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ABSTRACT 
Stomach mucosal damage posed a great impact on stomach health and may escalated to stomach cancer. Given that gastric 

mucosal epithelial cells (GES-1) were the foremost essential part of gastric mucosal defense barrier, their repair and protec-

tion were crucial for gastric strengthening. In this study, based on "macro-micro-nano-level" molecular spectroscopy, a multi

-scale in-situ analysis approach of microscopic imaging, complemented by cellular biological methods, was proposed to 

systematically investigate the dynamic regulation of home-developed Pneumatophorus japonicus head peptides (PHPs) on 

the visual-chemical structure and composition distribution of alcohol-damaged GES-1, and subsequently to reveal the inter-

action mechanism between PHPs and GES-1 components. The results showed that 3-10 kDa PHPs had superior repair and 

protection effects compared to gastric mucin, significantly promoted cell proliferation, reduced the leakage of lactate dehy-

drogenase (LDH), and increased the mitochondrial membrane potential (MMP). It was deduced that PHPs promoted synthe-

sis of glycoproteins, enhanced superoxide dismutase (SOD) and inhibited production of reactive oxygen species (ROS), thus 

achieving protection and repair functions on GES-1. This study provided theoretical and technical reference for the develop-

ment of new natural gastric repair peptide products with high activity in future. 
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1. INTRODUCTION 

Acute gastric injury and chronic gastric ulcer were 

currently two major categories of gastric injury, the 

most common of which was acute gastric injury 

caused by irritating drugs or food, bacterial infection, 

etc. that damaged gastric mucosal barrier, mainly 

manifested as gastric mucosal bleeding or congestion, 

erosion edema and other symptoms. At present, clini-

cally common types of gastric diseases were predomi-

nantly caused by lesions of the gastric mucosa, and 

alcohol-induced gastric mucosal damage was a refrac-

tory disease that frequently occurred clinically, in-

cluding gastric ulcers, gastritis, stress gastric mucosal 

lesions, etc. [1]. Gastric mucosa played an essential 

role in maintaining gastric physiological functions. As 

a gastric barrier, gastric mucosa shields deep tissues 

from damage by gastric fluid components as well as 

exogenous gastric mucosal irritants [2]. Damage to 

gastric mucosa posed a serious risk to gastric health, 

which worsened to gastric cancer, therefore, protec-

tion of gastric mucosa was of utmost importance for 

stomach health. 

 

In clinical practice, pharmacological treatments used 

to repair the gastric mucosa were primarily gastric 

mucosal protective agents, which were classified into 

gastrointestinal hormones, sulfur hydrogen bonds, 

bismuth agents, columnar cell stabilizers, and others 

according to the drug structure and mechanism of ac-

tion. It was demonstrated that bismuth agents facilitat-

ed bicarbonate secretion, improved blood circulation 

of gastric mucosa, and enhanced its defense function 

[3]; unfortunately, darkening of stools and transient 

discoloration of teeth might occur during drug admin-

istration [4]. Sucralfate enhanced mucus secretion and 

stimulated synthesis of glycoproteins and phospholip-

ids, albeit with possible gastrointestinal reactions such 

as abdominal distension and diarrhea. Rebamipide 

belonged to antioxidant, which contributed to gastric 

mucosa repair by increasing SOD and enhancing glu-

tathione content [5]; nevertheless, undesirable reac-

tions such as abnormal liver function and allergy 

would probably occur. 

 

