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Ethyl carbamate (EC) has been associated with the generation of reactive oxygen species (ROS) and
depletion of glutathione (GSH), leading to a decline in cell viability. In this study, we found that the
cuttlefish collagen hydrolysate (CCH) exhibited high antioxidant activity in scavenging hydroxyl radicals
(ICs0 = 0.697 mg mL™Y), which was also effective in combating EC-induced oxidative damage in liver
hepatocellular carcinoma HepG2 cells. The expression of genes related to oxidative stress response
could be regulated by CCH to mitigate EC-induced oxidative stress. Pathway analysis confirmed that the
protective ability of CCH could be related to ferroptosis and glutathione metabolism. Therefore, CCH
could reduce the decline in cell viability by alleviating GSH depletion, and prevent EC-induced oxidative
damage. Moreover, protective effect of CCH could be realized by upregulating the heme oxygenase-1 to
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Introduction

Oxidative stress occurs when there is an imbalance between
oxidation and antioxidation in the body," causing human
beings to suffer from acute or chronic diseases.” The factors that
cause oxidative stress in people's daily life include caducity,
stress and toxic environmental exposure.®> Toxic substances
include ethyl carbamate (EC), peroxide, heavy metal and fun-
galtoxin. Recently, EC has become a research focus. In the
1940s, EC was used as a hypnotic for humans* which was found
to induce adenomas in the lungs of mice.® Cigarette smoke,
polluted air, soy sauce, and alcoholic beverages are all sources
of EC exposure for humans.®” Liver is the primary organ for
detoxification of such environmental stresses.>® EC treatment
can lead to oxidative damage in human liver carcinoma cells
(HepG2), human lung carcinoma cells (A549), and human
normal liver cells (L02)."*** After being stimulated by EC, cells
can occur oxidative stress because their original redox balances
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are disturbed.™ Consequently, finding effective ways to prevent
and reduce oxidative damage induced by EC has drawn
considerable attention. Many researchers have explored natural
resources such as animals™ and plants***® for effective antiox-
idant compounds that may inhibit oxidative stress.

Currently, researchers often extract polyphenols from vege-
tables and fruits to counteract the effects of EC.” However,
polyphenols are sensitive to environmental (such as oxygen,
light, and heat), which affect their stability and bioaccessibility
in the food matrix. In order to maintain the stability of poly-
phenols, a variety of complex encapsulation techniques have
been used to embed polyphenols in emulsion.” Collagen
hydrolysate is rich in a variety of hydrophilic amino acids and
hydrophobic amino acids, which give collagen hydrolysate
unique amphiphilic structure.*® Unlike polyphenols, collagen
hydrolysate that have drawn dramatic attention of researchers
is more stable in application due to its special sequence and
amphiphilic structure.”?® The collagen hydrolysate has been
widely applied in the food industry due to its high emulsifica-
tion stability.>*>* Collagen hydrolysate, which is benefit for
human health, is rich in amino acids. The diversity of amino
acid composition and amino acid sequence endows collagen
hydrolysate with a variety of biological activities. The antioxi-
dant activity of collagen hydrolysates prepared from crimson
snapper using papain has been investigated.> Due to the anti-
oxidant potential of marine collagen hydrolysate, functional
peptides from by-products of seafood processing (such as fish
skins, fish bones, and fish fins) have drawn increasing atten-
tion.**?* Furthermore, Chi et al. reported that the antioxidant
activities of peptides were due to their small molecular sizes
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and the hydrophobic and/or aromatic amino acid residues in
their sequences.*® Therefore, the controlling hydrolysis of
marine collagen is becoming the focus of the study on obtaining
high antioxidant activity peptides.

Alarge number of cuttlefish are harvested annually in coastal
areas as an economically important aquatic export. Therefore,
plenty of by-products from -cuttlefish-based products are
produced during processing and production. It has been shown
that protein concentrates from cuttlefish processing wastewater
can be hydrolysed into peptide mixtures with antihypertensive
and antioxidant activities.** However, cuttlefish skin is usually
regarded as a by-product and discarded as waste. Cuttlefish skin
contains abundant collagens®” and its potential value, especially
the application and mechanism of antioxidant properties,
should be further studied.

