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Abstract: Zinc oxide nanoparticles (ZnO-NPs) are commonly used in various commercial applications,
causing toxic effects on organisms and destroying biodiversity, but information about their protective
approaches remains unknown. This study aims to evaluate the protective effects of theaflavins (TFs)
and epigallocatechin gallate (EGCG) against ZnO-NP-induced cytotoxicity in rat tracheal epithelial
(RTE) cells. Herein, RTE cells were exposed to 100 µg/L ZnO-NPs for 12 h, then treated with 0, 10,
100, and 1000 µg/L TFs or EGCG for another 12 h; subsequently, oxidative stress, inflammation,
and apoptosis analyses were conducted. Relative to the control groups, TFs and EGCG treatment
significantly inhibited the levels of reactive oxygen species and malondialdehyde content. Exposure
to 1000 µg/L TFs or EGCG treatment downregulated cytochrome C gene expression levels by 59.10%
and 77.27%; Caspase 3 gene expression by 50.03% and 60.01%; Caspase 8 gene expression by 45.11%
and 55.57%; and Caspase 9 gene expression by 51.33% and 66.67%, respectively. Meanwhile, interleukin
1β and interleukin 6, tumor necrosis factor-α, and the other inflammatory chemokines such as C-C motif
chemokine 2 and C-X-C motif chemokine 8 expression were all gradually rescued after the addition
of TFs or EGCG. These results imply that TFs or EGCG possibly ameliorated ZnO-NPs-induced
toxicity through antiapoptotic, antioxidant, and anti-inflammatory effects. This study provides novel
approaches which mitigate the emerging nanoparticle pollutant toxicity in organisms, which may
potentially slow down the destruction of biodiversity.
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1. Introduction

Due to the wide application of nanoparticles, we can find them in oceans, river wa-
ters, bottled water, municipal wastewater, sediments, air, and soils [1]. As a multi-carrier,
nanoparticles affect microbial communities, the growth and reproduction of organisms, and
alter biodiversity [2–4]. Zinc oxide nanoparticles (ZnO-NPs) are a novel multifunctional
inorganic material used in various commercial applications [5]. They can enter the body
and stimulate respiratory epithelial cells, promoting lung diseases such as asthma [6].
Goma et al. [7] found that the ZnO-NPs induced oxidative stress damage in male rat lung
fibroblasts, which triggered an inflammatory response. ZnO-NPs also induced inflamma-
tion and apoptosis in the lung cells of a female mouse [8]. Moreover, human alveolar basal
epithelial cells showed significant cytotoxicity after ZnO-NPs exposure [9]. Jung et al. [10]
showed that exposure to ZnO-NPs leads to inflammatory cell infiltration in rat alveoli,
which may cause acute lung injury with granulocytic inflammation. Therefore, the respira-
tory health risk of ZnO-NPs deserves attention, and the threat to human health needs to
be considered seriously. However, in the medical field, nanomaterials are used for macro-
molecular drug delivery and targeted therapy of tumors. For example, the nanoparticle
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CaH2 delivers cytotoxic T cells which induce tumor cell apoptosis and tumor microenvi-
ronment regulation; activates the immune system; promotes the infiltration of immune
cells into the tumor; and acts together with immune checkpoint blockades to trigger a
strong immune response, thereby inhibiting distal tumors [11]. Therefore, it is particularly
important to reduce its negative effects and it is essential to find the necessary mitigation
measures.

The above studies show that respiratory alterations induced by ZnO-NPs are often
caused by oxidative stress damage [7]. As such, regulating the balance of the intracellular
redox system is an important tool for treating such diseases. Bioactive substances from
plants have a suitable efficacy in alleviating intracellular oxidative stress [12]. For example,
chemicals derived from plants can have a potential therapeutic effect on cellular stress
induced by NPs [13]. Theaflavins (TFs) are a class of bioactive polyphenols with antioxidant
properties and anticancer effects on the skin and esophagus of rodents [14,15]. Meanwhile,
TFs have antioxidant properties, free radical scavenging abilities, and high bioavailability
in different biological tissues, thereby playing an important role in cell protection [16].
Twelve hours of treatment with TFs effectively slowed apoptosis in rat hippocampal nerve
cells which were triggered by sevoflurane [17]. Wang et al. [18] found that treatment of
GES-1 gastric mucosal epithelial cells with TFs effectively alleviated apoptosis, which itself
is induced by ethanol exposure.

