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Recent studies suggest that phytochemicals, as part of the food matrix, might alter the toxicity of nanoparticles
(NPs); however, relatively few studies have investigated the impact of anthocyanidins on the toxicity of NPs to
cells lining the gastrointestinal tract. Therefore, this study used cyanidin chloride (CC) as the model for an-
thocyanidins and investigated the effects of CC on the toxicity of ZnO or Ag NPs to Caco-2 cells. Exposure to ZnO
but not Ag NPs significantly induced cytotoxicity. The presence of CC, but not its analog quercetin (Qu),
modestly protected Caco-2 cells from ZnO NP exposure. However, the intracellular superoxide, Zn ions, or re-
lease of interleukin-8 after ZnO NP exposure were not significantly affected by the presence of CC. Rather, CC
promoted the expression of autophagic genes ATG5, ATG7, and BECN1 as well as the ratio of LC3-II/I after
exposure to ZnO NPs. Meanwhile, the presence of autophagic inhibitors (chloroquine, NH4Cl, bafilomycin A1)
significantly promoted the cytotoxicity of ZnO NPs and inhibited the cytoprotective effects of CC. In conclusion,
these data suggest that CC could modestly protect Caco-2 cells from ZnO NP exposure, probably through the

induction of autophagy.

1. Introduction

The development of nanotechnologies increases the chances of oral
exposure of humans to nanoparticles (NPs) in modern societies.
Humans could be exposed to NPs orally when they digest food and
food-related products (Wang et al., 2013), as NPs are increasingly
added into products for many important applications, for instance nu-
trition improvement (Jain et al., 2018), anti-microorganisms (Wang
et al., 2017b), and color development (Pathakoti et al., 2017). More-
over, oral exposure to NPs could also occur when used as healthcare
materials, for example, NP-based formulations (Wang et al., 2017a;
Yang et al., 2018) and dental materials (Feng et al., 2015). Indeed, oral,
dermal, and inhalational exposure are the main routes for particles in
daily life, but the potential toxic effects of NPs via oral exposure are
significantly less studied compared with the other exposure routes
(Vance et al., 2015). In addition, recent studies also highlight the im-
portance of investigating the toxicity of NPs when present in food
components due to their influence on the colloidal and toxicological
aspects of NPs (Cao et al.,, 2016; McClements et al., 2017). This
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possibility has already been tested by studies using typical food com-
ponents, such as saccharides (Chen et al., 2015; Go et al., 2018), free
fatty acids (Fang et al., 2017; Jiang et al., 2016), and vitamin C (Wang
et al., 2014).

The influence of phytochemicals as typical food components on the
toxicity of NPs has only recently been studied. Phytochemicals are
healthy components derived from plants, which may be added into food
and food related products for their well-documented beneficial health
effects, such as anti-inflammatory, anti-oxidative stress, and anti-cancer
properties (Liao et al. 2016, 2018; Xiang et al., 2017). It has been
shown that flavonols, such as quercetin and kaempferol, could partially
reduce the toxicity of Ag NPs to Caco-2 cells by inhibiting Ag NP-in-
duced oxidative stress (Martirosyan et al. 2014, 2016). In contrast, we
recently found that 3-hydroxyflavone enhanced the cytotoxicity of ZnO
NPs to Caco-2 cells because it promoted NP-cell interactions as well as
NP-induced oxidative stress (Luo et al., 2018). The studies mentioned
above suggest that phytochemicals might alter the toxicity of NPs
through the modulation of oxidative stress. However, we also recently
found that flavones or flavonols significantly inhibited the cytotoxicity

Received 18 December 2018; Received in revised form 23 February 2019; Accepted 24 March 2019

Available online 26 March 2019
0278-6915/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2019.03.047
https://doi.org/10.1016/j.fct.2019.03.047
mailto:liuliangliang@caas.cn
mailto:caoyi39@126.com
https://doi.org/10.1016/j.fct.2019.03.047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2019.03.047&domain=pdf

L. Jiang, et al.

of ZnO NPs to Caco-2 cells, and was primarily related with the chemical
structures rather than the anti-oxidative properties of polyphenols (Li
et al.,, 2018; Zhang et al., 2018). This suggests that other signaling
pathways rather than oxidative stress might determine the combined
toxicity of NPs and phytochemicals.