The purpose of this study was to develop the way to resist the
EC-caused oxidative damage to liver cells. Herein we developed
an antioxidant collagen hydrolysate from cuttlefish skin to
efficiently protect from EC-induced toxicity for liver cells. The
protective effect of cuttlefish collagen hydrolysate (CCH) was
investigated in terms of gene expression related to reactive
oxygen species (ROS) metabolism and antioxidant defence in
HepG2 cells, and the relevant signaling pathways were explored.
Collectively, the findings of this study suggested that the CCH
could be regarded as a cellular antioxidant, which can affect
intracellular ROS metabolism by regulating the expressions of
ROS-relevant genes. CCH could thus be effectively applied as
a food ingredient, food additive, or pharmaceutical component.

Experimental
Materials

Cuttlefish skin was supplied by Rongcheng Lanrun Biological
Technology Co., Ltd. (Rongcheng, China). Folin's reagent,
phenanthroline, DPPH, and ABTS were supplied by Shanghai
Source Leaf Biotechnology Co., Ltd., Shanghai, China. Neutrase,
Alcalase and Protamex were purchased from Beijing Laboratory
of Biomedical Materials, Beijing, China. HepG2 cell line
(BNC(C338070) was obtained from the BeNa Culture Collection
(BNCC, Beijing, China). In this study, all other chemicals were
analytical grade.

The preparation of CCH

The treated cuttlefish skin was hydrolysed with Alcalase. After
proteases were inactivated by heating the solution to 90 °C for
10 min, the resulting solution was centrifuged. The lyophilized
supernatant was stored at room temperature for later use.

The effects on antioxidant activity of hydrolysis conditions
such as temperature, pH, time, enzymes, and substrate
concentration were investigated. According to single-factor
analysis results (Fig. S1t), operating variables such as temper-
ature (X;), pH (X,), and enzyme quantity (X3) were optimized by
Box-Behnken design (BBD),* and then the effect of these
operating variables on antioxidant activity (Y) was evaluated.
Factor levels, code design, and response surface methodology
(RSM) tests are presented in Table S1.T The process variables
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and experimental data for CCH antioxidants in various hydro-
lysis conditions are shown in Table S2.1 The following poly-
nomial prediction equation reflected the relationship between
the oxidation resistance and the preparation conditions:

DPPH radical scavenging activity (%) = —0.85X; — 2.15X; +
3.16X; — 0.34X, X, — 097X, X5 — 0.17X, X5 — 5.15X,% — 5.22X,>
— 5.67X5% + 78.64 (1)

Three-dimensional (3D) RSM plots were drawn to illustrate
the effect of any two preparation conditions on the antioxidative
activity. The response surface and statistical analysis of the
three variables are shown in Fig. S2(a, b and c).T The accuracy of
the linear fitting of the experimental data for the antioxidant
capacity was verified from their model estimation parameters
(Fig. S2dt). The desirability value of the model indicates that an
accurate prediction result could be obtained. The research
results (Fig. S1 and S2et) showed that the optimal extraction
conditions of high antioxidant collagen hydrolysate from
cuttlefish skin are as follows: enzymatic hydrolysis temperature
44,5 °C, pH value 7.8, enzyme quantity 7135 U g~ ', hydrolysis
time 150 min, and substrate concentration 33.3 wt%. The
average antioxidant activity was 79.36%. The hydrolysate
prepared using the optimized conditions was separated by an
ultrafiltration membrane (3 KD) under a pressure of 1.5 Barin in
Vivaflow50R tangential flow film. The obtained fraction, CCH
(<3 KD), was lyophilized and stored for further analysis.

