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Abstract: Meretrix meretrix oligopeptides (MMO) derived from shellfish have important medicinal
properties. We previously obtained MMO from alcalase by hydrolysis processes. Here we examine
the protective effects of MMO against nonalcoholic fatty liver disease (NAFLD) and explored the
underlying mechanism. Human Chang liver cells were used in our experiments after exposure to
palmitic acid at a final concentration of 15 pug/mL for 48 h to induce an overload of fatty acid as
NAFLD model cells. Treatment with MMO for 24 h increased the viability of the NAFLD model cells
by inhibiting apoptosis. MMO alleviated oxidative stress in the NAFLD model cells by preserving
reactive oxygen species activity and increasing malondialdehyde and superoxide dismutase activity.
MMO improved mitochondrial dysfunction by decreasing the mitochondrial membrane potential and
increasing the activities of Na*/K*-ATPase and CaZt/ Mg2+-ATPase. In addition, MMO inhibited the
activation of cell death-related pathways, based on reduced p-JNK, Bax expression, tumor necrosis
factor-o, caspase-9, and caspase-3 activity in the NAFLD model cells, and Bcl-2 expression was
enhanced in the NAFLD model cells compared with the control group. These findings indicate
that MMO have antioxidant and anti-apoptotic effects on NAFLD model cells and may thus exert
protective effects against NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD), characterized by the excessive accumulation of fat
in the liver, is the most common liver disease in China [1]. Excessive fat accumulation leads to
obesity and an increased risk for many metabolic diseases, including non-alcoholic fatty liver disease
(NAFLD), insulin resistance, hypertension, and hyperlipidemia [2-4]. NAFLD comprises various
clinical conditions ranging from steatosis to non-alcoholic steatohepatitis, fibrosis, cirrhosis, and
hepatocellular carcinoma [5]. Therefore, controlling NAFLD could help to reduce the risk of various
liver diseases. Currently, however, no food and drug treatments are available for NAFLD. The
discovery of functional foods or food-sourced functional factors could provide an efficient approach to
prevent NAFLD [6,7].

Marine organisms such as shellfish are a rich source of structurally diverse bioactive
nitrogenous components [8,9]. Polysaccharides obtained from marine origins are one type of
these biochemical compounds that have several important properties, such as immunomodulatory,
anticoagulant, antithrombotic, antitumor and cancer preventive, anti-inflammatory, antibiotic,
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antioxidant, antilipidaemic, and hypoglycaemic activities [10]. Some of these bioactive compounds
are novel proteins and chemical entities which can be applied to drug discovery [11]. The skeletal
organic matrix proteins derived from marine calcifiers, for example, have been concentrated on
biomedical applications such as the identification of growth inducing proteins that can be used for
bone regeneration [11,12].

Because they are a rich source of protein, marine organisms are ideal starting materials for the
generation of protein-derived bioactive peptides.

Meretrix meretrix widely distributes in the coastal areas of China and is an important economic
mudflat shellfish resource. It tastes delicious and contains carbohydrates, protein, and vitamins.
It also exhibits medicinal activities, such as anticancer [13], antioxidant [14], and antiaging effects [15].
Management of functional food use is considered beneficial for treating NAFLD [16].

In a previous study, Meretrix meretrix was hydrolyzed by pepsin, alkaline, protease, neutral
protease, papain, and trypsin. The best hydrolysis process was determined by orthogonal testing,
including temperature, time, dose, pH, and feed solution proportion. The best hydrolysis conditions
based on an index of triglyceride content were a temperature of 40 °C, time of 8 h, alcalase enzyme
dosage of 1000 U/g, pH 9.5, and a solid-liquid ratio of 1:2. The amino acid sequence of the derived
Meretrix meretrix oligopeptides (MMO) was GIn-Leu-Asn-Trp-Asp. Human Chang liver cells were
treated with 15 ug/mL palmitic acid for 48 h as a NAFLD cell model. Treatment with MMO significantly
decreased the Oil Red O-stained material and the lipid contents of NAFLD model cells.

The functional value of MMO, however, has not been well evaluated, and, to our knowledge, no
studies of the effects of MMO on NAFLD have been published. Therefore, the objective of this study
was to investigate the protective effect of MMO on NAFLD using a Human Chang liver cell model.

