictyol was able to protect
retinal ganglion cells from high glucose induced oxidative
stress and cell apoptosis (33). Another study demonstrated that

naringenin reduced apoptosis and oxidative stress in cortical
neuron cells (34). The protective effect of eriodictyol seemed
superior to that of naringenin. This may be associated with the
structure-activity relationship of polyphenols. A previous study
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FIGURE 7 | Analysis of expression of selected proteins by western blotting. Caco-2 cells were treated with DMSO (control), 50 M BaP, 20 .M eriodictyol and
co-treatment of 20 uM eriodictyol and 50 wM BaP for 24 h. *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 8 | Schematic presentation of the potential protective effect of eriodictyol on BaP-induced cytotoxicity. The figure shows the changes of differentially
expressed proteins (DEPSs) in cells treated with BaP or eriodictyol+BaP classified according to their involvement in different biological processes. The names of the
corresponding representative DEPs and expression profiles (the left is the fold change of BaP/control and the right is the fold change of eriodictyol+BaP/control) in
each process are shown in the blue dashed-lined boxes. DEPs are filtered with an average fold change in intensity > 1.5 or < 0.67, and a p value < 0.05.
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Protein processing in endoplasmic reticulum

demonstrated that catechins and tannins are highly effective
in inhibiting BPDE-DNA adduct formation due to direct
interaction via adjacent hydroxyl groups in their structures
and that the activity increases with an increasing number of
functional hydroxyl groups (35). In the molecular structure of
eriodictyol, there is one more functional hydroxyl group in the B
ring than in naringenin.

Effect of Eriodictyol and Naringenin on
BaP-Induced ROS, MDA and SOD Activity

BaP has previously been reported to induce oxidative stress in
vivo and in cultured cells (6, 8). To assess BaP-induced oxidative
stress in Caco-2 cells, the induction of oxidative stress markers
including intracellular ROS, MDA and SOD was monitored.
We used 2'-7'dichlorofluorescein for estimating the level of
ROS in Caco-2 cells exposed to BaP and co-treated or not with
eriodictyol or naringenin (Figure 4A; Supplementary Figure 3).
2’-7'dichlorofluorescein  (DCF) derivatives are relatively
nonselective probes that react with many oxidants such as
peroxynitrite, hydroxyl radicals, lipid peroxides, nitric oxide,
and hypochloride, but not directly with H,O, (19, 36). DCF
fluorescence is thus a measure of generalized oxidant production

rather than that of any particular reactive species. In our study,
we aimed to detect BaP-induced generalized oxidation products.
In addition, studies have reported that intracellular ROS of cells
treated with BaP might be the cause of 8-OHdG formation
(37). Here, the aim was to monitor possible signs of ROS
production in cells in response to BaP exposure. Therefore,
in keeping with a vast number of studies we chose to use
the 2’-7'dichlorofluorescein protocol in our study. Thus, we
observed an increase in the number of fluorescent cells and
fluorescence intensity upon treatment with BaP compared to
the control group. Co-treatment with eriodictyol or naringenin
significantly reduced the number of fluorescent cells and the
fluorescence intensity (Figure 4A; Supplementary Figure 3).
The cellular content of MDA was significantly increased when
cells were treated with BaP (Figure 4B), whereas the SOD
activity markedly decreased (Figure4C). For both MDA
and SOD, co-treatment with eriodictyol or naringenin partly
restored the level toward that of the control cells. In BaP-
treated Caco-2 cells, the cell viability was significantly reduced
compared with control cells, possibly reflecting an imbalance
between oxidation and antioxidant systems caused by the
massive ROS accumulation and impaired ROS-scavenging
capacity (22).
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A previous study similarly demonstrated that eriodictyol
and naringenin suppressed oxidative stress and apoptosis
in cells (33), and that treatment with naringenin up-
regulated SOD activity and reduced the levels of MDA and
ROS (34). These results further supported the protective
effects of eriodictyol and naringenin on alleviation of
BaP-induced cell damage. Again we observed that the
protective effect of eriodictyol was superior to that of
naringenin. Therefore, in order to further investigate
possible mechanisms, we used the simultaneous treatment
of eriodictyol and BaP, coupled with proteomics analyses for
follow-up studies.

Comparative Proteomic Analysis of the
Effect of Eriodictyol on BaP-Induced
Cytotoxicity

Mass spectrometry-based label-free quantitative techniques
were applied to determine the proteomic profiles of Caco-
2 cells treated with DMSO (control, C), BaP alone (B)
and co-treated with eriodictyol and BaP (E+B). A total
of 1571 proteins were identified in the treatment groups
including 200 differentially expressed proteins (DEPs) with
an average fold change in intensity [BaP/Control (B/C) or
Eriodictyol+BaP/Control (E4+B/C)] > 1.5 or < 0.67, and a
p value < 0.05 (Figure5; Supplementary Table 1). Among
these DEPs, 55 and 68 of the DEPs were up-regulated,
and 145 and 132 of DEPs were down-regulated in the
B/C and the E+4B/C groups, respectively (Figures5C,D).
Of these, 88 DEPs were shared between the two groups
(Figure 5E).