Determination of relative molecular weight of CCH

The relative molecular weight of CCH was determined using gel
permeation chromatography using a TSK gel G2000 SWXL
column (300 x 7.8 mm). The mobile phase used was
acetonitrile/water/trifluoroacetic acid (60 : 40 : 0.05, v/v/v). The
measurement was performed at a flow rate of 0.5 mL min ' at
30 °C and detected at 220 nm. The calibration curve was ob-
tained with the following standards: Gly-Gly-Gly (189 Da), Gly-
Gly-Tyr-Arg (451 Da), bacitracin (1423 Da), aprotinin (6512 Da)
and cytochrome C (12 384 Da).

Peptides identification

For liquid chromatography with tandem mass spectroscopy
(LC-MS/MS) analysis, peptides were separated using a Thermo-
Dionex Ultimate 3000 HPLC system at a flow rate of 0.250
uL min~" for 60 min. This system was directly connected in
series with a Thermo LTQ-Orbitrap Velos pro-mass spectrom-
eter. A fused silica capillary column (75 um ID, 150 mm length;
Upchurch, Oak Harbor, WA) packed with C18 resin (300 A,
5 um; Varian, Lexington, MA) was used. Mobile phase A was
0.1% (v/v) formic acid, and mobile phase B consisted of aceto-
nitrile with 0.1% (v/v) formic acid.

Antioxidant activity

The DPPH radical activity was examined by a slightly modified
Blois S$** method. After 0.2 mM DPPH and sample solution were
mixed, the mixture was placed in 96-well plates and held in the
dark for 60 min. Absorbance was determined at 517 nm using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a full-wavelength enzymatic labeling instrument. The ABTS
radical scavenging activity was determined using the method
described by Re. R* with some modifications. First, the potas-
sium persulfate solution of 2.6 mM and the ABTS solution of
7.4 mM were allowed to react in the dark for 12-16 h to form the
ABTS radical cation. The reaction solution was diluted with
phosphate buffer (pH 7.4) until the absorbance at 734 nm
reached 0.75 + 0.01. The hydroxyl radical scavenging activity
was determined by the C. F. Ajibola** method with some
modifications. Briefly, CCH solution was mixed with 1.865 mM
o-phenanthroline solution and 1.865 mM FeSO, - 7H,O solution.
Subsequently, 0.03% (v/v) H,O, was added to the mixture.
Absorbance of the solution was determined at 536 nm by a full-
wavelength enzymatic marker after 60 min at a constant
temperature of 37 °C. And double-distilled water was used
instead of CCH as the blank control group.

Cell culture

HepG2 cells were cultured in complete Dulbecco's modified
Eagle's medium (DMEM; with 4.5 g L' glucose, 1-glutamine,
sodium pyruvate, 10% fetal bovine serum, 100 units per mL of
penicillin, and 100 units per mL of streptomycin). Cells were
cultured in a cell incubator at 37 °C, with 5% CO,.

Cell viability assay

Cell viability was determined using the CCK-8 method.*”” The
HepG2 cells were prepared as a solution (6 x 10* cells per mL)
in complete medium. The cell solution (100 uL per well) was
seeded into a 96-well plate and incubated for 24 hours. The
HepG2 cells were pre-treated with CCH for 24 h and then
incubated with 65 mM EC for 24 h. Finally, the HepG2 cells were
incubated with 10% of CCK-8 for 2 h. The absorbance was
measured with a microplate reader (SpectraMax® M2/M2e, CA,
USA) at 450 nm.

For the control group, the HepG2 cells were incubated under
normal conditions. For the EC-treated group (EC-group), the
HepG2 cells were only incubated with EC for 24 h. For the CCH-
EC-group, the HepG2 cells were treated with CCH for 24 h and
then incubated with EC for 24 h.

Determination of cellular ROS

DCFH-DA (2/,7'-dichlorofluorescin diacetate) fluorescent probe
powder was dissolved in DMSO, prepared as a 10 mM stock
solution, and stored at —20 °C in the dark. The thawed DCFH-
DA probe was diluted with PBS to a final concentration of 10
uM, and incubated at 37 °C for 20 min in the dark. Then, the
loaded probe was added to a 96-well fluorescent plate. The
fluorescence intensity was measured by multifunctional
microplate reader at the excitation wavelength of 485 nm and
the emission wavelength of 530 nm for DCFH-DA.

