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Abstract: Oxaliplatin (OXA), as a third-generation platinum anticancer drug, is a treatment drug for gastric cancer 
(GC). However, OXA resistance has become the main reason for OXA treatment failure. Serine beta-lactamase-
like protein (LACTB), acts as a mitochondrial protein, can affect multiple cancer processes. Here, we aimed to 
investigate the function and mechanism of LACTB in OXA-resistant GC. After LACTB overexpression or autophagy 
activator (RAPA) treatment, cell proliferation, reactive oxygen species (ROS), apoptosis, mitochondrial dysfunction 
were evaluated through CCK-8 assay, Edu staining, flow cytometry and immunofluorescence assay. Moreover, DNA 
double-stranded damage and autophagy-related proteins were examined via western blot. We revealed that LACTB 
was downregulated in OXA-resistant MGC-803 cells, and overexpression of LACTB reduced the resistance of GC cells 
to OXA. Besides, our results uncovered that overexpression of LACTB induced apoptosis, reduced the mitochondrial 
membrane potential (MMP) and accelerated ROS accumulation in OXA-resistant MGC-803 (MGC-803/OXA) cells. 
Meanwhile, we verified that overexpression of LACTB decreased glucose uptake and ATP synthesis, induced mito-
chondria and DNA damages, and inhibited autophagy of MGC-803/OXA cells. Furthermore, our results certified that 
RAPA could weaken the function of LACTB on apoptosis and mitochondrial morphology and function in OXA-resistant 
MGC-803 cells with OXA treatment. Therefore, we demonstrated that LACTB could attenuate the resistance of MGC-
803/OXA cells to OXA through autophagy-mediated mitochondrial morphological changes, mitochondrial dysfunc-
tion, and apoptosis, suggesting that LACTB, functions as a suppressor, is conducive to the therapy of OXA-resistant 
GC.
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Introduction

Gastric cancer (GC) is the second malignant 
tumor in China, seriously endangering human 
health [1]. At present, chemotherapy occupies 
the vital status in the comprehensive treat- 
ment of GC, so the effective rate of chemother-
apy is one of the crucial factors affecting the 
prognosis of GC patients [2]. Oxaliplatin (OXA) 
is the third-generation derivative of platinum 
complex anticancer drugs and has no obvious 
cross-resistance to cisplatin [3]. OXA has been 

widely applied to treat tumors derived from 
digestive system, especially GC [4]. Despite the 
great progress in the development of various 
anticancer therapies, OXA resistance in the 
treatment of GC has become increasingly 
apparent [5]. Therefore, to explore the mecha-
nism of OXA resistance has become one of  
the key issues in the therapy of GC. Currently, 
the mechanisms of OXA resistance in GC  
are very complex, involving multiple factors 
such as the microenvironment associated with 
tumor growth, cell mitochondria, cell mem-
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brane, cell protein and signal transduction, etc 
[6, 7]. However, the critical factors that deter-
mine the OXA resistance of GC are still largely 
unclear.

Serine beta-lactamase-like protein (LACTB) is a 
mitochondrial intermembrane protein deriv- 
ed from the penicillin binding proteins (PBPs)/
β-lactamase family [8]. LACTB is involved in  
the synthesis of peptidoglycan and has cru- 
cial effects on mitochondrial structure and 
function [9]. Researchers discovered that 
LACTB could form a fibrous mitochondrial  
membrane in the intermembrane space,  
which affects the conversion of phosphatidyl-
serine to phosphatidyl ethanolamine, and 
directly or indirectly regulates mitochondrial 
phospholipid metabolism [10, 11]. Meanwhile, 
studies revealed that mitochondrial phospho-
lipid metabolism was closely related to cell  
proliferation and tumor formation, suggesting 
that LACTB can be involved in tumor prolifera-
tion and differentiation [12]. Numerous stu- 
dies have also proved that LACTB was in con-
nection with various types of cancers, such as 
glioma, colon, breast and liver cancer, etc [13-
16]. Besides, LACTB can reduce the growth 
and promote the apoptosis of tumor cells [17]. 
Therefore, LACTB might be a promising mole-
cule in prediction, recurrence and survival of 
GC. However, the associative roles and poten-
tial mechanisms of LACTB in OXA-resistant GC 
stemness remains unrevealed. 