Epigallocatechin gallate (EGCG) in green tea has similar biological activity as TFs has
in black tea [15,19,20]. Studies have shown that EGCG appears to be the most biologically ac-
tive polyphenol at the cellular level [21], as shown with its antibacterial, anti-inflammatory,
anticancer, and cardiovascular disease prevention properties [22,23]. Moreover, EGCG
can also inhibit oxidative stress [24], abrogate cellular DNA damage, and improve the
antioxidant effect of mitochondria [25]. Liang et al. [26] found that EGCG was effective
in alleviating oxidative stress and inflammation in human AC16 cardiomyocytes under
the influence of cigarette smoke and this had a significant effect on abnormal apoptosis.
Microcystin-LR induced abnormal apoptosis in umbilical vein endothelial cells, which was
alleviated by EGCG treatment and then gradually normalized the cells as a result [27]. As
with TFs, EGCG has been reported to have suitable therapeutic effects on cellular oxidative
stress, inflammatory responses, and apoptosis [28]; however, few studies have reported the
alleviation of redox imbalance, inflammation, and apoptosis that is induced by ZnO-NPs.

As the basic unit of structure and the function of organisms, rat tracheal epithelial
(RTE) cells are persistent, universal and stable [29]. In general, fully differentiated RTE cells
will always remain in a post-differentiated state and their stability as cellular materials
for experiments are the basis for ensuring the scientific validity of experimental results.
In previous studies, we found that ZnO-NPs could induce apoptosis in many types of
cells [8,10]; moreover, as the susceptible cells of NPs, it is especially important to study the
apoptotic response of respiratory epithelial cells and the related action mechanism, to then
provide a research basis for the treatment of respiratory tract diseases caused by NPs.

Herein, we exposed RTE cells to 100 µg/L ZnO-NPs for 12 h, then treated with 0, 10,
100, and 1000 µg/L TFs or EGCG for another 12 h; furthermore, to explore whether TFs
and EGCG ameliorate ZnO-NPs-induced toxicity and elucidate its potential mechanism,
we performed oxidative stress, inflammation, and apoptosis analyses. Our study, therefore,
contributes to the understanding of the mechanisms by which TFs or EGCG mitigate the
toxic effects of nanoparticles.

2. Materials and Methods
2.1. Materials

ZnO-NPs (30–90 nm, purity of 99.99%) were purchased from Aladdin (Aladdin Bio-
Chem Technology Co., Ltd., Shanghai, China). TF (95.0%) and EGCG (98%) were obtained
from Sigma Aldrich (Sigma-Aldrich Life Science&Tech. Co., Ltd., MO, USA) and Hetian
Biotechnology (Hangzhou Hetian Biological Technology Co., Ltd., Hangzhou, China),
respectively. Kits were obtained from Jiancheng Biotechnology (Nanjing Jiancheng Institute
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of Biotechnology, Nanjing, China). The RTE cell line was obtained from BeNa Culture
Collection (BeNa Culture Collection, Beijing, China).

2.2. Preparation of ZnO-NPs Working Solution

The ZnO-NPs were dissolved using Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, CA, USA) via sonication and then diluted to a concentration of 100 µg/L as the
working solution. This working solution was stored at 4 ◦C for 2 weeks.

2.3. Cell Culture and ZnO-NP Exposure

RTE cells were cultured in DMEM with 10% FBS in 37 ◦C and 5% CO2 and then exposed
to 100 µg/L ZnO-NPs of different sizes (30 nm and 90 nm). After 12 h of incubation, each
concentration (10, 100, and 1000 µg/L) of TFs and EGCG were treated with RTE cells and
cultured together for another 12 h.