Increasing gastric mucosal protective agents were be-

ing used clinically, but their chemical-based agents 

would be hazardous to human body when taken for a 

long period, thereby there was an urgent requirement 

to seek highly active green healthy gastric protective 

raw materials and develop innovative gastric protec-

tive products. Hitherto, multiple bioactive effects of 

protein peptides had been investigated and it was indi-

cated that protein peptides had excellent intestinal 

absorption properties and outstanding physiological 

activity, which could have a preventive protective 

effect against alcohol acute gastric mucosal injury by 

safeguarding gastric mucosal defense barriers as well 

as elevating the level of anti-alcohol-induced oxida-

tive free radicals [6, 7]. Soybean peptides treatment 

were revealed to substantially reduce ulcer index in 

mice, indicating its protective effect on the gastric 

mucosa of mice. Hydrolyzed wheat protein peptide 

exhibited beneficial effects on acute alcoholic gastric 

mucosal injury in rats, with mechanisms probably 

related to enhancing gastric mucosal protective fac-

tors, antioxidant, anti-inflammatory and anti-apoptotic 

effects [8]. Walnut oligopeptide possessed superior 

protective effect on gastric mucosal injury induced by 

anhydrous ethanol in rats, while its main mechanisms 

of effect were associated with reducing the direct 

damage of ethanol on gastric mucosa and promoting 

the synthesis of mucin [9]. Homemade cod skin pro-

tein peptides were initially investigated and debated 

for its pre-protective effect on ethanol-induced acute 

gastric mucosal injury in mice. In conclusion, usage 

of protein peptides to prevent and protect gastric mu-

cosal injury became a critical theme. 

 

Pneumatophorus japonicus was one of the important 

pelagic economic fishes in East China sea with wide 

distribution, fast growth, high yield and high nutri-

tional value, which was beloved by people [10, 11]. 

The flesh of Pneumatophorus japonicus could be used 

as medicine for nourishing and strengthening, and 

could be therapeutic for chronic gastrointestinal dis-

eases, tuberculosis and other injuries [12]. Research-

ers discovered that fish processing by-product wastes 

were abundant in protein and that their protein hydrol-

ysates had additional advantages of being more di-

gestible and easier to absorb, hence utilizing fish 

waste as a source of high value compounds was an 

excellent cost recovery strategy [13-15]. Gastric mu-

cosal epithelial cells (GES-1) were derived from fetal 

gastric mucosal epithelium, and were immortalized 
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cells that were stably passaged in vitro. Since its es-

tablishment in 1992, it had been proven to be a good 

and practical experimental cell system. Therefore, 

GES-1 were selected as the cell model for in vitro ex-

periments, which could be closer to clinical experi-

ments at the molecular level [16]. Infrared spectrosco-

py and its microscopic imaging integrated image and 

spectroscopy technology, realizing simultaneous ac-

quisition of spatial and spectral information of the 

sample [17], with technologies that permitted study 

the microscopic physical texture morphology (visible 

microscopic images) and chemical composition distri-

bution characteristics (chemical microscopic images) 

of GES-1 under different processing conditions, con-

struction of tissue or cell structure images through 

various algorithms which could objectively reflect the 

underlying health of samples [18], and the label-free, 

non-destructive chemical analysis provided was a tre-

mendously attractive and potentially powerful tool for 

studying biological cells [19]. 

 

In this study, Pneumatophorus japonicus heads pep-

tides (PHPs) were self-developed by enzymatic hy-

drolysis, and the protective effect of different molecu-

lar weights (<1 kDa, 1-3 kDa, 3-10 kDa), different 

concentrations of PHPs and positive drug gastric mu-

cin on alcohol-damaged GES-1 were comprehensively 

investigated. Based on in-situ analysis techniques 

such as macro-, micro-, and nano-level molecular 

spectroscopy and microscopic imaging, supplemented 

by cellular biological methods, the dynamic regulation 

of the structure and composition distribution of alco-

hol-damaged GES-1 by various PHPs was systemati-

cally investigated. In situ visualization revealed the 

self-assembly regulations and component interactions 

of PHPs in GES-1 and subsequently the repair mecha-

nism of PHPs on damaged GES-1, was explored. Fur-

thermore, this study would offer theoretical guidance 

and technical reference for the future development of 

highly active gastric repair peptide products without 

side effects, and thus promote the high-quality utiliza-

tion of aquatic waste products to protect our planet. 

 

2. METHOD 

2.1. Materials and Reagents 

Fresh fish (Pneumatophorus japonicus) heads, were 

provided by Zhejiang Xingye Group Co., Ltd., China. 

Two proteases (trypsin, alcalase) were provided by 

Shanghai Yuanye Biological Technology Co., Ltd. 

Both 10 kDa and 3 kDa ultrafiltration membranes 

were purchased from Millipore, 1 kDa ultrafiltration 

membranes were purchased from PALL. The Gastric 

Mucin was purchased from Beijing Jinming Biotech-

nology Co., Ltd. MTT Cell Proliferation and Cytotox-

icity Assay Kit were provided by Shanghai Yuanye 

Biological Technology Co., Ltd. Lactate dehydrogen-

ase LDH activity quantitative determination kit was 

purchased from Beijing Applygen Technology Co., 

Ltd. 