Autophagy, as a protective mechanism, can 
play a protective role by regulating organelle 
(such as mitochondria) and protein functions  
in the case of normal or pathological aging  
[18, 19]. A number of researches have con-
firmed that selective degradation of mitochon-
dria by autophagy has significant effect in the 
physiological process of disease including  
cancers [20, 21]. For example, autophagy has 
become a molecular target for cancer therapy 
[22]; autophagy has been proven to contri- 
bute significantly to tumor microenvironment 
and tumor metastasis [23]. Besides, research-
es proved that autophagy, as a bridge between 
cancer cells and chemotherapy drugs, can 
affect the sensitivity of cancer cells to chemo-
therapy drugs and even lead to multi-drug 
resistance [24, 25]. Studies also showed that 
autophagy can play vital roles in drug resis-
tance by removing abnormal proteins, organ-
elles, and ROS in a variety of tumor models [26, 

27]. However, whether LACTB, a mitochondrial 
protein, can affect mitochondrial function by 
regulating autophagy pathway in OXA-resistant 
GC has not been clearly clarified.

In this study, we investigated whether LACTB 
could play an essential role in OXA-resistant 
GC. Besides, we explored the influences of 
LACTB on apoptosis and mitochondrial func-
tions in OXA-resistant GC. Moreover, we further 
verified the regulatory effect of LACTB on 
autophagy in OXA-resistant GC. Therefore, our 
study might propose a new reference index for 
the diagnosis and treatment of OXA-resistant 
GC.

Materials and methods

Cell culture

GES-1 cells (Cat.No. MJ-1235) and MGC-803 
cells (Cat.No. TC-hxbz-026) were offered by 
ATCC. Both the two cells were cultured in  
DMEM medium with high glucose (Procell; Cat.
No. PM150210) containing 10% fetal bovine 
serum (Gibco, USA) and 1% Penicillin/strepto-
mycin (Solarbio, Cat.No. P1400) at 37°C in a 
cell incubator containing 5% CO2.

Construction of OXA-resistant cells

We induced MGC-803 cells by intermittent  
dosing. MGC-803 cells in logarithmic growth 
stage were incubated with complete medium 
containing a starting dose of 0.5 mol/L OXA 
(Aladdin, Cat.No. 0124003) for 24 hrs. After 
washing with PBS, the OXA-containing me- 
dium was replaced with a normal medium until 
the cells returned to growth. The MGC-803 
cells were repeatedly given the OXA-containing 
medium. After cell tolerance, the OXA concen-
tration was gradually increased until they could 
tolerate 10 mol/L of OXA. OXA-resistant MGC-
803 cells were named as “MGC-803/OXA” 
cells.

Plasmid construction and transfection

Controlled plasmid (pcDNA 3.0) and pcDNA 
3.0-LACTB were gained from Hanbio (Shang- 
hai, China). MGC-803/OXA cells (1 × 105 cells/
well) were inoculated with into 6-well plates 
before transfection 24 hrs until the cell fusion 
rate reached approximately 80%. And then the 
cells were transfected with 4 μg pcDNA 3.0  
and 4 μg pcDNA 3.0-LACTB using Lipofecta- 
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mine-3000 (Invitrogen; Cat.No. 100022049) 
based on the experimental instructions. After 8 
hrs of cell culture, the cell culture medium was 
replaced with normal culture medium. Besides, 
cells were treated with 4 μmol OXA or 100 nM 
autophagy activator RAPA (Solarbio, Cat.NO. 
R8150), respectively.

