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Abstract: The invention and use of chelating purification products directed at atmospheric particulate
matter 2.5 (PM2.5) are beneficial in preventing cytotoxicity and bodily harm. However, natural
plant active compounds that minimize the adverse effect of PM2.5 are rarely reported. Chlorella
pyrenoidosa extracts (CPEs), a nutritional supplement derived from Chlorella vulgaris, have been shown
to have antioxidant and anti-inflammatory effects. Here, we discovered that CPEs extracted with
crushing cell extraction technology can attenuate the negative impacts of PM2.5. Furthermore, CPE
intervention can protect against DNA damage and unstable genomic structure due to PM2.5 exposure.
Moreover, CPE intervention restored mRNA and protein expression of the DNA misincorporation
repair mechanism gene, nudix hydrolase 1 (NUDT1), and 8-oxoguanine DNA glycosylase (OGG1).
In vivo damage protection experiments revealed that CPEs reduced PM2.5-induced hepatotoxicity
of zebrafish larvae and effectively prevented the death of adult zebrafish exposed to PM2.5. Briefly,
CPEs can attenuate cytotoxicity, resist DNA damage, relieve PM2.5-induced hepatotoxicity, and
improve cell purification activity, making them ideal for use as a protective factor or functional
ingredient in the cosmetics and health food industries.

Keywords: Chlorella pyrenoidosa extracts; atmospheric particulate matter 2.5; cytotoxicity; skin
cell; zebrafish

1. Introduction

Air pollutants are the inevitable types of pollutants in our daily life and study, which
affect personal health and promote the occurrence of acute and chronic diseases. Plant
active extracts, with the functional characteristics of pure natural, green and healthy, have
been widely used in the research and practical application of anti-air pollutant damage.
Studies have shown that plant extracts can alleviate many health problems caused by air
pollutants, such as alleviating corneal inflammation, reducing lung injury, improving the
antioxidant capacity of the body, repairing skin barriers, and so on [1-7]. The freshwater
microalga Chlorella vulgaris (C. vulgaris) is a green spherical single-celled organism (2-10 pm
in diameter) belonging to the phylum Chlorophyta [8]. C. vulgaris has been widely used as a
food supplement and is credited with high antioxidant and therapeutic properties, making
it one of the 21st-century human need green nutrition source health foods listed by the
United Nations Food and Agriculture Organization (FAO) [9,10]. Chlorella extract exhibits
immunological [11], blood glucose-lowering [12], anti-tumor [13], and anti-oxidative ef-
fects [14]. Therefore, using chlorella extracts as a food supplement or active additive may
be a natural, economical and safe strategy to counteract the factors that cause cytotoxicity,
DNA damage, apoptosis, such as reactive oxygen species (ROS) and inflammatory factors.
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Atmospheric particulate matter 2.5 (PM2.5, which refers to airborne particles with
a direct diameter less than 2.5 pM) is a probable source of hazy weather and related
respiratory diseases, and it gravely threatens health and quality of life [15]. Numerous
studies have shown that exposure to PM2.5 can harm multiple body systems, leading
to illnesses associated with the respiratory system [16], nervous system [17], immune
system, and reproductive system [18]. Subsequent studies have revealed that these diseases
are brought on by PM2.5 damage to the cells that make up the organs. Skin diseases
such as allergic dermatitis, eczema, acne, and skin aging are all linked to environmental
PM2.5 pollution. Application of contemporary biological technology to discover therapies
against the negative effects of PM2.5 has become a critical requirement for today’s social
development, particularly in improving living standards and paying attention to the
wellbeing of people.

PM2.5 is characterized by complex and diverse components, and it can disrupt the
normal physiological state and biological function of cells in a variety of ways. Nonetheless,
multi-channel intervention can minimize the harmful impact of PM2.5. In the present inves-
tigation, we employed two self-developed patented technologies for atmospheric PM2.5 col-
lection (CN106442250A) [19], CPEs enzymatic and crushing extraction (CN106236623A) [20]
to evaluate the intervention effect of CPEs against PM2.5 exposure in cells and zebrafish
models. Furthermore, we investigated the bioactivity of CPEs and their potential to resist
the cytotoxic effects of PM2.5 using heavy metal chelation, cell viability, and cell prolifera-
tion assays. The genetic protective effect and potential protective mechanism of CPEs were
investigated using comet electrophoresis and YH2A staining. The purifying effect of CPEs
on toxin accumulation was verified by a Zebrafish experiment.

Together, these pre-mechanistic studies using cell and animal models have illustrated
the cell purification capacity of CPEs against PM2.5 that could provide a basis for food
function research and application prospects in the cosmetics and health industries to
combat PM2.5.