2. Materials and Methods

2.1. Chemicals and Reagents

Anti-B-Actin antibody and other chemicals were high-grade products from Sigma (Shanghai,
China). Antibodies against Bcl-2, Bax, and caspase-9 were obtained from Beijing ZSGB Biotechnology
Co., Ltd. (Shanghai, China). Antibodies against Caspase-3, TNF-«, P-JNK, and JNK1/2/3 were
purchased from ABGENT (San Diego, CA, USA). Cell culture materials were obtained from GBICO
(Grand Island, NY, USA). A Cell cycle staining Kit and an Annexin V-FITC/PI Apoptosis Detection
Kit were obtained from YTHX Biotechnology Co., Ltd. (Beijing, China). A BCA Protein Assay Kit
was obtained from Beyotime Institute of Biotechnology (Nanjing, China). Minim ATP enzyme test
kits (Na*-K* and Ca?*-Mg?*, T-ATP enzyme) were obtained from Nanjing jiancheng Bioengineering
Insitute (Nanjing, China). A CellTiter-Glo (CTG) luminescent assay kit was obtained from Promega
(Fitchburg, MA, USA). ROS, MDA, and SOD detection kits were purchased from Nanjing Jiancheng
Bioengineering Insitute (Nanjing, China).

2.2. Preparation of Meretrix meretrix Oligopeptides (MMO)

The Meretrix meretrix was hydrolyzed by pepsin, alkaline, protease, neutral protease, papain, and
trypsin. The best hydrolysis process was determined by orthogonal testing, including temperature,
time, dose, pH, and feed solution proportion. The best hydrolysis conditions based on an index of
triglyceride content were a temperature of 40 °C, time of 8 h, alcalase enzyme dosage of 1000 U/g,
pH 9.5, and a solid-liquid ratio of 1:2. Meretrix meretrix oligopeptides (MMO) was identified by
a LTQ-Orbitrap mass spectrometer (Thermo, Waltham, MA, USA) coupled with an electrospray
ionisation (ESI) source. The molecular mass of MMO was determined by the doubly charged
(M + 2H)*? state peak in the mass spectrum. MMO was sequenced on a Shimadzu PPSQ-31A
automated gasphase sequencer (Shimadzu, Kyoto, Japan). It was dissolved in 20 pL of a 37% CH3;CN
(v/v) solution and applied to TFA-treated glass fiber membranes, precycled with Polybrene (Shimadzu,
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Kyoto, Japan). Data were recorded using the Shimadzu PPSQ-31A software. The amino acid sequence
of the MMO was GIn-Leu-Asn-Trp-Asp, and its molecular mass was 675.7 Da (Figure 1).
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Figure 1. Mass spectrogram of Meretrix meretrix oligopeptides (MMO). MMO sequences were identified
as GIn-Leu-Asn-Trp-Asp.

2.3. Cell Culture and the NAFLD Model Cells

The human Chang Liver cells were purchased from cell center of Xiang Ya Hospital, Central South
University. The cells were cultured in DMEM with high glucose and supplemented with 10% foetal
bovine serum, 100 units/mL penicillin, 100 ug/mL streptomycin in a humidified incubator under 95%
air, and 5% CO; at 37 °C. Human Chang liver cells were used in our experiments after exposure to
palmitic acid at a final concentration of 15 pg/mL for 48 h to induce an oerload of fatty acid as NAFLD
model cells.

2.4. Cell Viability Assay

The number of viable cells in culture based on the quantitation of the ATP present produced
by metabolically active cells were determined using the CellTiter-Glo (CTG) luminescent assay kit
(Promega, Fitchburg, WI, USA), as per the manufacturer’s instructions. Briefly, the human Chang
Liver cells were seeded in 96-well plates at 1 x 10* cells per well. The cells were treated with 15 ug/mL
palmitic acid for 48 h as NAFLD model cells. The control group, was the human Chang Liver cells
incubated without MMO and palmitic acid. Forty-eight hours later, the NAFLD model cells were
incubated with 10 and 20 mg/mL of MMO for 24 h. A volume of CTG reagent equal to the volume
of the cell culture medium present in each well was added to each well. The generated luminescent
signal was captured on a Multi-Detection Microplate Reader (Synergy HTX, BioTek Instrument, Inc.,
Winooski, VT, USA). The results were expressed as percentage of control.
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2.5. ATPase Activities