 

2.2. Preparation of Pneumatophorus japonicus 

heads peptides (PHPs) 

An appropriate number of fish heads were thawed, 

cleaned, drained crushed, and placed in a 500 mL con-

ical flask, then, according to the best results of the 

laboratory's early single factor test, shaken in a water 

bath for hydrolysis. The solid-liquid ratio was 1:4 (W/

V), the amount of enzyme added was 0.32% (Alkaline 

protease and trypsin enzyme activity ratio was 1:3), 

the enzymatic hydrolysis time was 4.03 h, and the 

enzymatic hydrolysis temperature was 50.95℃, after 

enzymatic hydrolysis was completed, the enzyme was 

inactivated at a constant temperature of 90℃ water 

bath 15 min. The enzymatic solution was cooled to 

room temperature, and then centrifuged in a centrifuge 

for 10 minutes at 10,000 rpm/min. The supernatant 

was collected and filtered to obtain PHPs. Finally, 

PHPs were separated step by step through ultrafiltra-

tion membranes with molecular weight cutoffs of 10 

kDa, 3 kDa, and 1 kDa, and PHPs of different molec-

ular weights were collected and freeze-dried for 48 h 

before use.  

 

2.2.1. Cell culture 

Human gastric mucosal epithelial cells (GES-1) were 

purchased from Feng Hui Biotechnology Limited 

Company (Hunan, China). The cells were maintained 

RPMI-1640 complete medium (Gibco Company Inc., 

USA) supplemented with 10% Fetal Bovine Serum 

(FBS) (TIANHANG Biotechnology Company Inc., 

China) and 100 U. mL-1 penicillin, 100 U. mL-1 strep-

tomycin in a humidified incubator with 5% CO2 and 

37℃. Cells were collected for use after entering the 

logarithmic growth phase. 
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2.2.2. Cell damage model exploration 

GES-1 in logarithmic growth phase were digested and 

counted, then seeded in 96-well cell culture plate with 

1 x 104 cells per well, and cultured in a humidified 

incubator at 5% CO2 and 37 ℃ for 24 h until cells 

were essentially attached. GES-1 were incubated in 

medium containing alcohol (0, 2%, 4%, 6%, 8% and 

10%) for 2 h, 3 h, 4 h, 5 h and 6 h respectively, fol-

lowing which MTT was performed. The test parame-

ters at a cell survival inhibition rate of approximately 

40% could be used as the best GES-1 injury model 

[20]. Set up 5 replicate wells for each dilution, and set 

up a blank control group at the same time. 

 

2.2.3. Cell grouping and treatment 

GES-1 were divided into normal group, model group, 

positive drug gastric mucin group (0.05 mg/mL) and 

PHPs group (Table S1). Among them, the PHPs 

group was divided into six groups with three molecu-

lar weight ranges of high concentration group (0.3 

mg/mL) and low concentration group (0.06 mg/mL). 

GES-1 in logarithmic growth phase were digested and 

counted, then inoculated in 96-well cell culture plates 

with 1x104 cells per well, 100 μL per well, placed in 

37 ℃, 5% CO2 incubator until the cells were basically 

stick to the wall, draw out the culture medium in the 

well carefully with a syringe and discarded. The posi-

tive drug gastric mucin and PHPs medium with differ-

ent molecular weight segments were added before 

damage (BD) and after damage (AD) induced by al-

cohol, 100 μL per well, and the normal group and 

model group were not added, and cultured for 24 h. 

Each group was set up with 5 replicate wells, the edge 

wells of the culture plate were filled with sterile PBS, 

and a blank control group (without cells) was set. 

 

2.2.4. MTT assay 

The cells were treated as above in Cell Grouping and 

Treatment, and then performed the MTT test. Re-

moved the old culture medium, replaced with 100μL 

fresh culture medium, added 10 μL of MTT working 

solution (5 mg/mL) to each well, mixed at low speed 

and incubated in 37°C incubator for 4 h, then, aspirat-

ed the culture medium, added 100 μL per well forma-

zan dissolving solution, mixed well, put into incuba-

tor and continued to incubate for 4 h. After incuba-

tion, placed it on the microplate reader and mixed 

well, and measured the absorbance at 570 nm [21]. 