2. Materials and Methods
2.1. Chemicals and Reagents

Dimethylsulfoxide (DMSO), low melting agarose, 4',6-diamidino-2-phenylindole (DAPI),
normal melting agarose, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Tween 20, and paraformaldehyde were obtained from Sigma-Aldrich (St. Louis, MO, USA).
FBS, RPMI cell medium, and penicillin-streptomycin were obtained from Gibco Life Technolo-
gies (Waltham, MA, USA). Triton X-100, non-fat powdered milk, Tris-base, glycine, sodium
dodecyl sulfate (SDS), and ethylene diaminetetra acetic acid (EDTA) were obtained from
Sangon Biotech Co., Ltd. (Shanghai, China). Trizol reagent was obtained from Tiangen
Biotech (Beijing, China). Bicinchonic acid (BCA) Protein Assay Kit, Reverse Transcription
Kit, and SYBR green qPCR Master Mix were purchased from YEASEN (Shanghai, China).
Primary antibodies (NUDT1, OGG1, f3-actin) were obtained from Abcam (Cambridge,
Cambs, UK). HRP-conjugated secondary antibodies were purchased from Proteintech
(Rosemont, IL, USA). Polyvinylidene fluoride (PVDF) was purchased from Millipore Corp
(Merk, Darmstadt, Germany). Titanchem Co. Ltd. (Shanghai, China) supplied other
common chemicals.

2.2. Chlorella vulgaris Culture and Extract Preparation

Chlorella vulgaris was obtained from the East China University of Science and Tech-
nology (Shanghai, China) and cultured in Bold’s basal media with a 12/12 h light-dark
cycle. Figure 1 depicts the extraction procedure with the patent material [20]. Briefly, the
cells were suspended in distilled water at 10% (w/v) concentration and maintained at
45-55 °C. Cellulase and pectinase were introduced at 1.2% of volume fraction for 1.5 h of
hydrolyzation and crushing extraction for 2 min every 15 min. The extractives were then
filtered and blended with 10% glycerol (v/v) to eliminate impurities and kept for 12 h at
—4 °C. Subsequently, the supernatants were filtered and concentrated to 20-30% of liquid
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weight using a nanofiltration membrane, sterilized and homogenized (<45 °C, 200 MP),
and lyophilized to yield active ingredients of C. vulgaris, dubbed chlorella purification
effector molecules. The CPEs were dissolved in phosphate-buffered saline (PBS) or RPMI
cell medium to achieve the desired concentration for subsequent use.
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Figure 1. The extraction process of CPEs (A) and images of Chlorella pyrenoidosa (B) and its ex—tract
(C) lyophilized powder; (D) aqueous solution.

2.3. Preparation of Atmospheric PM2.5

The extract of PM2.5 was prepared in a continuous collection in central Shanghai
(Xujiahui region) from 15 December 2019 to 15 January 2020 using our patented device
(Figure 2A,B) for more than 20 h per day [21] and pumping to maintain a constant flow
rate (1.13 & 0.113 m® min~!). The filter membrane was removed after sampling and
immersed in a suitable volume of ultrapure water for 20 min of ultrasonic oscillation; this
was repeated 3 times. The resultant lotion was placed in a —80 °C refrigerator for 1-2 h,
dried in a cryogenic freeze dryer to obtain PM2.5 dry powder, and stored in a —20 °C
refrigerator for later use. The PM2.5 dry powder was mixed with PBS to make a 1 mg mL !
PM2.5 reserve solution, which was stored in a refrigerator at 4 °C for no more than one
week. The PM2.5 suspension was ultrasonically mixed for 10 min and diluted in RPMI
medium to required concentrations (50, 100, 200, 400, 800, 1600 ug mL~1).
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Figure 2. The collection device and process of atmospheric PM2.5. (A) The structure of PM2.5
extraction device. (B) PM2.5 extracts manufacturing process schematic diagram.

2.4. Cell Culture

Human dermal fibroblasts and epidermal HaCaT cells were used as skin test evalua-
tion models and were maintained in RPMI medium supplemented with 10% fetal bovine
serum (FBS) and penicillin—streptomycin at 5% CO, and 37 °C.

2.5. Copper Ion Chelating Activity

The metal chelating potential of the sample was examined using the approach outlined
by [22]. Briefly, isochoric (20 uL) CPEs and copper ion solution (2.5 mM) were mixed in
200 uL NaAc buffer (50 mM, pH 6.0) and left to stand for 30 min. This was followed by the
addition of 5 puL pyrocatechol violet (20 mM, PV) and vigorous shaking. The color change
was detected at 632 nm using an automated microplate reader (Multiskan Ex; Ani Lab
Systems Ltd., Vantaa, Finland). The EDTA was used as a standard at 1 mg mL~ L.