2.4. Cell Proliferation Inhibition Efficiency

RTE cells were seeded at a density of 4 × 104 cells/mL in a 96-well plate. After
24 h of incubation, the cells were washed with Dulbecco’s Phosphate-Buffered Saline
(DPBS, Gibco, CA, USA), and a total of 200 µL of NP working solution was added to
the wells and incubated at 37 ◦C with 5% CO2 for 12 h. Cell proliferation inhibition
efficiency was performed according to the CCK-8 kit (Sangon Biotech, Shanghai, China)
instructions. The absorbance at 450 nm, using Tecan’s Spark multimode reader, was
measured (Tecan, Männedorf, Switzerland). Lastly, it must be noted, the cell proliferation
inhibition efficiency was calculated with the following formula: cell proliferation inhibition
efficiency = [A(control)−A(treatment)]/[A(control)−A(blank)] × 100%.

2.5. Detection of Zn in RTE Cells

Zinc concentration was determined using microwave ablation inductively coupled
plasma spectrometry (ICP). The cells were seeded at a density of 5 × 103/well in a 96-well
plate. The standard solutions of 0.5, 1, 10, and 20 mg/L Zn were prepared, and four parallel
solutions were set up for each concentration. The sampling method was manual, and the
operating conditions were set as follows: cooling gas of 18 LPM; peristaltic pump lift rate
of 25 RPM; RF power of 1200 kW; improvement time of 18 s; nebulizer of 33 PSI; and
integration time of 10 s. The elemental zinc spectrum was 206.200 [30].

2.6. Measurement of Intracellular Reactive Oxygen Species (ROS) and Malondialdehyde
(MDA) Concentration

RTE cells were seeded at a density of 5 × 103/well, incubated for 24 h, and exposed to
ZnO-NPs for 12 h. Then, cells were treated with TFs or EGCG (10, 100, and 1000 µg/L),
respectively, and incubated for another 12 h. After incubation, the medium was removed,
the cells were rinsed three times with DPBS, digested with Trypsin-EDTA (0.05%, Gibco, CA,
USA), and then resuspended in DPBS buffer. The RTE cells were collected by centrifugation;
passed through a 40 µm mesh sieve; suspended in pre-cooled DPBS; followed by the
addition of 2,7-Dichlorodihydrofluorescein diacetate dye (Sigma, MO, USA) to a final
concentration of 10 µM; and then incubated for 20 min at room temperature and protected
from light. The detection wavelength range was 488 nm–525 nm (fluorescence) by flow
cytometry (Millipore, MA, USA).

RTE cells were inoculated into a plate at 5.0 × 103 cells/well then incubated for 24 h
prior to exposure. Cells were exposed with NP suspension at 100 µg/L for 12 h. The
cells were treated with different concentrations of TFs or EGCG (10, 100, and 1000 µg/L)
after exposure and incubated for 12 h. Then, the treated cells were scraped down with
a cell scraper and mixed with the extraction reagent from the kit. Cells were sonicated
in the water bath at 95 ◦C for 40 min, then cooled by running water and centrifuged at
4000 rpm/min, for 10 min, the supernatant was then collected for MDA measurement. The
measurement of MDA content was at an absorbance of 532 nm according to the instructions
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of the MDA assay kit (Jiancheng Biotechnology, Nanjing, China). As such, the specific
operation was performed according to the instructions of the kit.

2.7. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

The cells were inoculated into a plate at 5.0 × 103 cells/well and incubated for 24 h.
Then, they were exposed for 12 h by nanosuspension. After exposure, the cells were treated
with different concentrations (10, 100, and 1000 µg/L) of TFs or EGCG for another 12 h.
RNA was extracted using the TRIzol method, and the concentration and purity was mea-
sured by a NanoDrop spectrometer (Thermo Fisher Scientific, MA, USA) [31]. RNA was
reverse transcribed used the Invitrogen SuperScript™ III Reverse Transcriptase Kit (Invitro-
gen, CA, USA), following the manufacturer’s instructions. Then, 300 ng cDNA in each PCR
reaction for 40 cycles were detected by a Real-Time PCR system (Bio-Rad, CA, USA) in
triplicate with a SYBR Green PCR master mix. The quantitative PCR primer was designed
by Primer Premier 6.0 and Beacon designer 7.8. The sequences are detailed in Table 1.
The relative mRNA expression levels were following the method of Sedanza et al. [32].
The expression of each gene was measured with Ct (threshold cycle) values. The relative
expression levels of each gene were statistically analyzed in 2−(Ct tested gene-Ct reference gene).
We used Rat GAPDH as the reference gene; at the same time, Table 1 shows the increases in
the quantitative primer information of the gene Rat GAPDH.