The cells were treated with 15 ug/mL palmitic acid for 48 h as NAFLD model cells. The control
group was the human Chang Liver cells incubated without MMO and palmitic acid. 48 h later,
the NAFLD model cells were incubated with 10 and 20 mg/mL of MMO for 24 h. The activities
of Na* /K*-ATPase and Ca?t/ Mg2+-ATPase were measured as per the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.6. Reactive Oxygen Species (ROS) Levels

Reactive oxygen species (ROS) levels were detected as per the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Briefly, the human Chang Liver cells
were seeded in 24-well plates at 5 x 10* cells per well. The cells were treated with 15 pg/mL palmitic
acid for 48 h as NAFLD model cells. The control group was the human Chang Liver cells incubated
without MMO and palmitic acid. Forty-eight hours later, the NAFLD model cells were incubated
with 10 and 20 mg/mL of MMO for 24 h. After MMO treatment, cells were incubated with PBS
containing 20 uM DCF-DA at 37 °C for 30 min. The fluorescent intensity of DCF was detected by The
Multi-Detection Microplate Reader (Synergy HTX, BioTek Instrument, Inc., Winooski, VT, USA) at an
excitation wavelength of 480 nm and at an emission wavelength of 525 nm. Data were expressed as a
relative percentage of DCF-fluorescence in the control cells.

2.7. Malondialdehyde (MDA) and Superoxide Dismutase Levels

The levels of MDA and Superoxide Dismutase were detected by using the MDA detection kit
and Superoxide dismutase (SOD) kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
respectively, according to the manufacture’s protocols. Shortly, the cells were seeded in 6-well plates at
5 x 106 cells per well. The human Chang Liver cells were seeded in 24-well plates at 5 x 10* cells per
well. The cells were treated with 15 pg/mL palmitic acid for 48 h as NAFLD model cells. 48 h later,
the NAFLD model cells were incubated with 10 and 20 mg/mL of MMO for 24 h. The optical density
was read on a Multi-Detection Microplate Reader (Synergy HTX, BioTek Instrument, Inc., Winooski,
VT, USA), and the protein concentrations were determined by a BCA Protein Assay Kit (Beyotime,
Nanjing, China). Data were expressed as nmol/mg protein.

2.8. Cell Apoptosis Analysis

Apoptotic and necrotic cell death were evaluated as per the manual operation of an Annexin V
Staining Kit (YTHX Biotechnology Co., Ltd., Beijing, China). In brief, the cells were treated with
15 pg/mL palmitic acid for 48 h as NAFLD model cells. 48 h later, the NAFLD model cells were
incubated with 10 and 20 mg/mL of MMO for 24 h. The control group was the human Chang Liver
cells incubated without MMO and palmitic acid. Subsequently, the cells were washed twice with
cold phosphate-buffered saline (PBS) and then resuspended in 1x binding buffer at a concentration
of 5 x 10° cells/mL. 5 uL. Annexin V and 10 uL PI were added to each tube. 15 min later, at room
temperature and in the dark, 400 uL of 1x binding buffer was added to each tube. The samples were
analyzed by a flow cytometry (Millipore/Guava Technologies, CA, USA).

2.9. Mitochondrial Membrane Potential (A¥'m) Assay

JC-1 (5,50,6,60-tetra-chloro-1,10,3,30-tetra-ethylbenzimidalyl-carbocyanineiodide) staining was
used to detect changes of A¥m. The cells were treated with 15 ug/mL palmitic acid for 48 h as NAFLD
model cells. 48 h later, the NAFLD model cells were incubated with 10 and 20 mg/mL of MMO for
24 h. The control group was the human Chang Liver cells incubated without MMO and palmitic acid.
After incubation, the collected cells were incubated with JC-1 2.5 pg/mL in 1 mL of PBS) for 30 min
at 37 °C. The cells were then centrifuged (1000x g, 4 °C for 5 min), and the cells were washed twice
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with JC-1 staining buffer. Finally, the cells were resuspended in 200 uL of PBS. The cell-associated
fluorescence was measured by flow cytometry.