2.6. Cell Viability

The MTT assay was used to assess cell viability under PM2.5 exposure [23]. Cells were
seeded onto 96-well plates at a density of 5 x 10* cells/well !, allowed to adhere overnight,
and then incubated for 24 h. Subsequently, MTT solution (5 mg mL~!) was added to each
well, and samples were incubated for an additional 4 h at 37 °C. The supernatants were
then replaced with 100 pnL DMSO. The optical density was measured at a test wavelength
of 570 nm using an automated microplate reader (Multiskan Ex; Ani Lab Systems Ltd.,
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Vantaa, Finland). The significant concentration of PM2.5 was determined using the MTT
assay for subsequent experiments.

2.7. Cell Counting

The fibroblasts (at the logarithmic growth stage) were inoculated into 24-well plates to
60% confluence and treated for 12, 24, and 48 h, depending on the effective concentration
of PM2.5 in the MTT assay. The cells were then digested with trypsin and suspended in
PBS. Cells were counted using a hemocytometer.

2.8. Cell Cycle

Following 24 h treatment in 24-well plates, fibroblasts were washed twice with PBS
after trypsinization (centrifugation for 5 min at 1000 x g, each time). Precooled 70% ethanol
(dilute with distilled water) was gently mixed with cells and fixed at 4 °C for 1 h. The cells
were centrifuged, washed twice, mixed with propidium iodide (PI), and then incubated
at 37 °C for 30 min. Data were collected using flow cytometry (Beckman CytoFLEX LX,
Pasadena, CA, USA), and Modfit LT software 5.0 was used to analyze cell cycles.

2.9. Cell Proliferation Ability

The 5-ethynyl-2’-deoxyuridine (EdU) assay [24]. Fibroblasts were cultured in 48-
well plates to 60% confluence and treated for 24 h and then incubated with 50 uM EdU
for 2 h. The cells were then fixed with 4% paraformaldehyde (PFA) for 30 min under
ambient temperature, neutralized with 2 mg mL~! glycine for 5 min, and permeabilized
for 20 min on a shaking table with PBS containing 0.5% Triton X-100. The cells were
supplemented with 1x Apollo staining solution, incubated for 30 min, washed three times
in PBS containing 0.5% Triton X-100, and stained with 1x Hoechst 33342 solution. Finally,
images were taken with a fluorescence microscope (Leica, DMI3000B, Wetzlar, Germany)
and analyzed using Image J 1.51j8.

2.10. Alkaline Comet Assay

DNA damage was assessed using a single-cell gel electrophoresis (SCGE) assay in al-
kaline conditions (comet assay) [25]. Briefly, fibroblasts were treated for 24 h and harvested.
Subsequently, a 30 uL cell sample (1 x 10* cells) was suspended in 110 uL of 1% molten
low-melting-point agarose at 37 °C. The monosuspension was cast on a microscopic slide
coated with a layer of 0.8% agarose. Images were captured with a fluorescence microscope
(Olympus BX53, Tokyo, Japan) with a 515-560 nm filter and processed using CASP Lab
(www.casp.of.pl).

2.11. Immunostaining and yH2AX Focus Quantification

The phosphorylation of histone YH2AX at Ser 139 (YH2AX) was analyzed as previously
described [26]. Briefly, cells were seeded to 60% confluence in 24-well plates and treated
for 24 h. Cells were then fixed in 4% paraformaldehyde for 15 min, washed with PBS,
and permeabilized in 0.2% Triton X-100 for 20 min. Cells were blocked with goat serum
for 1.5 h and incubated with a mouse monoclonal anti-yH2AX antibody (1:1000 dilution,
Cell Signaling Technology, Inc., Danvers, MA, USA) for 2 h; this was followed by 1 h
incubation with TRITC-conjugated goat anti-mouse secondary antibody (1:500 dilution,
Cell Signaling Technology, Inc., Danvers, MA, USA). The cells were incubated with DAPI at
room temperature for an additional 5 min to achieve nuclear staining. The cells were then
mounted in an antifade medium, and images were captured with a fluorescence microscope
(Olympus BX53, Japan). A threshold number of four H2AX foci per cell was selected as the
optimal DNA damage assessment [27].
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2.12. Zebrafish Toxicity and Protection Testing

Transgenic Tg (Apol4: GFP)-type adult and wild-type adult zebrafishes were provided
by the Guangdong Laboratory Animals Monitoring Institute. Fifty larvae bred from Trans-
genic Tg (Apol4: GFP) type at the 3 dpf (days postfertilization, dpf) stage were immersed in
3-4 mL of solutions containing PM2.5 (100 pg mL~!) or with CPEs (10 mg mL~!) for 3 days.
The larvae were developed under standard conditions. Following treatment, 25 zebrafish
in each culture plate were visually examined and photographed using a fluorescence mi-
croscope (Nikon, Tokyo, Japan). Every 8-10 wild-type adult zebrafish were cultured in
500 mL filtered water for each group. One group was treated with PM2.5 (10 mg mL~}),
and another group was treated with additional CPEs (10 mg mL 1) for intervention. The
survival status of zebrafish in the two groups was monitored continuously for 10 min,
and the number of dead and surviving zebrafish in each group was recorded to calculate
survival rates. The experiment was performed in three independent replicates. All experi-
ments complied with guidelines for the Animal Care Committee of East China University
of Science and Technology (approval number #2006272).