Recorded the result, adjusted the colorimetric to zero 

with blank, and calculated the cell survival rate. 

 

2.2.5. LDH cytotoxicity assay 

Cell processing was the same as in Cell Grouping and 

Treatment above. Old culture medium was collected 

simultaneously during the MTT experiment. Deter-

mining the LDH activity of the medium according to 

the 2,4-dinitrophenylhydrazine method, the result was 

expressed as U [22]. 

 

2.2.6. Mitochondrial membrane potential determina-

tion 

Analysis of mitochondrial membrane potential with 

fluorescent dye JC-1 purchased in Beyotime Biotech-

nology (Beijing China). When the mitochondrial 

membrane potential was high, JC-1 aggregated in the 

mitochondrial matrix to form J-aggregates, producing 

red fluorescence; when the mitochondrial membrane 

potential was low, JC-1 was incapable of aggregate in 

the mitochondria at this time, JC-1 was a monomer 

and produced green fluorescence. Consequently, it 

was extremely convenient to detect the change of mi-

tochondrial membrane potential through the transition 

of fluorescence color. Preparation of the sample ac-

cording to the requirements of the kit, and photo-

graphed with Laser Scanning Confocal Microscope. 

 

2.2.7. Acquisition of infrared transmission imaging 

Took 10 μL of single cell suspension sample and 

dropped on CaF2 sheet (13 mm x 2 mm) at room tem-

perature (25°C, air humidity less than 40%) and dried 

for 2 h. After the sample was dried, the CaF2 sheet 

was placed on the transmission imaging accessory 

stage of the infrared microscope imaging system, and 

an infrared light absorption map (100 μm x 100 μm) 

was collected after finding a suitable area in the view 

of the optical microscope. Infrared microscope imag-

es of the cell samples were acquired by Spectrum Im-

age software with a spectral resolution of 4 cm-1, an 

image pixel size of 6.25 μm, 16 scans per pixel, and a 

wave number range of 4000-900 cm-1 for the acquired 

spectra. Infrared microscope images of the cell sam-

ples were collected and analyzed by Spectrum Image 

software. After removing atmospheric noise and base-

line correction, analysis was performed. 
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2.2.8. Acquisition of IR spectra 

Fourier transform infrared spectrometer (PerkinElmer, 

Inc., USA), equipped with DTGS detector and ATR 

accessories. 

 

Took 10 μL of GES-1 single cell suspension, dropped 

it on the center of CaF2 sheet (12 mm x 1 mm), and 

dried it in a sealed container at room temperature 

(25℃, air humidity less than 40%) for 2 h, and placed 

it in a sealed and dry container to prevent the interfer-

ence of moisture in the air before measuring the spec-

tra. The IR spectra of the samples were detected with 

air as the background to eliminate the interfering ef-

fect of H2O and CO2 on the IR spectra of the samples. 

Then the spectra were collected by 32 scans in reflec-

tion mode, in the range of 4000-650 cm-1 with a reso-

lution of 4 cm-1. 

 

2.2.9. Acquisition of second derivative IR spectra 

(SD-IR spectra) 

SD-IR spectra were obtained after baseline correction 

and 13-point Savitsky Golay smoothing of average IR 

spectra using Spectrum10™ software (Version 10.6.0, 

PerkinElmer, Inc., USA). 

 

2.3. Statistical Analysis 

Experimental data were expressed as mean ± standard 

deviation, and analyzed by ANOVA using SPSS 22.0 

with p-value less than 0.05. Spectrum fitting was done 

by PeakFit v4. The related pictures were completed by 

Origin 2018.  

 

3. RESULTS  

3.1. Optimization of Cells Alcoholic Injury Model 

The absorbance values of GES-1 cells at 570 nm re-

sponded to the cell damage by alcohol (Table S2). 

Various alcohol concentrations and treatment times 

inflicted distinct degrees of damage to GES-1. Among 

them, 8% alcohol incubation for 3 h had an inhibition 

rate of 40%, and this parametric equivalent of GES-1 

was the best model of cell damage. 