Table 1. Primer sequences for qRT-PCR.

Gene Genbank Accession Primer Sequences (5′ to 3′)

CytoC NM_031543.1
5′-GACTTTGGCCGACCTGTTCTTT-3′

5′-CATGAGGATCAGGAGCCCATATCT-3′

CCL2 M57441
5′-CACCTGCTGCTACTCATTCACTG-3′

5′-CTTCTTTGGGACACCTGCTGCT-3′

CXCL8 NM_030845
5′-CACCCAAACCGAAGTCATAGCCA-3′

5′-CTTGGGGACACCCTTTAGCATCT-3′

IL-1β NM_031512
5′-CCTAGGAAACAGCAATGGTCGGGAC-3′

5′-CCTAGGAAACAGCAATGGTCGGGAC-3′

IL-6 NM_012589.2
5′-CTTCACAGAGGATACCACCCACA-3′

5′-CAGTGCATCATCGCTGTTCATACA-3′

TNF-α NM_012675
5′-GACCCCTTTATCGTCTACTCCTC-3′

5′-GCCACTACTTCAGCGTCTCGT-3′

Caspase3 NM_012922.2
5′-AGAGTTGGAGCACTGTAGCACACA-3′

5′-TCATGTCCACCACTGAAGGATGGT- 3 ‘

Caspase 8 NM_022277.1
5′-GCTGGGGATGGCTACTGTGAAA-3′

5′-GGCTCTGGCAAAGTGACTGGATA-3′

Caspase 9 NM_031632.1
5′-GGTGAAGAACGACCTGACTGCTAA-3′

5′-GAGAGGATGACCACCACGAAG-3′

Rat GAPDH NM_017008.4 5′-GAAGGTCGGTGTGAACGGATTTG-3′

5′-CATGTAGACCATGTAGTTGAGGTCA-3′

2.8. Statistical Analysis

All data were analyzed using the Original 8.0 Statistics software. Levene’s test and the
Kolmogorov–Smirnov one-sample test were used to evaluate the homogeneity of variance
and the normality of the data. One-way analysis of variance, based on Tukey post hoc tests,
was applied to evaluate significant differences between groups. The results were expressed
as the values ± standard deviation of the means [33]. The level of significance was set at
* p < 0.05 or ** p < 0.01. Correlation data analyses were conducted with the R statistical
software R 3.1.1 and the “leaps”, “lars”, “caret”, “psych”, and “relaimpo” packages.

3. Results
3.1. Uptake of Zinc by RTE Cells and the Proliferation Inhibition Efficiency of RTE Cells

The zinc content in RTE cells were negatively correlated with the particle size of
ZnO-NPs and positively correlated with the NP concentration. All exposed groups showed
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a significant increase in Zn content compared to the control group (0 µg/L concentration
group, p < 0.05, Figure 1A), which indicated that the amount of ZnO-NPs entering the
cell increased when exposure concentration increased. This implies that ZnO-NPs could
enter the cell membrane and accumulate within cells; 30 nm ZnO-NPs could enter RTE
cells more easily than 90 nm ZnO-NPs, and it also has more opportunities to interact with
intracellular substances than induced cytotoxicity does. In the studies of Wang et al. [34]
and Shalini et al. [35] it was reaffirmed that a smaller size of NPs have more biotoxic effects.
Meanwhile, the ZnO-90 nm exposure of cell proliferation inhibition efficiency was higher
than the ZnO-30 nm exposure, as shown in Figure 1B. When TFs or EGCG were treated to
ZnO-NP-exposure RTE cells, the cell proliferation inhibition efficiency was significantly
reduced in a dose-dependent manner (p < 0.01).
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Figure 1. The detection of the zinc content in RTE cells induced with 30 nm ZnO-NPs and 90 nm
ZnO-NPs for 12 h by ICP (A). Effects of 100 µg/L of ZnO-NPs with different sizes (30 nm and 90 nm)
and the treatment with different concentrations of TFs and EGCG (10, 100, and 1000 µg/L) on the cell
proliferation inhibition efficiency (B), and the generation of ROS (C), MDA (D) in RTE cells for 12 h.
CK was blank group (the group with neither sample nor NPs treatment). The data was represented
as the means ± standard deviation. The asterisks denoted responses that were significantly different
from the 0 µg/L group (* p < 0.05, ** p < 0.01). Hash signs indicate significant differences between
two selected groups ( ## p < 0.01).