2.13. Real-Time Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (TTANGEN, Beijing, China), and RNA
concentration was determined with a microplate reader (BioTek, Winooski, VT, USA).
Total RNA (1000 ng) was reverse transcribed into cDNA using a reverse transcription kit
following the manufacturer’s protocol. Real-time qRT-PCR analysis was performed with an
SYBR Green Kit on Applied Biosystems Real-Time PCR System (BIO-RAD CFX96, Hercules,
CA, USA) with the following reaction conditions: 50 °C 2 min, 95 °C 10 min, 40 cycles for
95°C 15's, 60 °C 60 s. Data were analyzed using the 2~*4Ct method. The primers are listed
in Table 1.

Table 1. The primer sequences for qRT-PCR.

Gene Forward (5'-3') Reverse (5'-3')

NUDT1 GCTCATGGACGTGCATGTCTT GTGGAAACCAGTAGCTGTCGT
0OGG1 ATGGGGCATCGTACTCTAGC CTCCCTCCACCGGAAAGAT
B-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

2.14. Western Blotting

Cells were lysed in RIPA buffer containing a protease inhibitor and scraped into an
Eppendorf tube, where they were incubated for 5 min after each 20 s vortex, a total of
6 times. The entire procedure was performed on ice. Protein concentrations were measured
using BCA protein quantification Kit. Proteins (approximately 20 ug) were separated using
a 12.5% SDS-PAGE gel fast preparation kit (Epizyme, Shanghai, China) and transferred
to Immobilon-P PVDF membranes (Millipore, Darmstadt, Germany). Membranes were
blocked with 5% non-fat milk in Tris-buffered saline Tween 20 (TBST, TBS with 0.5% Tween
20) for 1.5 h at room temperature with gentle shaking, then incubated overnight at 4 °C with
1:1000 dilution antibodies (anti~-yH2AX, anti-OGG1, anti-NUDT1, and anti-@-actin). The
membranes were washed with TBST three times for 10 min each, followed by two hours
of incubation with HRP- blocking buffer (5% non-fat milk in TBST)-diluted conjugated
secondary antibodies 1:2000, and then washed three times with TBST for 10 min each.
Finally, protein bands were visualized using ECL reagent (Tanon, Shanghai, China) and
scanned by the Gel Imager System (Tanon, 4600SF, China). The grayscale value of protein
bands was determined by Image J.

2.15. Statistical Analyses

Data were subjected to variance analysis (ANOVA) to compare treatment differences
and interactions; statistical significances were assessed by a two-tailed Student’s ¢ test.



Cosmetics 2023, 10, 63

7 of 16

3
R
<
O
o
S
>
-
>
=
o
©
=)
c
=
=
0
£
o
c
)
~
[
o
o
o
o

GraphPad Prism 8.0 software was used for the statistical analysis (* p < 0.05; ** p < 0.01).
All experiments were performed in triplicates, and the results are expressed as mean £ SD.

3. Results
3.1. Biological Activity of CPEs from C. vulgaris Extracts

The heavy metal chelating activity of CPEs served as a criterion for quality evaluation
by spectrophotometry assay to assess the quality of CPEs extracted from C. vulgaris using
the patented device (CN106236623A). The CPEs were revealed to function similarly to
EDTA in competitively chelating copper ions, and the blue intensity was comparable to
the PV and EDTA groups (Figure 3A). The CPEs chelated copper ions in a concentration-
dependent manner, and significantly at 10 mg mL~?, the copper ion chelating ratio of CPEs
was 57.33% (Figure 3B). HaCaT cells were used to verify the chelating activity of CPEs
for heavy metals in cells. Of note, CPEs (10 mg mL ™) effectively restored cell viability
loss caused by heavy metal ions in a medium enriched with K,Cr,Oy (10 uM) and CdCl,
(20 uM) over 24 h (Figure 3C,D). These findings suggested that C. vulgaris-derived CPE
extracts have biological activity.
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Figure 3. The activity identification of CPEs. (A,B) Copper ion chelating activities of the CPEs.
Copper ion chelating activity of the CPEs at 5, 10, 20 mg mL~! and EDTA at 1 mg mL~! were
detected at 632 nm. (C,D) Chromium ion and cadmium ion chelating activities of the CPEs in HaCaT
cell. Cells were administrated with K,Cr,O7 (10 uM) or CdCl, (30 M) and then added to CPEs
(10 mg mL~1) for 24 h, and cell viability was tested by MTT assay. All results are expressed as
mean =+ SD of three biological replicates. (B) * p < 0.05, ** p < 0.0lcompared with MT; # p < 0.05
compared with CPEs (5 mg mL~1); (C,D) * p < 0.05 compared with CPEs (0 mg mL~1).
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3.2. CPEs Resist PM2.5 Cytotoxicity and Maintain Cell Viability