Although previous studies have already investigated the influence of
some types of phytochemicals on the toxicity of NPs, relatively few
studies have investigated the interaction between anthocyanidins and
NPs. Anthocyanins are pigments in vegetables and fruits which present
well-documented beneficial health activities (Belwal et al., 2017; Khoo
et al., 2017; Moosavi et al., 2018). Therefore, it is possible that humans
could be orally co-exposed to anthocyanins and NPs. In this study, we
used cyanidin chloride (CC) as a model for anthocyanidins and in-
vestigated the influence of CC on the toxicity of ZnO or Ag NPs to Caco-
2 cells. CC was selected because cyanidin is a typical anthocyanidin
widely present in food and food-related products in relatively large
amounts (Ongkowijoyo et al., 2018). For comparison, we also studied
the interactions between NPs and quercetin (Qu), the chemical analog
of CC (Supplemental Fig. S1), in order to assess the possible influence of
polyphenol chemical structure in defining the interactions (Cao et al.,
2017). ZnO and Ag NPs were used in this study, since they are among
the most popular inorganic NPs used in food and food related products
(Jain et al., 2018; Wang et al., 2013). More specifically, ZnO and Ag
NPs could be used as alternatives to antibiotics due to their well-
documented antibacterial activity (Gaillet and Rouanet, 2015; Krol
et al., 2017). Besides, ZnO NPs could also be used as food additives for
Zn supplement (Wang et al., 2013). The study design is illustrated in
Supplemental Fig. S2. To indicate the influences of CC or Qu on col-
loidal properties of NPs, the changes of hydrodynamic size and zeta
potential were measured. In addition, the total soluble Zn was also
determined to indicate the influence of CC on solubility of ZnO NPs. We
measured these endpoints because it has been suggested that food
components could alter the colloidal properties of NPs leading to
changes of NP-induced biological responses (Cao et al.,, 2016;
McClements et al., 2017). The effects of CC or Qu on NP-induced cy-
totoxicity were studied in Caco-2 cells. Because we observed a cyto-
protective effect of CC against ZnO NP exposure, we then measured
oxidative stress, accumulation of intracellular Zn ions, release of in-
flammatory markers, since these endpoints are generally considered to
correlate with the toxicity of ZnO NPs (Liu et al., 2016; Saptarshi et al.,
2015). Moreover, previous studies showed that phytochemicals Qu
partially reduced the cytotoxicity of Ag NPs to Caco-2 cells by inhibiting
oxidative stress and/or inflammatory responses (Martirosyan et al.
2014, 2016). In contrast, food component vitamin C markedly en-
hanced the toxicity of ZnO NPs by promoting the accumulation of in-
tracellular Zn ions (Wang et al., 2014). Thus, food components might
change the toxicity of NPs to Caco-2cells by influencing these end-
points. Surprisingly, we found that these endpoints were not sig-
nificantly affected by the presence of CC. For this reason, we measured
autophagy signaling pathways to explore the possible mechanisms.
Autophagy is a tightly-regulated catabolic pathway that can degrade
damaged organelles and macromolecules. Therefore, induction of au-
tophagy pathway by exposure to environmental chemicals can promote
the survival of cells under stressed conditions, although prolonged au-
tophagy induction could also lead to cell death termed as autophagic
cell death (Anozie and Dalhaimer, 2017; Pesonen and Vahakangas,
2019). Interestingly, nutrients (Hotamisligil, 2017; Hotamisligil and
Erbay, 2008), including phytochemicals (Choe et al., 2012; Li et al.,
2017), have been shown to modulate autophagy to generate beneficial/
adverse health effects. However, the effects of co-exposure to NPs and
phytochemicals on autophagy signaling pathways, to the best of our
knowledge, have not been studied before.
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2. Materials and methods
2.1. Cell culture

Caco-2 cells (ATCC, HTB-37), used as the model for human in-
testinal cells, were cultured in supplemented Dulbecco's Modified Eagle
Medium (DMEM)/high glucose (Hyclone, GE Healthcare) and used
within 5 cell passages as we have described previously (Li et al., 2018).