Determination of cellular glutathione (GSH)

Some modifications were made to determine the GSH concen-
tration in the cells according to the previously described
method. The cells were processed in a 6-well plate using the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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processing method described above. The HepG2 cells were
incubated with 50 uM NDA at 37 °C for 30 min, and then washed
with PBS. Use a fluorescence microscope for immediate
evaluation.

Quantitative real-time PCR

Gene expression profiles were developed using the Oxidative
Stress qPCR Array according to the manufacturer's protocol
(Wcgene Biotech, Shanghai, China). Data were analysed with
Wecgene Biotech software.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis

Based on the Omicshare tools (http://www.omicshare.com/
tools), GO and KEGG enrichment analysis were determined.
Through a hypergeometric test, when the P value was <0.05, GO
terms or signalling pathways were considered to be enriched.

Cell cycle assay

In accordance with the above treatment method, the cells were
treated with CCH and EC (65 mM). The cell cycle and apoptosis
analysis kit (Beyotime, China) was used to analyse the cell cycle
and apoptosis following the manufacturer's protocol. The cells
were fixed with 75% ethanol and stored 8-10 h at —20 °C. The
fixed cells were washed with PBS for 3 times and finally stained
by the staining solution in the kit for 30 min, at 37 °C in the
dark. The cell cycle was measured by flow cytometer (BD
Accuri® C6, USA).

Statistical analysis

Analysis of variance (ANOVA) was performed to characterize
univariate differences. The statistical significance results for the
regression coefficients were obtained utilizing SPSS 22.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). The RSM was determined on
the basis of JMP® (13.2, SAS Institute Inc., Cary, NC, USA)
Statistical Analysis Systems.

Results and discussion
Characterization of CCH

CCH was obtained by using Alcalase as the catalyst. In order to
obtain a high antioxidant collagen hydrolysate, the hydrolysis
process was optimized by RSM, and the as-prepared products
were separated by ultrafiltration. Here, CCH were analysed via
LC-MS/MS to obtained MS spectrum and MS/MS spectra. Five
parent ions (m/z 300.7, m/z 472.7, m/z 474.2, m/z 563.3 and m/z
566.8) with the higher signal intensities were detected (Fig. 1).
According to the MS/MS spectra, the five parent ions were
identified as major peptides GLLGpQ, LGMpGLRGK,
GMLGVMGLpG, RAGPpGNMGPVG and GMpGMLGLRGQ (p
indicates hydroxyproline), respectively (Fig. S37).

The amino acid sequences, retention time, mass-to-charge
ratio and calculated peptide masses of identified peptides are
listed in Table 1. The bioactive peptide sequences and their
corresponding activities from the BIOPEP database are also
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Fig. 1 The full-scan high-resolution accurate-mass MS spectrum of
CCH. This MS spectrum was averaged across the all MS spectra of
CCH.

listed in Table 1. As an example, the peptides (RA, AGP, GPP,
PPG, MGP, GPV, and VG) which have antioxidant activity and
angiotensin-converting enzyme (ACE) inhibitory properties
correspond to the RAGPpGNMGPVG from CCH. These
potential biological activities are related to oxidative stress.
Additionally, previous studies have shown that the Met
residue within the peptide chain provided an active site for
antioxidant activity.’” Interestingly, most of the collagen
peptides of CCH also contained at least one Met residue.
Therefore, we have hypothesized that CCH not only has high
antioxidant activity in vitro, but also has the potential to resist
oxidative stress.