To test the anti-cytotoxicity of CPEs, human skin fibroblasts were treated with gradient
concentrations of PM2.5 (50, 100, 200, 400, 800, 1600 ug mL™1) at different time points (12, 24,
48 h), and CPEs (10 mg mL~!) were introduced into the medium as an intervention factor.
Meanwhile, changes in cell morphology were noted, and cell viability was determined
with the MTT assay. The data demonstrated that PM2.5 evoked a concentration-dependent
decrease in fibroblast viability, with a significant decline at 100 pg mL~!, but CPEs could
counteract the toxic effect of PM2.5 and maintain cell viability (Figure 4A). Moreover, the
cells took the shape of a wire drawing, and their proliferation ability decreased significantly
following PM2.5 treatment. However, compared with the PM2.5 group, the CPEs had no
toxic effect on cells and maintained their morphology and normal cell proliferation after
12, 24, and 48 h of treatment, which were comparable to the PBS group (Figure 4B). In
addition, cell counting assay revealed that CPEs potentially restored the viability decrease
in fibroblasts caused by PM2.5 toxicity (Figure 4C). These results demonstrated that CPEs
can reduce the cytotoxicity induced by PM2.5 and maintain the fibroblasts’ cell viability.

150 s - PBS
g == CPEs
* kX% kK xx 230' = PM25
100+ 5 mm PM25 + CPEs
£ 20+ *
2
50
2 10
4
o
0 T T T T T T T 0-
0 50 100 200 400 800 1600 12 24 48
PM2.5 concentrations (ug mL™") Time (h)
S CPEs PM2.5 PM2.5 + CPEs

ee

Figure 4. Cytotoxicity of PM2.5 on human skin fibroblasts and protective effect of CPEs in cell
viability. (A) Fibroblasts were treated with increased concentrations of PM2.5 for 24 h, and CPEs
(10 mg mL~1) were added. (B) Changes in morphology of fibroblasts at 12, 24 and 48 h after addition
of PM2.5 (100 pug mL~1) or plus CPEs (scale bar: 50 pm). Cell viability was determined by MTT assay.
(C) Cell numbers were counted after 12, 24, 48 h of treatment with PM2.5 or plus CPEs. All results are
expressed as mean + SD of three biological replicates. * p < 0.05 and ** p < 0.01 compared with PM2.5.
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3.3. CPEs Restore PM2.5-Induced Reduction in Cell Proliferation Ability

Considering that PM2.5 cytotoxicity influences cell proliferation, we further investi-
gated the effect of PM2.5 on the cell cycle. Our analysis revealed a significant decrease in
the proportion of S-phase cells in the PM2.5 group. These data suggested that PM2.5 treat-
ment results in the S-phase arrest of fibroblasts, whereas CPE supplementation restores the
number of S-phase cells (Figure 5A,B). Furthermore, we employed the EdU assay to assess
cell proliferation ability under CPE treatment. Consistent with the flow cytometry assay
results, the PM2.5 group had fewer EdU-positive cells (red) compared with the CPE group
(Figure 5C). The proliferation rate, percent of EAU positive cells (red) in DAPI-positive
cells (blue), calculated by Image ] software, was significantly higher (up to 34.43%) in the
CPE group than in the PM2.5 exposure group (down to 17.28%) (Figure 5D). Briefly, CPEs
mitigated the effects of PM2.5 exposure by enhancing the normal proliferation ability of
skin fibroblasts.
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Figure 5. Effects of PM2.5 and CPEs on proliferation ability of fibroblasts. Cells were treated with
PM2.5 (100 pg mL~1) or plus CPEs (10 mg mL~!) for 24 h. (A) Flow cytometry was used to analyze
the changes in the cell cycle after PM2.5 or plus CPE treatment. (B) CPEs increased the proportion
of S-phase cells resulting from PM2.5 treatment. (C) 5-ethynyl-2’-deoxyuridine staining (EdU, red)
was used to indicate S-phase cells, and DAPI (blue) was used for nuclei staining (scale bar: 40 pm).
(D) Proliferation rate was significantly restored from the CPE-treated groups. All results are expressed
as mean + SD of three biological replicates. (B) * p < 0.05 compared with PBS; # p < 0.05 compared
with PM2.5. (D) ** p < 0.01 compared with PM2.5.
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3.4. CPEs Prevent Human Skin Fibroblasts from PM2.5-Induced DNA Damage