 

3.2. PHPs Protected GES-1 from Cell Viability 

Loss Induced by Alcohol  

Compared with the model group, cell survival was 

increased in the GM and PHPs groups, indicating that 

GM and PHPs had a protective effect on damaged 

GES-1 cells. PHP2H and PHP3H groups had similar 

protective effects to GM group, and both were superi-

or to the other PHP groups (Figure 1). 

 

When cell membrane ruptured due to cell damage, 

lactate dehydrogenase (LDH, a special protein in the 

cytoplasm of normal cells) was released, so the leak-

age of LDH corresponded with the degree of cell dam-

age caused by drug treatment or other factors. After 

GES-1 were damaged by 8% alcohol, LDH leakage 

was dramatically increased, while the leakage was 

remarkably decreased in GM group resulting from the 

obvious reduction of apoptosis; after treating normal 

and damaged cells with varied concentrations of 

PHPs, LDH leakage in each group was drastically di-

minished, manifesting that PHPs had protection and 

repair effects on GES-1 (Table 1). 

 

JC-1 probe was used to measure mitochondrial mem-

brane potential and to investigate the effect of PHPs 

on mitochondrial function via red-green fluorescence 

ratio quantification [23]. Relative stabilization of mi-

tochondrial membrane potential reflected the normal 

physiological activity of cells, and its long-term alter-

ation could lead to modification of cellular activity 

[24].Furthermore, researchers discovered that changes 

in mitochondrial membrane potential were associated 

with intracellular ATP production, oxidative stress 

status, etc [25]. Accordingly, a lower mitochondrial 

membrane potential was a hallmark phenomenon of 

cell death [26]. As shown in the normal cells, red-

polarized mitochondria and green-depolarized mito-

chondria were both detected with dominant red fluo-

rescence (Figure 2), which represented the mitochon-

drial membrane potential under physiological condi-

tions. Red fluorescence was evidently weakened and 

green fluorescence was enhanced under alcohol treat-

ment, indicating that treatment with alcohol induced 

an increment in mitochondrial membrane permeability 

and forfeited electronegativity, which affected cellular 

activity [27]; GM group and PHPs groups both 

achieved successful reversal of this change with a re-

pairing effect on the cells. PHP3H group had the best 

positive effect, whether treatment was done by BD or 

AD. 
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Figure 1. Cell survival rate under different treatment conditions. (a) Cells were treated 
through BD; (b) Cells were treated through AD. 

LDH leakage (U) N M GM PHP1L PHP1H PHP2L PHP2H PHP3L PHP3H 

BD 898.96±104.2 1083.41±38 928.59±25.9 884.15±14.5 937.48±10.6 946.37±16.5 1051.56±25.5 1087.48±24.2 1082.3±24.3 

AD 960.44±11.7 1123.78±10.2 888.22±1.9 959.33±8.8 973.78±1.9 982.67±10 951.56±13.9 918.22±3.8 892.67±12 

Table 1. Lactate dehydrogenase (LDH) leakage from GES-1 cells 

Figure 2. Laser scanning confocal image of JC-1. (a) Cells were treated through BD; (b) 
Cells were treated through AD. 
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3.3. Micro- and Macro-infrared Spectroscopic 

Analysis of Cellular Components under Diverse 

Treatments 

3.3.1. Infrared transmission imaging of cells 

Infrared transmission imaging was a fast, non-

destructive, simple, and in-situ detection technology 

based on micron and submicron scales that was often 

used in complex mixture systems. Hundreds of vibra-

tional spectra of samples were collected in specific 

areas, encompassing not only information on the spa-

tial distribution of the samples in the micro area, but 

also information on the chemical composition of the 

samples, such as lipids, proteins and nucleic acids, 

etc. [28]. 

As the basic structural and functional unit of life ac-

tivities, cells principally contained proteins, lipids 

and nucleic acids in terms of their material composi-

tions. In consequence, according to infrared spectral 

transmission images, the wavenumber ranges of pro-

teins (1800-1500 cm-1), lipids (1775-1735, 1090-

1075 cm-1) and nucleic acids (1090-1075, 980-950 

cm-1) were extracted and their spatial distribution in 

GES-1 were analyzed. Normal cells damaged by al-

cohol demonstrated diminished protein percentage, 

enhanced lipid percentage, and enlarged nucleic acid 

percentage (Figure 3). Treatment with PHPs of vari-

ous molecular weights resulted in varying percent-

ages of proteins, lipids and nucleic acids. 