2.10. Western Blot Analysis

The cells were treated with 15 ug/mL palmitic acid for 48 h as NAFLD model cells. 48 h later,
the NAFLD model cells were incubated with 10 and 20 mg/mL of MMO for 24 h. The control group
was the human Chang Liver cells incubated without MMO and palmitic acid. The harvested cells
were washed with PBS and then lysed on ice for 30 min by RIPA lysis buffer. Subsequently, The cells
were then centrifuged (1000x g, 4 °C for 5 min). The total protein concentration of the supernatant
was quantified by a BCA protein assay kit, which was pre-heated for 10 min at 95 °C, then loaded
on each channel, separated by SDS-PAGE, and electrophoretically transferred onto polyvinylidene
difluoride membranes (PVDEF). Finally, primary antibodies and secondary antibodies were utilized to
hybridize corresponding proteins and visualized by enhanced chemiluminescence (ECL), as per the
manufacturer’s recommendations.

2.11. Statistical Analysis

The results were expressed as the mean =+ S.D. of at least three experiments performed using
different in vitro cell preparations. Statistically significant differences were determined using a one-way
ANOVA by SPSS 16 software. Statistical significance was set at p < 0.05.

3. Results and Discussion

3.1. Effect of MMO on the Viability of NAFLD Model Cells

To determine the effect of MMO on the viability of NAFLD model cells, a CellTiter-Glo assay was
performed (Figure 2). The viability of the NAFLD model cells was significantly reduced compared
with control cells. Treatment of the NAFLD model cells with MMO for 24 h increased the viability
compared with the untreated NAFLD model cells. This result was confirmed by flow cytometry, which
demonstrated that 24-h MMO treatment suppressed apoptosis in the NAFLD model cells.
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Figure 2. Effects of MMO on the cell viability of NAFLD model cells. The NAFLD model cells were
treated with MMO (10 and 20 mg/mL) for 24 h, and cell viability was determined by CellTiter-Glo assay.
Data are presented as mean =+ S.D. for three independent experiments with triplicate determination.
* p < 0.05 as compared with control. # p < 0.05 as compared with NAFLD model.
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3.2. Effect of MMO on Apoptosis in NAFLD Model Cells

Apoptosis is an ATP-dependent process that helps to maintain tissue homeostasis under normal
physiologic conditions [17]. In NAFLD, however, apoptosis is upregulated and triggers a profibrogenic
and proinflammatory response from hepatocytes [18]. Apoptosis of NAFLD model cells treated with
different concentrations of MMO for 24 h was evaluated based on Annexin V-FITC/PI staining. MMO
treatment suppressed apoptosis in NAFLD model cells in a dose-dependent manner compared with
untreated NAFLD model cells (Figure 3). MMO treatment at 10 and 20 mg/mL decreased the early
apoptosis population in NAFLD model cells from 14.86% to 5.61% and 4.49%, respectively.
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Figure 3. The apoptotic effects of MMO on nonalcoholic fatty liver disease (NAFLD) model cells.
(A) The NAFLD model cells were treated with MMO (10 and 20 mg/mL) for 24 h, and cell apoptosis
was detected by Annexin V-FITC/PI staining. LL represented normal cells (Annexin V™ /P7), LR
represented early apoptotic cells (Annexin V*/PI™), and UR represented late apoptotic ornecrosis cells
(Annexin V*/PI*); (B) The percentage of apoptotic cells. Data are presented as mean + S.D. for three
independent experiments with triplicate determination.* p < 0.05 as compared with control. # p < 0.05
as compared with NAFLD model.