Taking into account the protective roles of CPEs in cell viability and proliferation,
we investigated the potential of CPEs to repair DNA damage for single- and double-
strand breaks. The alkaline comet assay demonstrated the fragment migration caused
by DNA single-strand break. The fluorescence intensity of DNA fragments was higher
than that of the control, and PM2.5 impaired DNA single-strand structure, resulting in
diffuse, broom-shaped comet-like tails (Figure 6A and Table 2). However, comet heads from
the CPE group eventually recovered concentrated high-density DNA after 24 h, together
with a smooth edge and intact nucleus, just like comet heads from the control group
(Figure 6A). However, comet heads from the CPEs group gradually recovered concentrated
high-density DNA after 24 h, accompanied by smooth margin and intact nuclei as in the
control group (Figure 6A). The analysis revealed that CPEs lowered the comet-positive
rate to 9% compared with 53% of PM2.5, which was close to 3.3% of the PBS control
(Figure 6B). Figure 6C illustrates the immunofluorescent images of phosphorylation of
histone H2AX in yYH2AX-stained human skin fibroblasts, which verifies the protective
effect of CPEs on double-strand breaks. Human skin fibroblasts in the control group were
characterized by few YH2AX foci in the nuclei, and roughly 5% of cells had more than four
foci. Furthermore, CPEs in the treatment groups decreased the percentage of YH2AX-foci-
positive cells associated with PM2.5-induced foci development (Figure 6C,D). Consistent
with the results of the comet assay, CPEs demonstrated a favorable effect in preventing
DNA damage in YH2AX immunofluorescence assay. Notably, the YH2AX positive rate
dropped to 22.7% for CPE intervention in comparison to 82.3% under PM2.5 exposure
(Figure 6D).

Table 2. The parameters of DNA damage in alkaline comet assays of fibrolasts with PM2.5 or plus
CPEs treatment for 24 h. PBS-treatment was used as the negative control.

Treatment Group Comet assay Parameters
Tail DNA (%) Tail Length (um) Tail Moment
PBS 2.31+£0.45 2.62+0.22 012 4+0.12
CPEs 227 £0.37 248 +0.31 0.09 £0.17
PM2.5 27.14 +£0.27 23.42 +£0.13 17.54 £ 0.57
PM2.5 + CPEs 12.72 £+ 0.44 18.22 4 0.21 2.22 +0.62

Nucleic acid damage repair is a cellular mechanism in response to DNA damage,
mismatch, mutation, and other genotoxic effects. PM2.5 produces DNA damage in human
skin fibroblasts; as such, we investigated the role of PM2.5 in the DNA damage repair
pathway. Base excision repair (BER) is one of the primary DNA damage repair mechanisms,
with OGGI and NUDT1 acting as effector enzymes to remove damage marker 8-oxoG [28].
Therefore, qRT-PCR and Western blot assays were performed to verify the effect of PM2.5 on
DNA damage repair and the protective effect of CPEs. The results showed that both mRNA
and protein expression decreased following PM2.5 treatment and recovered to near-normal
levels with CPEs, indicating that PM2.5 has a detrimental effect on the repair mechanism
of DNA damage and that CPEs have a beneficial influence on this effect (Figure 6E-G).
These data collectively demonstrate that CPEs have a great potential to maintain genomic
integrity, protect DNA structure damage, and inhibit PM2.5-induced reduction of NUDT1
and OGGI.
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Figure 6. Protective effect of CPEs against genotoxicity induced by PM2.5. Cells were co-treated with
CPEs (10 mg mL~1) and PM2.5 (100 ug mL~1) for 24 h. (A) Alkaline comet assay detected DNA
single-strand damage and representative photographs of comets (scale bar: 10 pm). (B) Analysis
results represented the ratio of comet cells from 200 randomly chosen cells. (C) DNA double-strand
breaks were illustrated by YH2AX foci formation. Anti-yH2AX monoclonal antibody (red) was used
for DNA damage foci immunofluorescence and DAPI (blue) was used for nuclei staining (scale bar:
10 um). (D) Percentage of YH2AX-positive cells of fibroblasts. (E) The relative mRNA expression of
NUDT1 and OGG1 were normalized to (3-actin expression. (F,G) Western blot analysis of NUDT1 and
OGGI1 protein levels with PM2.5 or plus CPE treatment at 24 h and the relative protein expression
analysis results. All results are expressed as mean =+ SD of three biological replicates. * p < 0.05;
**p <0.01 compared with PM2.5.

3.5. The Protective Effect of CPEs for Hepatotoxicity and Survival of Zebrafish under
PM2.5 Exposure

Zebrafish are considered to be an ideal animal model for toxicological evaluation
because they are sensitive to changes in their surroundings. The present investigation used
larvae of zebrafish to assess PM2.5 hepatotoxicity and the protective effect of CPEs. Normal
physiological functions of the liver are characterized by apolipoprotein. Our findings
demonstrated that PM2.5 decreased the expression of GFP-labeled apolipoprotein and
weakened the fluorescence signal in the liver of zebrafish larvae, implying that PM2.5
adversely influenced the normal physiological function of the liver (Figure 7A). However,
with the supplement of CPEs, the PM2.5-induced side effects were significantly alleviated,
and the fluorescence signal was restored (Figure 7B).