3.2. Regulation Effects of ROS and MDA Generation

After exposure to 100 µg/L ZnO-NPs and treatment with TFs or EGCG in RTE cells,
ROS levels decreased with increasing concentrations of TFs or EGCG (Figure 1C). Moreover,
the intracellular MDA level of RTE cells decreased with the increasing concentrations of
the antioxidants TFs or EGCG. TFs (1000 µg/L) decreased the MDA level by 46.7% (ZnO-
30 nm) and 76.0% (ZnO-90 nm) in the TF-treated group, and 71.0% (ZnO-30 nm) and 83.3%
(ZnO-90 nm) in the 1000 µg/L EGCG-treated group compared with the 0 µg/L TFs or
EGCG group (Figure 1D).

3.3. mRNA Expression Levels of IL-1β, IL-6, TNF-α and Inflammatory Cytokines

When the treatment with TFs or EGCG is conducted, the expression levels of interleukin
1β (IL-1β), interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α) (Figure 2A–C), C-C motif
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chemokine 2 (CCL2), and C-X-C motif chemokine 8 (CXCL8) (Figure 3A,B) were significantly
downregulated with increased concentrations of TFs or EGCG compared to the group
exposed with ZnO-NPs only. As shown in Figure 2A–C, the expression of genes was most
significantly downregulated after 1000 µg/L TFs or EGCG treatment.
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Figure 2. Cellular inflammatory response related gene expression of IL-1β, IL-6, and TNF-α. The
effects of different concentrations of TFs and EGCG (10, 100, and 1000 µg/L) treatment after different
sizes (30 nm and 90 nm) with 100 µg/L of ZnO-NPs exposure on the relative mRNA expressions
of IL-1β (A), IL-6 (B), and TNF-α (C) in RTE cells for 12 h. CK was blank group (the group with
neither sample nor NPs treatment). The data was represented as the means ± standard deviation.
The asterisks denoted responses that were significantly different from those of the 0 µg/L group
(** p < 0.01).
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Figure 3. The relative gene expression of inflammatory cytokines CCL2 (A) and CXCL8 (B). Different
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3.4. mRNA Level Expression of Cytochrome C (CytoC) and Caspase 3/8/9

As shown in Figure 4A, the mRNA expression level of CytoC was significantly de-
creased with increasing concentrations of TFs or EGCG. In response to the 1000 µg/L TFs
group, the relative mRNA expression levels of CytoC in the 30 nm exposure group were
decreased by 59.1% and the expression levels in the 90 nm exposure group were decreased
by 55.0%. In the EGCG group, the relative mRNA expression levels of CytoC in the 30 nm
exposure group were decreased by 77.3%, and the 90 nm exposure group were decreased
by 75.0%. More interestingly, the expression levels of Caspase 3, Caspase 8, and Caspase 9
decreased significantly after 1000 µg/L TFs or EGCG treatment (Figure 4B–D).
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Figure 4. Apoptosis-related gene expression of CytoC (A), Caspase 3 (B), Caspase 8 (C), and Caspase 9
(D). Different concentrations of TFs and EGCG (10, 100, and 1000 µg/L) treatment after 100 µg/L
of 30 nm or 90 nm ZnO-NPs exposure in RTE cells for 12 h. CK was blank group (the group with
neither sample nor NPs treatment). The data was represented as the means ± standard deviation.
The asterisks denoted responses that were significantly different from those of the 0 µg/L group
(** p < 0.01).