Figure 3. Infrared transmission imaging of cells under different treatment conditions. (a) Cells 
were treated through BD; (b) Cells were treated through AD. 
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3.3.2. FT-IR macroscopic fingerprinting analysis of 

GES-1 cells 

To further explore the changes in the distribution of 

proteins, lipids, and nucleic acids inside cells, five 

spectra were extracted from each cell chemical image 

and the average spectrum was calculated. After differ-

ent treatments, IR spectra of GES-1 cells showed dis-

tinctions in peak intensity and shape (Figure S1 & Ta-

ble S3). Peak intensities and areas at 3000-2800 cm-1 

(mainly attributed to fatty acids in the cell membrane) 

were increased in other treatment groups compared to 

the normal group. 1649 cm-1 (Amide I) and 1543 cm-1 

(Amide II) peaks exhibited alterations in intensity and 

area under different treatment conditions. Spectra at 

1200-900 cm-1 majorly contributed by polysaccharides 

and phosphate compounds (e.g., nucleic acids) in the 

cell wall showed a pronounced downward trend of 

peak intensity and area in the treated group compared 

with the normal group. Through the above analysis, 

macroscopic profiles of GES-1 under different treat-

ment conditions could be illustrated. Nevertheless, the 

detailed changes in its lipids, proteins and carbohy-

drates were not available for comprehensive analysis. 

Hence, the second derivative spectra were performed 

on the peaks of different wavenumber bands and ana-

lyzed.  

 

3.3.3. Effects of PHPs on intracellular lipids  

content 

After early treatment with PHPs, lipids contents of 

cells were relatively increased after alcoholic injury, 

compared to the normal group (Figure 4A-a). The peak 

at 1740 cm-1 is mainly caused by the C=O stretching 

vibration of esters contained in phospholipids and fatty 

acids. The content of esters in the cell membrane was 

increased in all groups compared to the normal group 

of cells (Figure 4A-a). Among groups treated through 

AD, IR spectra of GES-1 in PHP1 groups indicated a 

noticeable increment in peak intensity at 1740 cm-1, 

presumably attributed to small molecular weight range 

of the protein peptide itself contained a small amount 

of esters, which penetrated into damaged GES-1 cells 

after melting in medium, contributing to the evident 

variation in peak intensity (Figure 4A-b). Nevertheless, 

peak intensities of the PHP2 and PHP3 groups were 

slightly changed compared to normal cells with fluctu-

ations inside a particular range (Figure 4A-b); it was 

speculated that PHPs melting in the culture medium 

formed a protective film to prevent further cells from 

being further damaged and to protect undamaged cells 

due to their high molecular weight.  

 

Since majority of lipids contained long hydrocarbon 

chains that capture changes in lipids, ratios based on 

the peak intensities of 2923 and 2956 cm-1 (A2923/

A2956) were employed to analyze compositional chang-

es in lipids [29]. In groups treatment through BD, rati-

os increased to a certain extent in all other groups com-

pared to normal group, and PHP3L group had the high-

est ratio (Figure 4B-a). A2923/A2956 changed to varying 

degrees with treatment of PHPs at diverse molecular 

weights among AD-treated groups (Figure 4B-b). Ad-

dition of A2923/A2956 indicated that amount of meth-

ylene groups (CH2) relative to methyl groups (CH3) 

was increased in the lipids of the cells, implying an 

expansion of aliphatic hydrocarbon chains [30]. Inas-

much as lipids were predominantly present on cell 

membranes, growth of hydrocarbon chains could 

demonstrate that fluidity and permeability of mem-

brane became enhanced following cell damage by al-

cohol, thereby altering the manner in which phospho-

lipid bilayers fold. This is related to Phospholipid-

mediated signaling pathways.  