Quantitative real-time PCR (qRT-PCR) assay

Total RNAs were extracted from the treated 
MGC-803 and MGC-803/OXA cells by applying 
TRIzol reagent (Invitrogen). After detection with 
NanoDro 2000c (Thermo Scientific, USA), 1 μg 
RNAs were utilized as template to synthetize 
cDNAs by applying the PrimeScript RT Rea- 
gent (Takara). Subsequently, the levels of all 
genes were confirmed SYBR Premix Taq kit 
(Takara) on an ABI 7300 Real-Time system 
(Applied Biosystems). 2-ΔΔCt method was utilized 
to quantitatively analyze the expressions of 
genes.

Western blot assay

Total proteins in the treated MGC-803 and 
MGC-803/OXA cells were extracted with the 
RIPA reagent (Sigma) including protease inhibi-
tor. After the protein concentration was deter-
mined with BCA kit (Thermo Scientific), 30 μg 
protein was electrodeposited using 10% SDS-
PAGE and then transferred onto the nitrocellu-
lose membrane (Sigma). After incubation with 
5% skim milk, the specific primary antibodies 
were utilized to incubate the membranes at 
4°C overnight. Afterwards, the membranes 
were hatched with HRP-labeled secondary  
antibodies (Promega) for 1 h. The membranes 
were treated with the ECL reagent (Pierce) and 
exposed to the X-ray film. Grayscale values are 
analyzed using Quantity-one image analysis 
software. The primary antibodies included 
LACTB (Abcam; ab151624), pSer4/Ser8 RPA2 
(Abcam; ab243866), RPA2 (Abcam; ab10359), 
γH2AX (Abcam; ab11175), LC3I/II (Abcam; 
ab63817), Beclin-1 (Abcam; ab62557), P62 
(Abcam; ab155686) and GAPDH (Abcam; 
ab8245). GAPDH was used as the internal.

CCK-8 assay

The treated MGC-803/OXA cells were collect- 
ed at the logarithmic stage to adjust the con-
centration of cell suspension. 100 µL cells (1 × 
105 cells/well) were divided into 96 well plate. 
After transfected with 0.4 μg LACTB plasmids, 
all the cells were treated with 1, 2, 4, 6, 12 μM 

OXA for 48 hrs. Then the cells in each well  
were added 15 µL CCK-8 solution (Dojindo, 
Japan) and cultured for 4 hrs. The absorbance 
value (A) was measured on the microplate 
(Perkin Elmer, Switzerland; Cat.No. 6005290) 
at 450 nm.

Edu staining

MGC-803/OXA cells in each group were inocu-
lated in 96-well plates with 8000 cells per well. 
After 48 hrs of incubation, all cells were label- 
ed with EdU (ribobio, Guangzhou, China), and 
cell proliferation was tested according to the 
instruction of the kit. The results were observed 
using a fluorescence microscope.

Flow cytometry for reactive oxygen species 
(ROS)

As displayed in previous study [28], DCFH-DA 
fluorescent probe (Beyotime, Cat.No. S0033) 
was applied to determine the level of ROS. The 
treated MGC-803/OXA cells (1 × 106 cells)  
were treated with 2.5 mmol/L DCFH-DA for 25 
mins at 37°C. After washing and collecting, 
cells were handled with red fluorescence. The 
fluorescence intensity was examined by FACS 
Calibur flow cytometer (BD Biosciences).

Flow cytometry analysis for apoptosis

The treated MGC-803/OXA cells were harvest-
ed and 6 × 107 cells were suspended with 100 
μl 1 × binding buffer. And then cells were dou-
ble stained with Annexin V-FITC/PI (BD 
Biosciences) for 15 mins in the dark. Finally, 
cell apoptosis was determined using a flow 
cytometer (BD Biosciences) and the data was 
calculated by appling a ModFit LT 2.0 
software.

Flow cytometry analysis for MMP

The treated cells (5 × 105 cells) in each group 
were treated with 1 μL 1.25 mol/L Rh123 probe 
for 30 mins and dyed with 500 μL JC-1 stain- 
ing solution (MultiSciences) for 30 mins at 
37°C. The fluorescence was evaluated by flow 
cytometry (BD Biosciences) in the FL1 channel 
(525 nm).