Antioxidant activity of CCH in vitro

DPPH and ABTS radicals are widely used as stable free radicals
for assessing free radical-scavenging capacity. Here reduced
GSH was used as a positive control. The IC5, value of the CCH
was evaluated to 1.840 mg mL ", indicating high DPPH free
radical scavenging activity of CCH (Fig. 2a). As shown in Fig. 2b,
CCH was also capable of significantly scavenging ABTS radicals
(ICso = 1.072 mg mL ). Hydroxyl radicals, a type of ROS, is one
of the main causes of cellular oxidative stress. More impor-
tantly, CCH exhibited the higher hydroxyl radical scavenging
activity (ICso = 0.697 mg mL ') than the positive control (GSH,
IC5o = 1.443 mg mL ™", see Fig. 2¢). Collectively, these results
indicate that CCH offers high antioxidant activity.
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CCH ameliorates EC-induced toxicity during cell proliferation
in HepGz2 cells

EC has been described as toxic to cells and animals."*® Up to
now, no significant correlation has yet been found between
collagen hydrolysate and EC-induced toxicity. The HepG2 cell
model and CCKS8 assay were engaged to investigate the effect of
CCH on EC-induced cytotoxicity. The detected cell death indi-
cated the cytotoxicity of EC to cells (Fig. S4at). When only
incubated with CCH (0.1, 0.25, 0.5, and 1 mg mL "), the almost
constant cell viability showed that CCH is non-toxic (Fig. S4b¥).
Therefore, the alleviation of EC-induced cytotoxicity was inves-
tigated in the presence of CCH. The HepG2 cells were pre-
treated with CCH for 24 h and then incubated with 65 mM EC
for 24 h. In comparison with the EC-group, we observed that the
viability of cells pre-treated with the CCH increased to 72%
significantly in a dose-dependent manner (Fig. 3a). According to
those results, CCH shows significant cytoprotective effects for
HepG2 cells against the oxidative stress induced by EC.
Previous studies indicated that the disturbance of the redox
balance between ROS and antioxidants in cells is related to
cytotoxicity.* Therefore, we further evaluated whether CCH can
inhibit intracellular ROS production induced by EC. Here, the
evaluation results of specific ROS fluorescent probe DCFH-DA
involved in the assessment of intracellular ROS level were lis-
ted in Fig. 3b. For the cell group treated by the 65 mM EC, ROS
levels increased significantly to 621%. It is worth noting that
1 mg mL~" CCH reduced the average fluorescence intensity to
329%, indicating that CCH caused a sharp reduction for ROS
production. Therefore, CCH can not only prevent EC-induced
cytotoxicity, but also alleviate excessive ROS production in
HepG2 cells. GSH is the main thiol that maintains the redox
state of cells.”” Some researchers reported that the reaction
between GSH and ROS may maintain the redox balance in the
cell.** Accordingly, the intracellular GSH concentration was
assessed by the highly efficient fluorescent probe NDA. Chem-
ical reactivity of NDA with both amino and sulfhydryl groups of
the GSH molecule in cell leads to a highly selective detection.”
It was found that EC significantly reduced the average fluores-
cence intensity of NDA (Fig. 3c and d). Fig. 3c and d showed that
the NDA fluorescence intensity of CCH-EC-group was elevated
to 86.42% which is higher than that of EC-group (9.88%),

Table 1 Identification of main peptides of the CCH

Data accessed from BIOPEP*
Peptide® m/z RT (min) Mass (Da) Bioactive peptide Biological activity”
GLLGpQ 300.7 25.93 599.33 GL, LGP, GP, PQ a, b
LGMpGLRGK 472.7 22.73 943.48 LG, GM, PGL, LR, RG, GK a, b
GMLGVMGLpG 474.2 29.86 946.47 GM, LGV, GVM, GLP, LPG a,d
RAGPpGNMGPVG 563.3 18.36 1124.54 RA, AGP, GPP, PPG, MGP, GPV, VG a, b, c
GMpGMLGLRGQ 566.8 29.10 1131.55 GM, MP, PG, ML, LG, GL, LR, RG, GQ a, b

“ Data accessed from BIOPEP, available at http://www.uwm.edu.pl/biochemia/index.php/pl/biopep in March 2020. ° @ indicates ACE inhibitor;
b indicates dipeptidyl peptidase IV inhibitor; ¢ indicates antioxidative; d indicates immunostimulating. ¢ p indicates hydroxyproline.
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Fig.2 The antioxidant activity of ultrafiltration fractions of CCH. (a) DPPH radical; (b) ABTS radical; (c) Hydroxyl radical scavenging activity of CCH

fractions.

indicating that CCH has protective effect on HepG2 cells by
alleviating oxidative stress of EC on GSH-depleted cells. In
addition, GSH metabolism may be influenced by CCH via the
regulation of gene expression.