To investigate the in vivo protective effect of CPEs, we increased PM2.5 extract concen-
tration in the zebrafish culture environment to 10 mg mL~! and examined the differences
in zebrafish survival in the presence or absence of CPEs. Zebrafish in the PM2.5 group died
in a time-dependent manner (Figure 7C); they started dying after 5 min (average survival
rate 64.6%, the same as below), and practically all the zebrafish in the PM2.5 group died
after 10 min (down to 23.9%) (Figure 7D). However, in the CPE group, the scavenging
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activity of CPEs reduced PM2.5-induced mortality of zebrafish exposure throughout the
process (5 min, 96.7%; 10 min, 92.5%) (Figure 7D). These data strongly demonstrate that
CPEs can prevent the adverse effects of PM2.5 on the body of zebrafish.
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Figure 7. CPE protection effect in Zebrafish hepatotoxicity and survival assay against PM2.5.
(A) Viviperception of the larvae tg (Apo14: GFP) liver phenotype by fluorescence microscopic images
(green fluorescence and white outline, scale bar: 200 um). (B) Fluorescence intensity of the liver of
larval exposed to PM2.5 (100 pg mL~!) under fluorescence microscopy. (C) Video capture of zebrafish
survival state after treatment of PM2.5 (10 mg mL~1) or plus CPEs (10 mg mL~1) at 1, 5, 10 min
(black arrow refers to dead zebrafishes). (D) The percentage of zebrafish survival rate. All results are
expressed as mean =+ SD of three biological replicates. (B) ** p < 0.01 compared with PBS, # p < 0.01
compared with PM2.5. (D) * p < 0.05, ** p < 0.01 compared with PM2.5.
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4. Discussion

The bulk of current investigations on the toxicity of atmospheric PM2.5 is focused
on its impact on respiratory and cardiovascular disorders. Skin, being the first line of
defense between the human body and the environment, is directly exposed to PM2.5.
Owing to its tiny particle size, PM2.5 can directly invade the skin tissues independent of
respiratory inhalation. Furthermore, a majority of research focuses solely on the impact
of PM2.5 on cell or bodily injury. However, little thought has been given to lessening
or preventing the adverse effects of PM2.5. In the present work, the cell viability assay
demonstrated a gradual decrease in fibroblast viability following an increase in PM2.5
concentration. However, the intervention of CPEs significantly restored cell viability at
a PM2.5 concentration of 100 pg mL~! (Figure 4A), in this view, we determined 100 pg
mL~! as the effective concentration of PM2.5 to reflect its cytotoxicity for subsequent cell
experiments. Furthermore, we used the copper ion chelation experiment as a reference
to determine whether CPEs could exert biological activity and purify metal ions at a
concentration of 10 mg mL~!, which is consistent with previous findings [22]. Therefore, we
selected 10 mg mL~! CPEs extracted using patented technology to block PM2.5 cytotoxicity
in subsequent cell and animal experiments.

Cell viability, as a fundamental biological feature of cells, maintains the basic survival
state of cells and influences the cell cycle and cell proliferation. PM2.5 and CPEs were
employed as intervention variables to detect the cell viability of human skin fibroblasts
based on the evaluated working concentration. The present investigation revealed that
PM2.5 significantly decreased the cell viability and proliferation rate of human skin fi-
broblasts in a concentration- and time-dependent manner. However, the addition of CPEs
effectively alleviated the decrease in cell viability caused by PM2.5, demonstrating that
CPEs antagonized PM2.5 and reduced its negative effect.

Decreased mitochondrial function could further impair the cell cycle and cell prolifera-
tion. Moreover, it has been reported that CPEs can promote proliferation and progression of
the cell cycle [29]. In this study, PM2.5 interrupted the normal cell cycle and caused S-phase
arrest. Results of EAU staining and flow cytometry showed that PM2.5 treatment increased
the proportion of cells in the G0/G1 phase and decreased the number of cells in the S-phase.
Notably, CPE treatment dampened the effects of PM2.5 on the cell cycle of fibroblasts,
and the proportion of cells in the S-phase was nearly similar to that in the control group.
Meanwhile, we found that CPEs maintained a normal cell number as revealed by the cell
count results. These findings demonstrated that CPEs resisted the cytotoxicity induced
by PM2.5 and alleviated the suppression of cell viability, cell cycle arrest, and reduced
proliferation capacity following PM2.5 exposure.