2.2. Particle characterization and preparation

Nanoparticles of ZnO (code XFI06; 20 nm) and Ag (code XFJ14;
80-90 nm) were obtained from Nanjing XFNANO Materials Tech Co.,
Ltd (Nanjing, China). The supplier information regarding the physico-
chemical properties of these NPs is summarized in Supplemental Table
S1. In this study, the morphology and topography of these NPs were
further investigated by transmission electron microscopy (TEM). In
short, ZnO or Ag NPs were briefly sonicated in EtOH, and then a drop of
suspension was deposited and dried on a carbon-coated grid. The
samples were coated with a conductive layer of Au, and then the images
were taken by a TEM accelerated at 200 kV (FEI Tecnai G20, USA). The
size was calculated based on the quantification of 50 randomly selected
particles measured by ImageJ (National Institutes of Health).

To make the suspension of ZnO or Ag NPs, 1 mg/mL of particles
were suspended in Milli-Q water and then sonicated continuously for
8 min each on ice twice using an ultrasonic processor FS-250N (20%
amplitude; Shanghai Shengxi, China). After sonication, the particles
were diluted in cell culture medium to the desired concentrations for
exposure. To indicate the changes in the colloidal properties of NPs due
to the presence of CC or Qu (Shanghai Yuanye Biotechnology Co., Ltd.,
Shanghai, China), the hydrodynamic size and zeta potential distribution
of 25pug/mL XFI06 suspended in Milli-Q water with or without the
presence of 50 uM CC or Qu was measured by Zetasizer nano ZS90
(Malvern, UK).

2.3. Zn trace element measurement

The concentrations of total soluble Zn released from the dissolution
of XFIO6 in different suspensions were measured using an atomic ab-
sorption spectrometer (AAS). Briefly, a total of 25ug/mL XFI06 was
suspended in water or cell culture medium with or without the presence
of 50 pM CC. The suspensions were aged for 24 hat 37 °C in a CO, in-
cubator, and then centrifuged at 16 000 x g for 30 min to separate NPs
and soluble Zn. The concentrations of Zn trace element in supernatants
were measured by an AA7000 AAS (Shimadzu CO., LTD, Japan) as
previously described (Gong et al., 2017b). The experiment was con-
ducted once (n = 4).

2.4. Cytotoxicity assays

The cytotoxicity was assessed by two independent assays, namely
the cell counting kit-8 (CCK-8) and neutral red uptake assays, using
commercial kits and following the manufacturer's instructions
(Beyotime, Nantong, China). Briefly, 6 x 10* Caco-2 cells per well were
seeded in 24-well plates and grown for 48 h before exposure. The cells
were then incubated with 0 (control), 5, 10, 25, 50, or 100 pg/mL XFI06
or XFJ14, with or without the presence of 50 uM CC or Qu, for 24 h. The
concentrations used in this study were comparable to those used in
previous nanotoxicological studies with similar purpose (McCracken
et al., 2016), although in real life, the exposure concentrations of ZnO
NPs to human intestinal cells may be lower (Moreno-Olivas et al.,
2019). After exposure, the cells were rinsed once followed by CCK-8
and neutral red uptake assays according to manufacturer's instructions.
The products were read by a microplate reader (Synergy HT, BioTek,
Woburn, MA, USA).

To explore the possible role of autophagy in the toxicity of ZnO NPs,
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Caco-2 cells were exposed to 25 pg/mL XFI06 or 25 pg/mL XFI06 plus
50 uM CC with or without the presence of autophagic inhibitors, in-
cluding 50 uM chloroquine (CQ; Sigma-Aldrich, Saint Lois, MO, USA),
10 mM NH4CI (Aladdin Chemistry, Shanghai, China) or 100 nM bafi-
lomycin Al (Baf Al; CST Cell Signaling Technologies, USA). CQ impairs
lysosomal function as it can accumulate in lysosomes in protonated
form to increase lysosomal pH (Kimura et al., 2013). NH,4Cl is a lyso-
somal protease inhibitor that can inhibit autophagic flux (Xia et al.,
2016). Baf Al blocks autophagic flux by inhibiting vacuolar H* ATPase
activity leading to impaired fusion between autophagosomes and ly-
sosomes (Wang et al., 2019). All of these inhibitors arrest late phase of
autophagy via different mechanisms. After 24h exposure, the cyto-
toxicity was measured by CCK-8 assay as indicated.