Different gene expressions induced by CCH and EC

According to the observation of the cell proliferation, we
concluded that CCH showed intracellular ROS scavenging
activities and the ability to increase GSH concentration in
HepG2 cells. We speculated that CCH may influence oxidative
stress and ROS metabolism by regulating the expression of
related genes. The effects of CCH on gene expressions in HepG2
cells induced by EC were explored via measurement of PCR
arrays of 84 genes associated with oxidative stress and intra-
cellular ROS metabolism. Compared with the control group, the
gene expressions were considered to be upregulated or down-
regulated in terms of the calculated log, fold changes (Table
S3t). When the absolute value of its log, fold change was at least
1.5, that gene was determined to be differentially expressed for

@
8
S

every genes. Among the cells treated with EC and CCH-EC, the
number of differentially expressed genes reached 27 (Fig. 4).
Thus, the association of CCH with genes related to oxidative
stress was further investigated.

Under EC-treatment-induced oxidative stress, HepG2 cells
showed downregulation in four genes, while 22 others were
upregulated. When these cells were pre-treated with CCH-EC,
the total number of genes differentially expressed was only 19.
Compared with the EC-group, the level of gene expression in
HepG2 cells protected by CCH was closer to that in the blank
group. Here, most of the differentially expressed genes were
oxidative stress-responsive genes. These results indicate that
CCH alleviates the overexpression of related genes and protects
the cells from EC-induced oxidative stress. These related genes
include ATOX1, DHCR24, GCLM, HMOX1, MB, MT3, NCF2,
NOXS5, PDLIM1, PRNP, RNF7, and TRAPPC6A. Therefore, the
antioxidant-related biological responses regulated by these
genes in cells and their exact mechanisms should be investi-
gated further.
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Fig.3 CCH prevented EC-induced oxidative damage on HepG2 cells. (a) Cell cytotoxicity of HepG2 cells treated with 65 mM EC and CCH. (b)
Effects of CCH on scavenging EC-induced excessive intracellular ROS in HepG2 cells. (c) Intracellular glutathione concentration. Compared to
the EC treatment, different letters in each column represent significant difference (p < 0.05). (d) Intracellular glutathione concentration was
assessed by the fluorescent probe NDA and evaluated by fluorescence microscope.
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Fig.4 Fold change of 27 genes expression in HepG2 treated with CCH
(1 mg mL™) + EC compared to EC treatment.

Gene ontology (GO) enrichment

Gene ontology (GO) analysis can summarize differentially
expressed genes in terms of their potential biological functions,
which covers three aspects of biology of gene, including the
biological process, cellular component, and molecular function.
The GO secondary classification map was calculated based on
the number of differentially expressed genes (Fig. S51). In terms
of the cellular component, the most relevant items regulated by
these genes, and their products were located in cytoplasm and
cell membranes. The molecular function of genes were related
to antioxidant activity and catalytic activity. The most relevant
items for biological process of genes were related to response to
stimulus and cellular process. These enrichment entries
showed the EC-induced cellular oxidative stress process, which
was consistent with our expectations. Compared with the EC-
group, the proportion of upregulated genes in the CCH-EC
group was reduced, indicating that CCH could have a protec-
tive effect against EC in HepG2 cells.