3.3. Effect of MMO on Oxidative Stress in NAFLD Model Cells

Oxidative stress plays a central role in the pathogenesis of NAFLD due to the increased production
of reactive oxygen species (ROS), which triggers the inflammatory response, and apoptosis, which
causes lipid peroxidation [19,20]. Hepatic malondialdehyde (MDA) formation is commonly used as a
biomarker of liver tissue damage [21]. Superoxide dismutase (SOD) the effects of MMO on NAFLD
glutathione peroxidase, and catalase, the major antioxidant enzymes, are thought to act as the primary
defense system against ROS generated during oxidative stress [22]. These antioxidant enzymes work
cooperatively in the metabolic pathway of free radicals to avert oxidative damage [23]. To determine
the effects of MMO on oxidative stress in NAFLD model cells, the levels of ROS, MDA, and SOD
were measured (Figure 4). The levels of MDA and SOD (Figure 4C) were significantly reduced in the
NAFLD model cells compared with the control cells. In the NAFLD model cells treated for 24 h with
MMO, MDA, and SOD were significantly increased compared with the untreated NAFLD model cells
(Figure 4A). The ROS (Figure 4B) levels, which were significantly increased in the NAFLD model cells
at 24 h, were significantly reduced at 24 h after MMO treatment compared with the untreated NAFLD
model cells. These results indicate that MMO alleviates oxidative stress and protects against NAFLD
by its antioxidant activity.
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Figure 4. Effects of MMO on oxidative stress on NAFLD model cells. The NAFLD model cells were
treated with MMO (10 and 20 mg/mL) for 24 h. (A) The level of MDA was detected by using the MDA
detection kit; (B) the level of ROS was detected by using the ROS detection kit; (C) the level of SOD
was detected by using the SOD detection kit. Data are presented as mean =+ S.D. for three independent
experiments with triplicate determination.* p < 0.05 as compared with control. ¥ p < 0.05 as compared
with NAFLD model.

3.4. Effect of MMO on Mitochondrial Function in NAFLD Model Cells

Mitochondria produce the majority of cellular ATP through oxidative phosphorylation, and
their capacity to do so is affected by many factors [24]. Na*/K*-ATPase and Ca?*/Mg?*-ATPase
are a heterodimeric, transmembrane, ubiquitously present proteins that regulate substrate
transportation, metabolic processes, ion homeostasis, neuronal signaling, and muscle contraction [25].
Na*/K*-ATPase and Ca?*/Mg?*-ATPase have key roles in maintaining intracellular calcium
homeostasis [26]. Mitochondrial membrane potential is the major component of the proton motive
force produced by the mitochondrial respiratory chain for ATP synthesis [27]. Therefore, the activities
of Na*/K*-ATPase and Ca®*/Mg?*-ATPase and the mitochondrial membrane potential (MMP) were
measured to determine whether the effects of MMO to suppress apoptosis of NAFLD model cells are
due to the effects of MMO on mitochondrial function. The NAFLD model cells showed a significant
loss of Na*/K*-ATPase and Ca?* /Mg?*-ATPase activities compared with the control cells (Figure 5),
indicating that mitochondrial energy metabolism was blocked in the NAFLD model cells. Treatment of
NAFLD model cells for 24 h with MMO at 10 mg/mL and 20 mg/mL led to increased Na* /K*-ATPase
and Ca?t/ Mg2+—ATPase activities in a dose-dependent manner. The AYm of the NAFLD model
cells (Figure 6) was significantly decreased by treatment with MMO for 24 h in a dose-dependent
manner, compared with the untreated NAFLD model cells, but increased compared with control cells.
Excessive ROS generation can result in mitochondrial dysfunction and induce apoptosis [28]. These
results revealed that MMO promoted mitochondrial energy metabolism in the NAFLD model cells
and contributed to normalize mitochondrial energy metabolism, suggesting that MMO improves
mitochondrial dysfunction.
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Figure 5. Effects of MMO on ATPase activities on NAFLD model cells. The NAFLD model cells were
treated with MMO (10 and 20 mg/mL) for 24 h. (A) the activity of Na*/K*-ATPase was detected
by using the Na* /K*-ATPase detection kit; (B) the activity of Ca>*/Mg?*-ATPase was detected by
using the Ca?* /Mg?*-ATPase detection kit. Data are presented as mean =+ S.D. for three independent
experiments with triplicate determination.* p < 0.05 as compared with control. # p < 0.05 as compared

with NAFLD model.
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Figure 6. The effect of MMO on mitochondrial membrane potential on NAFLD model cells. (A) The
NAFLD model cells were treated with MMO (10 and 20 mg/mL) for 24 h, and mitochondrial membrane
potential was detected by the fluorescent dye JC-1 and analyzed by flow cytometry; (B) The percentage
of loss of MMP. Data are presented as mean =+ S.D. for three independent experiments with triplicate
determination.* p < 0.05 as compared with control. * p < 0.05 as compared with NAFLD model.