2.5. Intracellular superoxide

The intracellular superoxide was measured by a dihydroethidium
fluorescent probe (DHE; Beyotime, China). Briefly, 1.5 x 10* per well
of Caco-2 cells were grown on 96-well black plates for 2 days. Then, the
cells were exposed to high levels of XFI06 (0, 5, 10, 25, 50, or 100 ug/
mL) for a short term (3 h) or low levels of XFI06 (0, 5, 10, or 20 pg/mlL,
lower than EC50) for a long term (24 h), with or without the presence of
50 uM CC. After that, the cells were rinsed once with Hanks' solution,
incubated with 10 ug/mL DHE (Beyotime, Nantong, China) for 30 min
in the dark, and then rinsed with Hanks’ solution. The red fluorescence
was read at Ex 530 = 25nm and Em 590 + 35nm by a microplate
reader.

2.6. Intracellular Zn ions

Caco-2 cells were exposed to XFI06 with or without the presence of
CC as described in DHE measurement, and the accumulation of in-
tracellular Zn ions was measured using a Zinquin ethyl ester fluorescent
probe (Sigma-Aldrich, USA) as previously described (Jiang et al., 2016).

2.7. ELISA

Caco-2 cells were exposed to 0 (control), 5, 10, or 20 pg/mL XFI06
with or without the presence of 50 uM CC for 24 h, and the supernatants
were collected for ELISA analysis. The release of interleukin 8 (IL-8)
was determined by an ELISA kit according to manufacturer's instruc-
tions (Neobioscience Technology Co., Ltd., Guangzhou, China). The
detection limit is 3.9 pg/mL, and the concentrations of IL-8 in all the
samples were higher than the detection limit. We measured IL-8 be-
cause it is a biomarker for inflammatory responses, and previously it
has been shown that phytochemicals prevented the release of IL-8 from
Ag NP-exposed Caco-2 cells (Martirosyan et al. 2014, 2016). Moreover,
we previously found that Caco-2 cells released IL-8 in relatively large
amount, whereas the concentrations of other cytokines, such as IL-1
and IL-6, were low or even undetectable by conventional ELISA analysis
(Gong et al., 2017b; Li et al., 2018). The concentrations of ZnO NPs
used to expose cells are below EC50, so it is expected that most of the
cells are viable during the exposure period to release IL-8.

2.8. Real time RT-PCR

The mRNA level of autophagic genes (ATG5, ATG7, and BECN1)
were determined by quantitative real time RT-PCR, using GAPDH as
internal control. Briefly, 3 X 10 Caco-2 cells per well were seeded on
6-well plates and grown for 2 days before exposure to 0 (control) or
25 pg/mL XFI06 or 25 ug/mL XFI06 plus 50 uM CC for 24 h. After ex-
posure, the total mRNA was extracted by TRI Reagent™ following
manufacturer's instructions (Sigma-Aldrich, USA), and the quantitative
real-time PCR was conducted using UltraSYBR Mixture (CW biotech,
Beijing, China) on a PikoReal™ qPCR system (Thermo-Fisher, USA). The
primers for each gene are summarized in Supplemental Table S2.
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2.9. Western blot

Caco-2 cells were exposed to 0 ug/mL (control), 25 pg/mL XFI06 or
25 ug/mL XFI06 plus 50 uM CC for 24h as indicated above, and the
protein levels of LC3-I and LC3-II were determined by Western blot.
Briefly, after rinsed rinsed twice with Hank's solution, the proteins from
each sample were extracted using radioimmunoprecipitation assay lysis
buffer, protease inhibitor cocktail and PhosStop™ phosphatase inhibitor
(Roche Diagnostics). After placed on ice for 10 min and centrifugation,
the protein concentrations in the supernatants were measured with
bicinchoninic acid method. For each sample, a total of 50 ug protein
was mixed with a loading buffer and resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. The samples were transferred onto
a nitrocellulose membrane, blocked with non-fat milk for 1.5 h at room
temperature, and incubated overnight at 4 °C with primary antibody
(1:1000 LC3, CST Cell Signaling Technologies, USA; 1:5000 B-actin
antibody, Proteintech, USA). The blots were washed with 0.1% w/v
Tween-PBS and incubated with 1:5000 horseradish peroxidase goat
anti-rabbit IgG (Proteintech, USA) for 1.5h. The blots were detected
with SuperECL Plus chemiluminescence (Thermo pierce, USA). The
density of the band was determined by using ImageJ (National
Institutes of Health).