The GO classification map, based on the number of genes,
can analyse the biological processes and functions of cells from
a macroscopic point of view, and the GO enrichment results
with p values can show some intracellular and extracellular
reactions. Based on the corrected p value, the potential biolog-
ical functions of differentially expressed genes under different

(a) GO Terms Enrichment Analysis of EC
response to oxidative stress @
cellular response to oxidative stress L
cellular oxidant detoxification .
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stimuli were discovered. Enriched GO comment entries are
shown in Fig. 5. Of all the items enriched in biological process
of genes (Table S471), the most relevant ones are those related to
oxidative stress and cellular detoxification. When pre-treated
with CCH-EC, the degrees of enrichment associated with
response to oxidative stress [GO: 0006979], stress [GO: 0006950],
and the oxygen-containing compound [GO: 1901700] were
obviously reduced. In addition, the enrichment factors and the
gene number of cells treated with CCH-EC were lower than
those of cells treated with EC. These results indicated that CCH
provided a protective against oxidative stress and cytotoxicity
caused by EC.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

Through the analysis of the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways for the differential genes, the fer-
roptosis pathway [KEGG: map04216] and glutathione metabo-
lism pathway [KEGG: hsa00480] containing the highest number
of genes were observed in our studies (P < 0.05). Portions of the
ferroptosis and glutathione metabolism pathways are shown in
Fig. 6, with differentially expressed genes highlighted. When
HepG2 cells were damaged with EC, the GPX3, GCLM, PRNP,
and SLC7A11 genes were upregulated, while the HMOX1 gene
was downregulated. On the other hand, in HepG2 cells treated
with CCH-EC, differential genes were not enriched in these
pathways. Compared with the EC-group, the gene expression
levels of the GPX3, GCLM, PRNP and SLC7A11 were significantly
decreased, while the expression level of the HMOX1 gene was
increased. More importantly, we found that the expression level
of each gene was close to that of the control group. These
observations demonstrated that the CCH treatment led to
a tendency towards untreated cell status.

Ferroptosis, which is biochemically characterized by the
accumulation of ROS and lipid peroxides,* is generally led by
iron accumulation and GSH depletion. On the one hand, iron
metabolism requires a homeostasis. This balance depends on
three types of proteins that capture (transferrin receptor),
transport (transferrin) and storage (ferritin) iron. Iron could
catalyse the decomposition of hydrogen peroxide or lipid per-
oxidation to generate ROS,**** which is known as the Fenton
reaction. Although basal levels of iron and ROS are needed to

(b) GO Terms Enrichment Analysis of CCH-EC
response to oxidative stress {
cellular response to oxidative stress *
cellular oxidant detoxification .

cellular detoxification

response to toxic substance
detoxification

cellular response to toxic substance
response to stress
oxidation-reduction process

response to reactive oxygen species
reactive oxygen species metabolic process
cofactor catabolic process

response to oxygen radical

cellular response to chemical stimulus

response to oxygen-containing compound

Fig. 5 Significant term for GO enrichment analysis in cells treated with:
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Fig. 6 General pathway of ferroptosis and glutathione metabolism. Inside the orange dotted box is the glutathione metabolic pathway. PRNP,
SLC7A11, GCLM, GPX3, and HMOX1 are differentially expressed genes. In HepG2 cells with EC-induced oxidative damage, PRNP, SLC7A11,
GCLM, and GPX3 genes were up-regulated, and HMOX1 gene was down-regulated. In HepG2 cells pre-treated with CCH, only the GCLM and
GPX3 genes were up-regulated, and they could not be significantly enriched in this pathway.

guarantee a normal cellular function,**** accumulation of both
is related to oxidative stress. And persistent iron-induced
damage can lead to ferroptosis. On the other hand, thiol
cysteine of GSH is a reactive group capable of protecting cells
against ROS by direct antioxidation reaction. And GSH presents
cellular functions beyond an antioxidant agent. It works by
binding to drugs to alter their solubility to drive excretion, as
well as being a cofactor of different enzymes. For example,
glutathione peroxidase (GPx) can convert GSH to oxidized
glutathione (GSSG), while reducing lipid hydroperoxides to
corresponding alcohols or free hydrogen peroxide to water. So
GSH depletion can also cause the accumulation of ROS and lead
to ferroptosis.** The relationship between GSH depletion and
iron accumulation is still unclear.