3.5. Effect of MMO on Alleviating Cell Death-Associated Protein Expression and Activity in NAFLD
Model Cells

The above findings indicated that MMO alleviated cell death by suppressing apoptosis and
alleviating oxidative stress in the NAFLD model cells. To determine whether the protective effects
of MMO in the NAFLD model cells were associated with the cell death-related pathways leading
to the recovery of normal hepatic function, we measured the expression of Bax and Bcl-2, JNK
phosphorylation, caspase-3, caspase-9, and TNF-« activity. Bax expression (Figure 7A,B), JNK, and
P-INK (Figure 7A,C), TNF-«, caspase-9, and caspase-3 activity (Figure 7D) were enhanced in the
NAFLD model cells, and Bcl-2 expression was decreased compared with the control cells. Current
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evidence suggests that JNK is activated and induces apoptosis in NAFLD model cells, which is
relieved by MMO treatment. JNK activation induces mitochondrial dysfunction and apoptosis [29].
Cell apoptotic signaling is thought to be induced by oxidative stress [30]. Oxidative stress activates JNK
signaling, which in turn induces apoptosis via Bax [30]. Apoptotic stimuli promote the translocation of
mitochondrial Bax, which is a pro-apoptotic Bcl-2 family of proteins that decreases the mitochondrial
membrane potential (MMP) and promotes the generation of ROS [31]. Apoptotic signaling is activated
when Bax migrates to the mitochondrial surface [32], promotes cyt-c and AIF release from the
mitochondria to the cytosol [33], cleaves procaspase-9 to caspase-9, and activates caspase-3 to promote
cell death [34]. The present study demonstrated that the protective effects of MMO on NAFLD model
cells may be due to the inhibition of pro-apoptotic pathway activation; antioxidant activity to decrease
ROS, matrix metalloprotease, and TNF-« formation; and decreased JNK pathway activation.
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Figure 7. (A) The effects on Bax, Bcl-2, caspase-3, caspase-9, TNF-«, JNK, and p-JNK protein expression
levels were detected by the Western blot method after exposure to MMO for 24 h; (B) Protein expression
level of bax/bcl-2 was detected by Western blot after exposure to MMO; (C) Protein expression level of
Caspase-3/ 3-actin was detected by Western blot after exposure to MMO; (D) Protein expression level
of Caspase-9/ 3-actin was detected by Western blot after exposure to MMO; (E) Protein expression level
of TNF-«/ 3-actin was detected by Western blot after exposure to MMO; (F) Protein expression level
of p-JNK/ 3-actin was detected by Western blot after exposure to MMO; (G) Protein expression level
of JNK/ 3-actin was detected by Western blot after exposure to MMO. [3-actin was used as a control
in all histograms; (H) SDS-PAGE image stained with Coomassie brilliant blue. Data are presented as
mean £ S.D. for three independent experiments with triplicate determination.* p < 0.05 as compared
with control. ¥ p < 0.05 as compared with NAFLD model.

Marine bioactive peptides obtained by hydrolysis processes have attracted heightened interest due
to their health benefits. Marine bioactive peptides exert a wide range of biologic functions including
antioxidant, antihypertensive, antimicrobial, antithrombotic, immunomodulatory, opioid agonistic,
prebiotic, mineral binding, and hypocholesterolemic effects due to their structural properties, amino
acid composition, and sequences [35-38]. The results of the present study demonstrated that MMO
protected against NAFLD in a Chang cell model by its antioxidative and antiapoptotic effects. These
findings provide new insight for potential health promotion and disease prevention. In this regard,
MMO as a marine bioactive peptide may be a valuable functional food source that could be helpful
in NAFLD therapy. Therefore, controlling NAFLD would reduce the risk of liver diseases such as
cirrhosis and liver fibrosis as well as diabetes and metabolic syndromes [39].
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4. Conclusions

In this study, the protective effects of MMO and the mechanism of action against NAFLD
were evaluated in a NAFLD cell model. MMO alleviated oxidative stress, improved mitochondrial
dysfunction, and inhibited activation of cell death-related pathways. These findings suggest that MMO
has protective effects against NAFLD.
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