3.5. Correlation Analysis of Oxidative Stress, Inflammation, and Apoptosis

The correlation analysis confirmed that oxidative stress, inflammation, and apoptosis
response variables were significantly positively correlated with each other in the TF-treated
ZnO-NP-90-nm-treated group (Figure 5A). However, the ZnO-NP-90-nm treated group
by TFs showed a slight decrease in Pearson correlation between ROS and the expression
levels of IL-1β, IL-6, TNF-α, CCL2, and CXCL8, thereby maintaining a positive correla-
tion (Figure 5B). Similarly, the EGCG-treated ZnO-NPs-30-nm-treated group showed a
significant decrease in the Pearson correlation between ROS, inflammatory-related genes,
and apoptosis (Figure 5C). In contrast to the above correlation analysis of the EGCG-
treated ZnO-NP-90-nm-treated group, there was a slight decrease in the Pearson correlation
between Caspase 9 and ROS, and inflammatory-related genes (Figure 5D).
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Figure 5. Correlation between oxidative stress indicators ROS, MDA, and inflammatory factors IL-1β,
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Caspase 8, and Caspase 9 in TFs-treated RTE cells exposed to ZnO-NPs-30 nm (A), ZnO-NPs-90 nm (B),
EGCG-treated RTE cells exposed to ZnO-NPs-30 nm (C), and ZnO-NPs-90 nm (D).

4. Discussion

Due to the widespread use of nanomaterials, biodiversity is gradually being affected,
and environmental safety is increasingly threatened [36–38]. Nanomaterials can induce
inflammation, and small-sized particles of similar nanomaterials are more detrimental to
the health of the respiratory system than large-sized particles [39]. Figure 1A shows that
higher concentrations of ZnO-NPs exposure resulted in higher Zn levels in RTE cells and
smaller particles are more likely to enter RTE cells than larger particles. This implies that a
smaller particle size may have more toxic effects, validating the previous point to some
extent.

Fine NPs often exist as aerosols, increasing the risk of respiratory disease when they
enter the respiratory tract. Currently, various antioxidants are widely used in the treatment
of diseases [40,41]. Among them, EGCG, the most abundant catechin, has been shown to
have ideal antioxidant effects similar to TFs, such as scavenging superoxide anions and
inhibiting lipid peroxidation damage [42]. After exposure to ZnO-NPs, the intracellular
ROS and MDA levels increased compared with the CK group, indicating that ZnO-NPs
caused severe damage to the cells (Figure 1C,D). After treating with TFs or EGCG, the
intracellular ROS and MDA levels of RTE cells had significantly decreased compared with
those in the ZnO-NP exposure group. Combined with the powerful proton-donating
properties conferred by phenolic hydroxyl groups in TFs, active hydrogen can deactivate
free radicals and terminate the free radical chain. This reflects the ability of TFs to act
as free radical scavengers, and reduce intracellular ROS and MDA levels by scavenging
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various types of free radicals generated in RTE cells after exposure to ZnO-NPs [27]. The
antioxidant activity of EGCG is related to its specific structure. Structurally, EGCG has
hydroxyl groups at the 3′, 4′, and 5′ carbon atoms of the B ring, indicating the major
antioxidant properties of the epigallocatechin ester fraction, which are esterified at carbon
3 of the C ring [43]. However, it has been suggested that EGCG may produce a certain
amount of ROS in cells [44]. Combined with what we found in this study, the mitigating
effect of EGCG is mostly due to a certain amount of ROS release which takes place when
scavenging ROS in RTE cells.

When ROS and MDA levels constantly increase in RTE cells, the intracellular redox
balance is disrupted, resulting in an inflammatory cellular response [45]. We found that
based on the analysis of IL-1β, IL-6, and TNF-α, compared with the CK group, RTE cells
experienced a severe inflammatory response when exposed to ZnO-NPs. When TFs or
EGCG were added, the inflammation was alleviated, and EGCG had a more pronounced
alleviating effect than TFs. Figure 2A–C showed that EGCG inhibits the expression of
IL-1β, IL-6, and TNF-α. Presumably, TFs or EGCG can eliminate the negative effects of
inflammatory responses to some extent, thereby suppressing inflammation.