Measure of glucose uptake

According to the kit instructions, glucose 
uptake was analyzed using Glucose Uptake Kit 
(Abcam; ab136955).
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Determination of ATP concentration

Based on the kit instructions, ATP concentra-
tion was monitored using ATP Assay Kit (Abcam; 
ab83355).

Mito-tracker green staining

Treated cells from each group were collected 
and washed twice with PBS. All cells were fixed 
with 3.7% formaldehyde for 10 mins and 
washed three times with PBS containing 0.1% 
Triton X-100 (Thermo Fisher Scientific). The 
Mito-Tracker Green probes (Byotime; Cat. 
no. C2006) were diluted by with DMEM at a 
1:5000 ratio. 1 mL diluent was added to the 
fixed cells and the cells were incubated at  
room temperature for 40 mins out of light. The 
results were observed under a fluorescence 
microscope (Olympus, Japan; Cat.No. IX73).

Transmission electron microscope (TEM)

The treated MGC-803/OXA cells were collect- 
ed and fixed with 2% glutaraldehyde. And then 
the mixture was dropped onto EM grids. After 
drying, the samples were stained with 1% ura-
nyl acetate, and the grids were measured with 
HT7700 TEM (Hitachi, Tokyo, Japan).

Immunofluorescence (IF) assay

The right amount of t MGC-803/OXA cells  
after processing were inoculated on the cover 
glass and incubated overnight at 37°C. After 
fixed with 4% paraformaldehyde for 30 mins, 
cells were permeated 0.1% Triton X-100 
(Thermo Fisher Scientific) for 10 mins. The  
cells were sealed in the blocking solution for  
1 h at room temperature, and stayed in LC3B 
antibody (Abcam, ab51520) overnight at 4°C. 
Next day, the Goat Anti-Rabbit IgG H&L (Alexa 
Fluor® 488) (Abcam, ab150077) was applied to 
incubate cells at room temperature for 2  
hrs without light. Finally, cells were stained  
with 4’, 6 diamidino 2 phenylindole (DAPI; 
Sigma, Cat.No. D8417) for 10 mins. The imag-
es were taken under fluorescence microscope 
(Olympus, Japan; Cat.No. IX73).

Statistical analysis

The data in this study were expressed as the 
means ± standard deviation (SD) of three 
repeated experiments. And the data were esti-

mated by SPSS (version 23.0, Inc., Chicago, IL, 
USA) and GraphPad software (Ver. Prism 7) 
using the analysis of variance (ANOVA) with 
Turkey-Kramer multiple comparisons test. P < 
0.05 was considered statistically significant. 

Results

LACTB was lowly expressed in OXA-resistant 
MGC-803 cells

To determine whether LACTB has significant 
effect in OXA-resistant GC cells, we firstly  
examined the expression change of LACTB in 
MGC-803 cells. As displayed in Figure 1A  
and 1B, the mRNA and protein expression lev-
els of LACTB were remarkably downregulated  
in MGC-803 cells relative to human normal  
gastric epithelial cells (GES-1), meanwhile, its 
expression was prominently reduced in OXA-
resistant MGC-803 cells versus MGC-803 
cells. Hence, we proved that LACTB expression 
exhibited a remarkable decrease in MGC-803/
OXA cells.