2.10. Statistics

All the data are expressed as means + standard deviation (SD) of
3-4 independent experiments. Two-way ANOVA was conducted to
measure the interactions between NPs and CC/Qu, followed by Tukey
HSD test to compare the difference using R 3.2.2. The p value < 0.05
was considered as statistically different.

3. Results
3.1. Characteristics of NPs

According to the information provided by the supplier, XFI06 and
XFJ14 are pristine ZnO and Ag NPs without any surface coatings
(summarized in Supplemental Table S1). The representative TEM
images of these NPs are shown in Fig. 1. Both NPs contain spherical and
irregular particles. The primary sizes of XFJ14 and XFI06 were calcu-
lated as 67.4 = 27.5nm (size range 25-150 nm) and 34.1 = 9.5nm
(size range 15-55nm), respectively.

3.2. Changes in colloidal properties of NPs

The representative images of hydrodynamic size and zeta potential
distribution of XFI06 and XFJ14 with or without the presence of CC or
Qu are shown in Supplemental Fig. S3 and S4, respectively. Table 1
summarizes the changes in hydrodynamic size and zeta potential of NPs
due to the presence of CC or Qu. Without the presence of CC or Qu, both
NPs had hydrodynamic size much larger than their TEM size, which
indicated the presence of agglomerates and/or aggregates of particles in
suspension. An increase in hydrodynamic size was only observed when
XFI06 was incubated with CC but not Qu. Both NPs had negative zeta
potential. The presence of Qu decreased zeta potential of XFI06 but
increased that of XFJ14, whereas CC did not influence the zeta potential
of XFI06 or XFJ14.

The total soluble Zn concentrations were measured by AAS to in-
dicate the solubility of XFIO6 in different suspensions (shown in
Supplemental Fig. S5). The presence of CC had minimal impact on the
solubility of XFI06, although the concentrations of total soluble Zn were
slightly increased when XFI06 was incubated with CC in cell culture
medium.
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Fig. 1. The morphology of XFI06 (ZnO nanoparticles; left column) and XFJ14 (Ag nanoparticles; right column) by transmission electron microscopy.

3.3. Cytotoxicity

The dose-dependent cytotoxicity curves of XFI06 with or without
the presence of CC or Qu are shown in Fig. 2. For both CCK-8 (Fig. 2A)
and neutral red uptake assays (Fig. 2B), the presence of CC slightly
reduced the cytotoxicity of XFI06, and EC50 value was increased from
22.49 ug/mlL to 26.66 ug/mL (determined by CCK-8 assay) or 23.33 ug/
mL to 25.26 pg/mL (determined by neutral red uptake assay) due to the
presence of CC. In contrast, the presence of Qu did not obviously affect
the cytotoxicity, and EC50 values were 18.62 ug/mL (determined by
CCK-8 assay) or 22.10 ug/mL (determined by neutral red uptake assay)
when Qu was present.

The cytotoxicity of XFJ14 to Caco-2 cells with or without the pre-
sence of CC or Qu is shown in Supplemental Fig. S6. Exposure to various
concentrations of XFJ14 did not significantly induce cytotoxicity
(p > 0.05), and the presence of CC or Qu did not affect the toxicity of
XFJ14 (p > 0.05).

3.4. Intracellular superoxide

The measured intracellular superoxide is shown in Fig. 3. It was
shown that the intracellular superoxide was not significantly affected
after 3h (Fig. 3A) or 24 h (Fig. 3B) exposure to various concentrations
of XFI06, with or without the presence of CC (p > 0.05).

3.5. Intracellular Zn ion concentration after ZnO NP exposure

Exposure to various concentrations of XFI06 for 3 h (Fig. 4A) or 24 h
(Fig. 4B) significantly increased the intracellular Zn ions (p < 0.01 for
all concentrations), although the increase of intracellular Zn ions ap-
peared to be more modest after 3 h exposure (Fig. 4A). The increase of
intracellular Zn ions following XFIO6 exposure was not significantly
influenced by the presence of CC (p > 0.05).