The protein encoded by the SLC7A11 gene is a member of the
Xc() system which is responsible for transporting cysteine and
glutamate. The first rate-limiting enzyme of glutathione
synthesis is called glutamate-cysteine ligase (GCLM). This
enzyme can catalyse the synthesis of a precursor of glutathione.
The protein encoded by the GPX3 gene is an important member
of the glutathione peroxidase family. It can regulate cells
against the action of ROS, thereby protecting cells from oxida-
tive damage. Heme oxygenase 1, encoded by HMOX1, cleaves
the heme ring to form biliverdin. Excessive free heme makes
cells sensitive and more susceptible to apoptosis, so HMOX1
provides cytoprotective effects.

The EC-induced depletion of GSH in cells leads to oxidative
stress. The enrichment results indicate that cells need to
synthesize more GSH to return to the redox equilibrium.
Upregulation of SLC7A11 promotes the intake of synthetic GSH
materials, and upregulation of GCLM accelerates the synthesis
of GSH. The two genes, SLC7A11 and GCLM, are up-regulated to

© 2021 The Author(s). Published by the Royal Society of Chemistry

increase the GSH level in cells. In addition, oxidative stress
leads to an increase in the expression level of GPX3, which could
promote the antioxidant reactions in the cells to reduce the high
intracellular ROS levels. However, when cells were pre-treated
with CCH-EC, the expression levels of these genes tended to
be normal, indicating that CCH provides a protective effect.
Meanwhile, EC treatment downregulates the HMOX1 gene,
which resulted in cell sensitization. On the other hand, when
pre-treated with CCH, the HMOX1 gene was upregulated to
prevent cell sensitization. Since the mechanism of ferroptosis is
different from spontaneous apoptosis, we characterized the cell
cycle (Fig. S6t1). We found that after EC treatment, the cells
increased at the GO/G1 phase while there was a slight decrease
in the ratio of cells at S phase and G2/M phase. The cell cycle
arrest at GO/G1 phase was obviously alleviated by using CCH.
Thus, it was concluded that CCH could prevent EC-induced
oxidative damage by upregulating the HONX1 gene and allevi-
ating GSH depletion. The results indicated that CCH could
regulate multiple pathways to attenuate cytotoxicity and oxida-
tive damage. But it is unclear whether there are other pathways
involved in this process.

Conclusions

In the present study, we discovered that an antioxidant collagen
hydrolysate obtained from cuttlefish afforded protective ability
against EC-induced oxidative damage in vitro. The ICs, values of
the CCH measured by DPPH and ABTS radical scavenging
assays were 1.840 mg mL ™" and 1.072 mg mL ™", respectively.
More importantly, we found that CCH exhibited the higher
hydroxyl radical scavenging activity (ICs, = 0.697 mg mL )
than the positive control (GSH, ICs, = 1.443 mg mL ).
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Therefore, CCH exhibited excellent antioxidant capacity, which
could alleviate oxidative stress in HepG2 cells caused by EC. We
speculated that the ability of CCH to reduce oxidative stress in
HepG2 cells could be related to gene regulation and cellular
pathways. According to the PCR array results, CCH could
regulate the expressions of genes related to the oxidative stress
response and superoxide metabolism in HepG2 cells to confer
protection against EC-induced oxidative stress. In addition,
pathway analysis indicated that the protective effect of CCH for
HepG2 cells could be associated with ferroptosis and the
glutathione metabolism pathway. CCH could not only alleviate
EC-induced oxidative damage by alleviating GSH depletion, but
also prevent cell sensitization by upregulating the heme
oxygenase-1. These results indicate that CCH could be used as
an effective ingredient in the formulation of functional foods
for preventing oxidative stress in the future. The results show
that CCH is an effective cellular antioxidant, but it would be
further confirmed if CCH is suitable for functional food appli-
cations in a stressed environment such as food matrix.
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