Figure 4. A: IR spectra of GES-1 cells at 3000-2800 cm-1 and 1775-1735 
cm-1; B: The ratio between the peak intensities of GES-1 cells at 2923 
and 2953 cm-1. (a) Cells were treated through BD; (b) Cells were treated 
through AD. 
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3.3.4. Effects of PHPs on intracellular protein con-

tents 

1649 and 1544 cm-1 were respectively conferred with 

stretching vibration of C=O (Amide I) and N-H bend-

ing vibration (Amide II) in the protein backbone-

peptide bond [31]. Compared with the normal group, 

protein content of cells damaged by alcohol dimin-

ished, and content of amide I and amide II showed a 

remarkable downward trend (Figure 5A). To further 

reveal the variation of intracellular protein content 

under different treatment conditions, second deriva-

tive spectra were performed at 1800-1400 cm-1 for all 

groups of original spectra to enhance their small dif-

ferences. By separating the overlapping peaks in the 

one-dimensional spectra, small absorption peaks and 

overlapping peaks that were not visible in the original 

spectrum could be identified. Specific compound 

characteristic peaks enhanced fingerprinting of the 

spectra and clarified the analysis of slight discrepan-

cies in similar spectra. 

 

Infrared spectrogram fitting could be utilized to re-

veal changes in cellular protein secondary structure 

under different treatment conditions [32]. Spectral 

curve fitting was primarily based on Gaussian fitting, 

which performed peak-finding and iterative opera-

tions on selected characteristic bands (Figure S2). 

This method enabled the rapid separation of protein 

secondary structures from original spectra. Amide I 

of proteins were frequently quoted in FTIR to resolve 

changes in protein secondary structure. α-helix 

(1658~1650 cm-1), β-turn (1695~1660 cm-1), β-sheet 

(1640~1610 cm-1) and random coil (1650~1640 cm-1) 

were indicated as the four principal types of protein 

secondary structure, arising from the dipole moment 

coupling triggered by oscillation between carbonyl 

groups (Figure 5A). Protein secondary structures of 

GES-1 were interconverted throughout differing 

treatment conditions (Figure 5B). PHPs and gastric 

mucin treatment elevated the downward trend in α-

helix and random coil contents attributable to alcohol 

damage that approached normal cells, while simulta-

neously calibrating upsurge the contents of β-sheet 

and β-turn caused in alcohol damage.  

 

 

Figure 5. A: IR and SD-IR spectra of GES-1 cells at 

1800-1400 cm-1; B: Heat map of cellular protein sec-

ondary structure content changes under different 

treatment conditions. (a) Cells were treated through 

BD; (b) Cells were treated through AD. 

 

3.3.5. Effects of PHPs on intracellular carbohydrate 

contents 

1200-900 cm-1 (carbohydrate region): contained in-

formation on polysaccharides within bacterial cell 

walls along with phosphate compounds such as nu-

cleic acids in bacterial cell walls [33]. Among groups 

treatment through AD, 968 cm-1 (a stretching vibra-

tion of C-C/C-O in the DNA backbone of deoxyri-

bose and phosphodiester bonds) shifted towards the 

higher wave number (blue shift), whilst 1086 cm-1 (a 

symmetric stretching vibration of the phosphodiester 

group PO2
-) demonstrated a shift towards the lower 

wave number (red shift) (Figure 6a). This indicated 

that a structural alteration of the nucleic acid mole-

cules and an impact on the internal hydrogen bonding 

forces engaged in GES-1 after treatment. After alco-

holic damage, intracellular polysaccharide contents 

depreciated, amongst which PHP3H groups were ap-

proximated to normal cells (Figure 6). 
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4. DISCUSSION 

Excessive alcohol consumption exposed high con-

centrations of ethanol to gastric tissues, leading to 

gastric mucosal injury by triggering oxidative stress 

and inflammatory signaling pathways and then stimu-

lating epithelial cell apoptosis [34]. It was revealed 

that, after an 8% alcohol injury in normal cells for 3h, 

GES-1 activity declined, and intracellular protein 

substances decreased, while lipid substances and nu-

cleic acid substances increased. In contrast, GES-1 

treated with PHPs manifestly promoted cell prolifera-

tion, minimized LDH release and augmented mito-

chondrial membrane potential. In particular, protec-

tion and repair effects of PHP3 groups were optimal. 

 

Peptides were hydrolyzed products of proteins and 

had superior absorption properties than macromolec-

ular proteins. This research investigated the protec-

tive effects of differing molecular weights and con-

centrations of PHPs on GES-1, and compared them 

with the positive drug gastric mucin. The results indi-

cated that PHP3 groups outperformed the other 

groups. This presumably could be attributed to more 

abundant amino acids in the high molecular weight 

segment of PHPs. Due to their higher molecular 

weight, they formed a protective film that protected 

damaged cells from further deterioration and prevent-

ed undamaged cells from being disrupted, thus 

providing a relatively effective supplementary sup-

port role. 