In addition to inflammatory cytokines, chemokines are also important players in
the intracellular inflammatory response. CCL2 plays an important role in inflammatory
diseases by binding to the corresponding receptors to induce cytokine synthesis [46].
CXCL8, produced by lung macrophages and airway epithelial cells, is also essential to the
development and progression of inflammatory diseases [47]. In Figure 3A,B, after RTE cells
were cultured with 1000 µg/L TFs or EGCG, the CCL2 expression significantly decreases
by about 56.68% and 60.04% of the ZnO-30 nm-exposed group. Meanwhile the CXCL8
expression showed downregulation by about 47.83% and 65.21% of the ZnO-30 nm-exposed
group. These results implied that there is an alleviating effect of TFs and EGCG on cellular
inflammation. In addition, EGCG has a better therapeutic effect than that of TFs.

Moreover, the cellular inflammatory response is closely related to the occurrence of
aberrant apoptosis. The current study shows that the onset of apoptosis is highly regulated
by the caspase cascade [48]. When cells are stimulated by ROS, CytoC in mitochondria is
released into the cytoplasm to bind to Caspase 9, and control the mitochondrial apoptotic
pathway by activating Caspase 3. In our study, the apoptosis-related gene expression is
downregulated significantly in RTE cells treated with TFs or EGCG compared with the
ZnO-NP-exposed group (Figure 4B–D). When RTE cells were treated with 1000 µg/L TFs,
the expression of Caspase 3, Caspase 8, and Caspase 9 were downregulated by 50.03%, 45.11%,
and 51.33%, respectively, compared with the ZnO-90 nm exposure group. After the same
concentration of EGCG treatment, the rescue effect is more significant. The expression of
Caspase 3, Caspase 8, and Caspase 9 were downregulated by 60.01%, 55.57%, and 66.67%,
respectively, compared with the ZnO-90 nm exposure group. These findings imply that
TFs or EGCG have a significant inhibitory effect on the ZnO-NPs induced apoptosis in
RTE cells.

According to the correlation analysis, the alleviating effect of TFs or EGCG were
mainly mediated by rescuing the intracellular redox balance by scavenging peroxyl radicals
in RTE cells (Figure 5). Thus, the inflammatory response induced by oxidative stress
was alleviated. When the inflammatory response was alleviated, the CytoC-induced
mitochondrial apoptotic pathway was not activated at high levels, and abnormal RTE cell
apoptosis was alleviated. Details about TFs and EGCG treatment mechanisms in mitigating
the apoptosis of RTE cells induced by ZnO-NPs exposure are shown in Figure 6.
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5. Conclusions

To conclude, when ZnO-NPs entered RTE cells, cell proliferation was inhibited and
oxidative stress was induced, resulting in large amounts of ROS and MDA. With the disrup-
tion of the redox balance in RTE cells, cells underwent an inflammatory response, resulting
in the expression of inflammation-related cytokines and chemokines. Subsequently, the
inflammatory response was triggered in RTE cells, and genes associated with the mito-
chondrial apoptotic pathway (CytoC, Caspase 3, Caspase 8, and Caspase 9) were activated.
When TFs or EGCG were added, the ROS and MDA levels in RTE cells were controlled,
and the intracellular redox balance was stabilized. After the intracellular redox system
was stabilized, the inflammatory response of the RTE cells was also effectively alleviated.
Along with the elimination of intracellular inflammation, the gene expression related to
the control of apoptosis in RTE cells were downregulated, and approached normal levels.
TFs and EGCG could be novel approaches which could mitigate the emergence of toxic
pollutants, such as in nanoparticles in organisms, potentially slowing down the destruction
of biodiversity. While in the lungs, perhaps an inhalable drug of TFs and EGCG will
mitigate the toxicity of ZnO-NPs; while in the stomach, an oral drug may be more suitable.
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