Subsequently, the identified DEPs were distributed into 4
categories based on KEGG annotation comprising metabolism,
genetic information processing, cellular processes, and
organismal systems (Supplementary Figure4). Of note, 80
DEPs associated with genetic information processing were
identified, representing the highest proportion and number
of identified DEPs. The expression of these 80 DEPs in the
B/C and the E+4B/C treatment groups based on protein-
protein interactions (PPI) was further analyzed (Figure 6).
Some proteins are involved in more than one pathway. For
instance, RFC3 participates in the processes of DNA replication
and nucleotide excision repair (NER) explaining why there
are 88 DEPs involved in genetic information processing in
Supplementary Figure 4, while only 80 were displayed in the
PPI network.

DNA replication was enriched into the genetic information
processing category (Figure 6). A previous study reported that
BaP metabolites bound to DNA may interfere with the vital
cellular process of DNA replication, leading to an accumulation
of mutations and eventually carcinogenesis (11). It has been
reported that RPA may control DNA repair and damage
checkpoint activation in this pathway (38). Our results showed
that RPA2 was up-regulated in the E4B/C group, with no
significant change in the B/C group, indicating that eriodictyol
prevents BaP-induced cytotoxicity by activating the expression

of RPA2 to repair damaged DNA. Moreover, BaP-DNA adducts
can be removed by NER (39). In this study, the expression of
CUL4B, DDB1, RAD23B involved in NER was down-regulated
after BaP treatment, which may result in a deficiency of
these proteins. Of note, the expression of these three proteins
was recovered in the E+B/C group. Furthermore, since the
expression of RPA2 and RFC3 involved in NER was up-regulated
after co-treatment, we speculate that they may play a central
role in restoring the NER process. SNRPA is a component of
the spliceosomal Ul small nuclear ribonucleoprotein (snRNP),
which is essential for recognition of the pre-mRNA 5 splice-
site and the subsequent assembly of the spliceosome (40). Export
of mRNAs through the nuclear pore complex (NPC) from
the nucleus to the cytoplasm is a key regulatory step in the
expression of proteins (41). In our study, SNRPA and NUP155
were down-regulated after BaP treatment, indicating that BaP
may affect mRNA processing and export impairing central
cell biological processes. In addition, a possibly impairment
of aminoacyl-tRNA biosynthesis was observed as indicated by
down-regulation of AARS, KARS, YARS, GARS and SARS2 in
the B/C group.

Proteasomes are large protein complexes and play roles in
apoptosis and cell cycle regulation (42). We observed that
the level of all identified proteins involved in proteasomes
was down-regulated in the B/C group, indicating that they
might be associated with the significant changes in apoptosis
and cell cycle progression after BaP treatment. The expression
of the proteins involved in aminoacyl-tRNA biosynthesis and
proteasomes did not significantly differ between co-treated and
control cells.

Confirmation of Altered Expression of

Selected Proteins

To confirm the expression of selected proteins based on
proteomics, Western blotting and statistical analyses were
performed (Figure7). The expression of SNRPA, RAD23B,
NUP155 and AARS was down-regulated in cells treated with
BaP, whereas eriodictyol treatment at least partly restored the
expression of these proteins, implying that eriodictyol may play
a protective role. In addition, the expression of RPA2 was up-
regulated after co-treatment treatment, while its expression did
not be changed in the BaP treatment group. These results
were in agreement with the proteomics data. In addition,
previous studies have reported similar results, with similar
expression trends of RPA2, SNRP31 and RAD23B observed after
BaP exposure (43, 44). Interestingly, the proteins reported in
previous studies are all involved in the process of transcription,
while in the present study, we found that specific proteins
involved in the translation process also presented significant
changes, which indicates that BaP might affect several central
biological processes.

Based on the above results and analyses, a possible protective
mechanism of eriodictyol alleviating cytotoxicity induced by
BaP is summarized in Figure8, i.e., eriodictyol plays a
protective role by regulating the expression of key proteins
in transcription and translation. Other identified proteins may
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also make an important contribution in the cellular response
to BaP, and further studies of these proteins may provide
a better understanding of the mechanisms of BaP-induced
Caco-2 cytotoxicity.

CONCLUSION

In this study, our results showed that eriodictyol and naringenin
have a protective effect on BaP induced cell apoptosis, cell cycle
progression, and oxidative stress, especially for eriodictyol. A
total of 80 differentially expressed proteins (DEPs) were identified
in response to treatment with eriodictyol. Proteins associated
with genetic information processing pathways represented the
highest proportion amongst the DEPs and included key proteins
such as RPA2, SNRPA, RAD23B, NUP155 and AARS. These
results provided new insights into the role of polyphenol in
inhibiting BaP-induced cell damage, not only through the
DNA replication pathway. In addition, treatment with quinic
acid, ferulic acid, homovanillic acid and trolox decreased
cell viability, indicating that a potential adverse effect of
polyphenols should be considered when choosing suitable
chemical protective agents.

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
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