 

The gel formed by the overlapping of glycoprotein 

molecules was an essential component of gastric mu-

cus, which formed a gastric mucus-bicarbonate barri-

er with bicarbonate. Meanwhile, the lack of glutathi-

one (GSH) in the mucosa potentially permitted accu-

mulation of free radicals, exacerbated oxidative stress 

and damaged gastric mucosa [35]. According to the 

"macro-micro-nano" multi-level molecular spectro-

scopic analysis, incorporation of PHPs enhanced con-

tents of definite proteins in cells, and high-molecular-

weight fragments of PHPs distinctly promoted the 

synthesis of glycoproteins and modified quality of 

gastric mucosal mucus layer, whereupon it reduced 

the damage of mucosal structure and the production 

of inflammatory factors by alcohol, thus playing a 

Figure 6. IR and SD-IR spectra of GES-1 cells at 1200-900 cm-1. (a) Cells were treated 
through BD; (b) Cells were treated through AD. 
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protective and repairing role. 

Alcohol intake facilitated oxidative stress in tissues, 

leading to augmentation of lipid peroxidation, i.e., 

ROS interacted with macromolecular substances such 

as phospholipids, enzymes and membrane receptors 

of biological membranes, polyunsaturated fatty acid 

side chains and nucleic acids to form lipid peroxida-

tion products, which altered the fluidity and permea-

bility of cell membranes, contributing to alterations 

in cell structure and function, and ultimately culmi-

nating in gastric damage. At the identical time,, dam-

aged mitochondria also generated ROS, which 

evoked a rapid depolarization of the inner mitochon-

drial membrane potential [36]. Consequently, antiox-

idant activity could be used as an indicator to evalu-

ate the resistance and repair capacity of body and 

gastric tissue against gastric mucosal damage [37]. 

Additionally, ROS generated by ethanol suppressed 

expression of Hsp70 protein while enhancing expres-

sion of Bax protein. Hsp70 refolded denatured pro-

teins and repaired proteins to protect cells from dam-

age [38]. Increased Bax protein promoted apoptosis 

[39]. Accordingly, gastric protection could be accom-

plished by inhibiting the production of ROS. Experi-

mental results of IR imaging and IR spectroscopy 

indicated that alterations in intracellular lipids, nucle-

ic acids and proteins were effectively reversed by 

either BD or AD treatment. Hypothetically, PHPs 

addition blocked the ROS signaling pathway, ena-

bling an increment in SOD, converting ROS into hy-

drogen peroxide, which in turn was converted to wa-

ter via GSH peroxidase in mitochondria, thereby in-

terfering with the initiation of apoptotic program and 

subsequently protecting gastric mucosa.  

 

In summary, PHP3 groups apparently reversed alco-

hol-induced damage in GES-1 by improving cell via-

bility, reducing LDH liberation, increasing mitochon-

drial membrane potential, and reversing proteins, 

lipids and nucleic acids contents in cells. Henceforth, 

further exploration of signaling pathways as well as 

further isolation and purification of PHPs were war-

ranted to ascertain their efficacy (Figure S3). 

 

5. CONCLUSION 

It was demonstrated that self-developed PHPs could 

alleviate alcohol-induced damage to GES-1. PHPs 

dramatically reduced LDH leakage, boosted cell pro-

liferation and heightened mitochondrial membrane 

potential. Specifically, PHP3H group blocked the 

ROS signaling pathway to promote synthesis of gly-

coproteins, increase SOD, inhibit production of ROS 

and interfere with the apoptotic program, thus pro-

tecting gastric mucosa. The structure and sequence of 

this peptide would be demonstrated in subsequent 

experiments; moreover, further studies were required 

to determine whether the same effect was observed in 

other parts of Pneumatophorus japonicus. Altogeth-

er, PHPs were favorable green natural preparations 

that could be further exploited to be green medicines 

or healthcare products for the treatment of alcohol-

induced gastric mucosal damage, thereupon imple-

menting a meaningful development approach of 

aquatic waste from low-value products to high-value 

products, solving critical social problems such as re-

source waste and environmental pollution. 
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