Genomic integrity is the structural basis of the normal physiological activities of indi-
vidual cells. It has been reported that polycyclic aromatic hydrocarbons (PAHs) in PM2.5
induce chromosome structural fracture and DNA damage, thereby causing physiological
dysfunction, apoptosis and senescence [30]. The comet assay and YH2AX foci staining as-
says are the typical methods used to detect DNA integrity and to evaluate the genotoxicity
induced by PM2.5. In this study, the comet assay parameters including the tail DNA, tail
length, tail moment and number of YH2AX-positive foci were significantly increased after
PM2.5 treatment, suggesting that PM2.5 caused considerable damage to both single and
double strands of DNA as shown in Figure 5A, C. CPE intervention significantly reduced
the DNA damage caused by PM2.5. Due to the complexity of PM2.5 components, the
potential DNA damage repair mechanism of CPEs involves the reduction of intermedi-
ate metabolite 8-oxo-dGTP by BER-related hydrolases NUDT1 and OGG1, hydrolysis of
8-0x0G modification on the DNA double-strand, and reduction in the accumulation of
8-0x0G, potentially affecting DNA instability [31]. Our results reveal that PM2.5 inhibited
the nucleic acid and protein expression of related hydrolases following DNA damage,
thus aggravating the DNA damage. However, CPEs restored the nucleic acid and protein
levels of hydrolases, suggesting that CPEs may repair DNA damage by increasing gene
expression and by restoring enzyme activity. However, the specific molecular mechanism
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by which CPEs alleviate PM2.5-induced DNA damage and suppression of DNA repair-
related hydrolases still needs to be further studied. Our results indicate that CPEs stabilized
the structural integrity of the genome, alleviated DNA damage induced by PM2.5, and
improved DNA repair functions by restoring the normal expression of repair genes at
mRNA and protein levels.

As an ideal animal model for toxicological evaluation [32,33], zebrafish exhibit high
sensitivity to PM2.5. The liver toxicology test revealed that PM2.5 inhibited apolipoprotein
synthesis, which affected the normal physiological function of zebrafish liver. In vivo
survival experiments showed that high concentrations of PM2.5 directly impaired the
living conditions of zebrafish and caused death. However, CPEs alleviated hepatotoxicity
and improved the survival rate of zebrafish. Therefore, it is expected to become a functional
food that can prevent hepatotoxicity.

Chlorella has been widely used as a nutritional supplement in the production of
health products and food additives, and its extract CPE has been shown to have a variety
of positive regulatory biological functions. Our study has shown that CPE has good
antagonistic and repairing effects on cellular and organismal damage caused by PM2.5.
Chlorella vulgaris has been reported to have a purifying effect on heavy metal pollution
in water [34] and has a better epi-modifying effect on polycyclic aromatic hydrocarbon
(PAH) compounds in PM2.5 [35], reducing the overall methylation level of cells under
the effect of PAHs and reducing the level of PAH metabolites, thus reducing the risk of
cancer development. Combined with our results, it is possible to use CPEs as raw material
for the development and application of PM2.5-related purification products, such as the
addition of CPE in indoor air purifiers, or the development of anti-haze masks with CPE
add-ons. However, the selection of CPE dosage forms in different products still needs
further research and demonstration. In terms of mechanism, our experiments confirmed
that CPE has the characteristics of heavy metal chelation and can purify pollutants in water,
suggesting that CPE has certain characteristics of physical adsorption. The cell experiment
further proved that CPE can promote the recovery of normal physiological function of cells,
stabilize the genomic structure of DNA, reduce genotoxicity, and further reduce the toxicity
of PM2.5. It is inferred that CPE may play different regulatory functions in regulating the
cell cycle and maintaining proliferation pathways and epigenetic modification, which will
be the main research direction of our follow-up work and which need further research and
exploration.

5. Conclusions

In summary, we successfully extracted the Chlorella-active ingredient, Chlorella pu-
rification effector molecules (CPEs), through our self-designed patented technology and
proved that it had strong biological activity. We employed another patented technology to
collect PM2.5 from the atmosphere. The results demonstrated that CPEs reduced several
adverse effects caused by PM2.5 exposure in human skin fibroblasts, such as cytotoxicity,
cell cycle arrest, decreased proliferation ability, and significant decline in cell numbers. At
the molecular level, CPEs mitigated cell DNA damage caused by PM2.5, stabilized the
integrity of the genome structure, and alleviated PM2.5-induced genotoxicity. In addition,
we found that downregulation of NUDT1 and OGG1 by PM2.5 disrupted the normal DNA
repair systems, but CPE treatment restored this effect. CPEs significantly reduced the
hepatotoxicity and mortality of zebrafish following PM2.5 exposure. Our study provides a
theoretical basis for further studies on the bioactivity and mechanisms of CPEs against the
effects of PM2.5. The present results support the wider application of CPEs in the cosmetics
and health industries.
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