3.6. Release of IL-8 after ZnO NP exposure
The release of IL-8 was determined by ELISA and shown in

Supplemental Fig. S7. Exposure to XFI06 at concentrations lower than
EC50 (up to 20 pg/mlL), with or without the presence of CC, did not

significantly affect the release of IL-8 (p > 0.05).
3.7. Change in autophagic biomarkers following exposure to NPs

Fig. 5 shows the changes of expression in autophagic genes and
proteins following NP exposure. As shown in Fig. 5A, the expression of
ATGS5 was significantly down-regulated by XFI06 alone (p < 0.05) but
up-regulated by XFI06 plus CC (p < 0.05). For ATG7 (Fig. 5B), its
expression was only modestly increased after exposure to XFI06
(p > 0.05) but significantly increased after exposure to XFI06 plus CC
(p < 0.01). For BECN1 (Fig. 5C), its expression was only significantly
promoted by XFIO6 plus CC (p < 0.01). The expression of ATGS5,
ATG7, and BECNI, following exposure to XFIO6 plus CC, induced a
significantly higher expression of these genes compared with that of
XFI06 alone (p < 0.01). For protein levels of LC3-I and LC3-II
(Fig. 5D), exposure to XFI06 decreased LC3-1I/LC3-I ratio, which was
partially reversed by CC.

3.8. The influence of autophagic inhibitors on the cytotoxicity

As shown in Fig. 6, the presence of different types of autophagic
inhibitors, namely CQ, NH,Cl, and Baf A1, all significantly decreased
the cellular viability after XFI06 exposure (p < 0.01 for all). The pre-
sence of CC modestly promoted the cellular viability of Caco-2 after
XFI06 challenge by about 30% (p < 0.01), which was significantly
inhibited by the presence of CQ, NH4Cl (p < 0.01), and Baf Al
(p < 0.05). However, the effects of Baf Al appeared to be less effec-
tive, with the cellular viability after XFI06 plus CC and Baf A1 exposure
still significantly higher than that after XFI06 exposure (p < 0.05),
whereas the presence of CQ and NH,4Cl completely abolished the cy-
toprotective effects of CC against XFI06 exposure.

4. Discussion

This study investigated the interactions between ZnO/Ag NPs and a
typical anthocyanidin, CC. Previous studies have shown that CC could
change the colloidal stability of NPs; however, these effects appeared to
be minimal in our study. Exposure to ZnO, but not Ag NPs, was asso-
ciated with cytotoxicity, whereas CC modestly protected Caco-2 cells

Table 1
The hydrodynamic size and Zeta potential of ZnO NPs (Code: XFI06) and Ag NPs (Code: XFJ14) in different suspensions.
XFI06 XFI06 + CC XFI06 + Qu XFJ14 XFJ14 + CC XFJ14 + Qu
Size (nm) 2725 + 1.3 341.3 + 10.7 278.6 + 3.1 112.2 + 1.7 115.2 + 1.8 1139 + 2.8
Zeta potential (mV) -17.0 = 0.5 -17.6 = 0.5 -21.5 + 0.2 —18.8 = 0.5 -18.8 + 0.2 -13.5 + 0.7

Data were expressed as mean * SD of three measurement based on a single run.
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Fig. 2. Cytotoxicity of XFI06 (ZnO NPs) to Caco-2 cells as assessed by cell counting kit 8 (CCK-8) (2A) and neutral red uptake assays (2B). Caco-2 cells were exposed
to various concentrations of XFI06 with or without the presence of 50 uM CC or Qu for 24 h, and CCK-8 and neutral red uptake assays were used to indicate the
cytotoxicity. Data were expressed as mean = SD of four independent experiments (n = 3 for each). The lines indicate the dose-response curve of the four-parameter

logistic equation, and the EC50 was calculated.

from ZnO NP exposure. For comparison, Qu, the chemical analog of CC,
did not exhibit this effect. ZnO NPs did not significantly influence in-
tracellular superoxide or release of IL-8 but significantly promoted in-
tracellular Zn ions, which was not significantly affected by CC.
However, the expression of autophagic genes, namely ATG5, ATG7, and
BECN1, as well as the ratio of LC3-1I/LC3-1, increased after co-exposure
to CC and ZnO NPs compared with exposure to ZnO NPs alone.
Furthermore, the presence of autophagic inhibitors significantly en-
hanced the cytotoxicity of ZnO NPs and could inhibit the cytoprotective
effects of CC, suggesting a role for autophagy. To the best of our
knowledge, this is the first study to investigate the interactions between
NPs and anthocyanidins.

Previous studies have shown that typical food components, such as
sugar, vitamin C, and free fatty acids, could change the colloidal sta-
bility of NPs (Chen et al., 2015; Go et al. 2017, 2018; Lee et al., 2017;
Wang et al., 2014). In the case of phytochemicals, we have also recently
shown that flavones or flavonols could influence the colloidal proper-
ties such as hydrodynamic size, zeta potential, and solubility of ZnO
NPs (Li et al., 2018; Zhang et al., 2018). Consistent with previous re-
ports, our data also demonstrated that CC or Qu might influence the
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same colloidal properties of ZnO NPs (Table 1 and Supplemental Fig.
S2-S4). However, compared with our recent studies focusing on other
phytochemicals (Li et al., 2018; Luo et al., 2018; Zhang et al., 2018), the
influence of CC on the colloidal properties of ZnO NPs appeared to be
minimal and is probably not responsible for the changes of cytotoxicity
of NPs. Nevertheless, when assessing the combined toxicological effects
of NPs and phytochemicals, it is still necessary to measure the influence
of phytochemicals on the colloidal stability of NPs, as the inclusion of
food components might alter the NP-gastrointestinal cell interactions
with the NPs (McClements et al., 2017; Moore et al., 2015).

We then investigated the changes in cytotoxicity of NPs due to the
presence of phytochemicals by determining the changes of EC50. ZnO
but not Ag NPs significantly induced cytotoxicity to Caco-2 cells,
whereas CC but not Qu protected Caco-2 cells from ZnO NP exposure
(Fig. 2). In our preliminary experiment, we found that Ag colloidals
(code XFJ13, size 15nm) and Ag nanoflake (code XFJ45, size 5um) at
concentrations up to 100 ug/mL were not cytotoxic to Caco-2 cells (data
not shown). Therefore, we suggest that uncoated Ag NPs up to 100 pug/
mL are not cytotoxic to our model used in this study. This is also con-
sistent with previous studies showing that ZnO NPs were significantly
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Fig. 3. The intracellular superoxide in XFI06 (ZnO NPs) exposed Caco-2 cells. Caco-2 cells were exposed to 100 ug/mL to 5 pg/mL XFI06 for 3h (3A) or 20 ug/mL to
5 ug/mL XFI06 (3B) for 24 h with or without the presence of 50 uM CC. After exposure, the intracellular superoxide was determined by a fluorescent probe. Data were

expressed as mean * SD of three independent experiments (n = 3 for each).
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more cytotoxic to Caco-2 cells compared with uncoated Ag NPs based
on the same mass concentrations (Abbott Chalew and Schwab, 2013;
Mao et al., 2016; Song et al., 2014). The cytoprotective effects of only
CC indicates a possible role of the chemical structure of the

phytochemicals in defining the toxicity of NPs, in agreement with our
recent report (Zhang et al., 2018). To the best of our knowledge, no
previous studies have investigated the combined toxicity of CC and NPs;
however, a recent study did show that cyanidin reduced the toxicity of



Food and Chemical Toxicology 127 (2019) 251-259

Fig. 6. The influence of autophagic inhibitors on the cyto-
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posure, the cytotoxicity was measured by cell counting kit 8
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compared with control; #, p < 0.05, compared with the
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cisplatin to cardiomyocytes (Qian et al., 2018). In another study, it was
shown that cyanidin-3-O-glucoside protected rat Leydig cells from lead
exposure (Wen et al., 2018). Thus, it is possible that CC could reduce
the toxicity of metals, although more studies examining different types
of metal-based NPs are needed to confirm it.

Previous studies suggest that phytochemicals protect Caco-2 cells
from the toxicity of Ag NPs due to the anti-oxidative and anti-in-
flammatory properties of the phytochemicals (Martirosyan et al. 2014,
2016). Here, the results from this study showed unaltered intracellular
superoxide (Fig. 3) or release of IL-8 (Supplemental Fig. S6) after ZnO
NP exposure with or without the presence of CC. These results are
consistent with our previous studies showing that ZnO NP exposure did
not induce oxidative stress or inflammatory responses in Caco-2 cells
(Fang et al., 2017; Gong et al., 2017b; Li et al., 2018). Rather, excessive
intracellular Zn ion concentrations were induced after ZnO NP exposure
(Fig. 4), which could be responsible for the cytotoxicity of ZnO NPs (Liu
et al., 2016; Saptarshi et al., 2015). However, although CC protected
Caco-2 cells from ZnO NP exposure, it did not significantly affect the
concentration of intracellular Zn ions, indicating that CC might not
change the internalization of NPs. This might be due to CC having
minimal impact on the colloidal properties of ZnO NPs, as discussed
above. In our previous studies, we found that saturated fatty acids did
not significantly affect the intracellular Zn ions but enhanced the cy-
totoxicity of ZnO NPs (Gong et al., 2017a; Jiang et al., 2016), which we
suggested was probably due to the intrinsic toxicity of fatty acids (Gong
et al., 2017b). Therefore, CC might also influence the toxicity of ZnO
NPs due to other mechanisms than direct changes in NP-cell interac-
tions.

To explore the possible mechanisms associated with the observed
cytoprotective effects of CC against ZnO NP exposure, we investigated
the autophagic pathway. Here we observed decreased expression of
ATG5 (Fig. 5A) and conversion of LC3-I to LC3-II (Fig. 5D) after ZnO NP
exposure. The decreased expression of typical autophagic genes fol-
lowing ZnO NP exposure was recently reported by us, which could be
related with the cytotoxicity of ZnO NPs to lung epithelial cells (Liu
et al., 2019). Interestingly, co-exposure to ZnO NPs and CC led to sig-
nificantly higher expression of ATG5, ATG7, BECN1, and partially in-
creased LC3-II/LC3-I ratio compared with the exposure to ZnO NPs
alone (Fig. 5). It has been suggested that autophagy and caspase-
mediated apoptosis are cross-regulated (Tsapras and Nezis, 2017).
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However, in our preliminary experiment the mRNA levels of pro-
apoptotic regulators, such as BAX, CASP3 and CASP7, were not sig-
nificantly down-regulated after co-exposure to ZnO NPs and CC com-
pared with exposure of ZnO NPs alone (data not shown). Therefore, we
suggest that CC could increase autophagic activities following ZnO NP
challenge without an effect on apoptotic pathways. Previously, ex-
tensive studies showed that NPs induced prolonged activation of au-
tophagy as the mechanisms for cell death, but few studies showed the
induction of autophagy as an essential protective mechanism against
particle challenge. For instance, it has been shown before that Ag NPs
(Lin et al. 2014, 2018), quantum dot (Luo et al., 2013), and CuO NPs
(Laha et al., 2014), induced a cytoprotective autophagy, that inhibition
of autophagic activities promoted the cytotoxicity of NPs. This is con-
sistent with our results here showing that autophagic inhibitors sig-
nificantly enhanced the cytotoxicity of ZnO NPs and abolished the
protective effects of CC (Fig. 6). Therefore, we suggest that the induc-
tion of autophagic genes and proteins by CC is also cytoprotective,
which promotes the survival of Caco-2cells in response to ZnO NP
exposure. This is also consistent with previous studies showing that CC
could generate health benefits and promote the survival of cells through
the modulation of autophagy (Choe et al., 2012; Li et al., 2017).

In combination, the results from this study showed that CC and Qu
could influence the colloidal aspects of ZnO and Ag NPs, but the effects
were minimal. Exposure to ZnO, but not Ag, NPs significantly induced
cytotoxicity, and the presence of CC modestly protected Caco-2 cells
from ZnO NP exposure. The cytotoxicity of ZnO NPs to Caco-2 cells was
associated with increased intracellular Zn ions but not superoxide or
release of IL-8, whereas these endpoints were not significantly affected
by CC. However, co-exposure to CC and ZnO NPs led to higher ex-
pression of typical autophagic genes and the ratio of LC3-II/LC3-I, and
the presence of autophagic inhibitors inhibited the cytoprotective ef-
fects of CC against ZnO NP exposure, which suggests that CC might
protect Caco-2 cells from ZnO NP exposure probably through the in-
duction of autophagic pathway (summarized in Fig. 7). Since nutrients
are known to modulate autophagic pathway (Hotamisligil, 2017;
Hotamisligil and Erbay, 2008), our results highlighted a need to in-
vestigate the changes of autophagic pathway following co-exposure to
nutrients and NPs, in addition to the changes of colloidal properties of
NPs, NP-cell interactions and oxidative stress as suggested before (Cao
et al., 2016; McClements et al., 2017). In the future, it is necessary to
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further investigate the influence of anthocyanidins on the toxicity of
metal-based NPs. The exact role of induction of autophagy following co-
exposure to anthocyanidins and NPs may also need further studies.
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