Overexpression of LACTB repressed prolifera-
tion of OXA-resistant MGC-803 cells

To investigate the functional effects of LACTB 
on OXA-resistant MGC-803 cells, LACTB plas-
mid was transfected into MGC-803/OXA cells. 
And the transfection effect of LACTB was con-
firmed by qRT-PCR and western blot assays.  
As exhibited in Figure 1C and 1D, the results 
uncovered that LACTB has been significantly 
overexpressed in OXA-resistant MGC-803  
cells, suggesting the good transfection effect 
of LACTB. Besides, we further determined the 
influence of LACTB overexpression on the  
proliferative capability of MGC-803/OXA cells. 
The data from CCK-8 assay exhibited that over-
expression of LACTB prominently decreased 
the proliferation of MGC-803/OXA cells, and 
enhanced the sensitivity of MGC-803/OXA to 
OXA; meanwhile, the ability of cell proliferation 
significantly decreased with the increase of 
OXA concentration. Based on the results, we 
chose 4 μM OXA for further study, which was 
close to IC50 (Figure 1E). Besides, Edu staining 
also revealed that LACTB overexpression could 
result in a prominent decrease in the prolifera-
tion of OXA-resistant MGC-803, and overex-
pression of LACTB could decrease the toler-
ance of MGC-803/OXA cells to OXA (Figure 1F 
and 1G). In general, our results implied that 
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LACTB has a noteworthy inhibitory effect on 
MGC-803/OXA cell proliferation, suggesting 
that LACTB overexpression can significantly 
inhibit the tolerance of MGC-803/OXA cells to 
OXA.

Overexpression of LACTB enhanced OXA-
induced ROS and apoptosis-promoting of OXA-
resistant MGC-803 cells

Next, more experiments were carried out to 
deeply explore the antiproliferation effects of 
LACTB in OXA-resistant MGC-803 cells through 

flow cytometry. Firstly, we demonstrated that 
the intracellular level of ROS was notably ele-
vated in LACTB overexpression group com-
pared with vector transfection group (Figure 
2A). Secondly, the results disclosed that the 
apoptotic rates of MGC-803/OXA cells were 
prominently increased in LACTB overexpres-
sion group relative to vector transfection  
group (Figure 2B). More importantly, we found 
that overexpression of LACTB could enhance 
the ROS level and apoptotic rates increased 
dramatically in MGC-803/OXA cells with OXA 
treatment. Overall, we suggested that LACTB 

Figure 1. Overexpression of LACTB repressed proliferation of OXA-resistant MGC-803 cells. A. The mRNA level of 
LACTB was examined by qRT-PCR analysis in GES-1, MGC-803 and MGC-803/OXA cells, respectively. *P < 0.05; 
**P < 0.01, ***P < 0.001. B. The protein level of LACTB was determined by western blotting analysis in GES-1, 
MGC-803 and MGC-803/OXA cells, respectively. *P < 0.05; **P < 0.01. C, D. qRT-PCR and western blot assays were 
applied to confirm the transfection effect of pcDNA3.0 LACTB plasmid in MGC-803/OXA cells. ***P < 0.001. E-G. 
CCK-8 assay and Edu staining were utilized to examine the effect of LACTB overexpression on the proliferation of 
MGC-803/OXA cells. *P < 0.05, ***P < 0.001 vs. vector group. #P < 0.05 vs. blank group.
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Figure 2. Overexpression of LACTB enhanced OXA-induced ROS and apoptosis-promoting of OXA-resistant MGC-803 cells. A. After LACTB overexpression in MGC-
803/OXA cells, the intracellular level of ROS was examined using DCFH-DA fluorescent probe. B. The apoptosis level of MGC-803/OXA cells after LACTB overexpres-
sion was analyzed by flow cytometry, and respective results were also exhibited. ***P < 0.001 vs. control group; ##P < 0.01, ###P < 0.001 vs. blank group.
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could increase ROS accumulation and acceler-
ate apoptosis of OXA-resistant MGC-803 cells.

Upregulation of LACTB reduced OXA-induced 
mitochondrial depolarization, glucose uptake 
and ATP synthesis of OXA-resistant MGC-803 
cells

And then the data also manifested that mito-
chondrial membrane potential was observably 
reduced in LACTB overexpressed MGC-803/
OXA cells relative to that in vector-transfected 
cells, especially in OXA treatment group (Figure 
3A). In addition, the experimental results of IF 
assay exhibited that in the control group, the 
morphology of mitochondria was normal and 
filamentous; in the LACTB overexpression 
group, the mitochondria of MGC-803/OXA  
cells were broken and swollen, forming vacu-
oles and aggregation. Meanwhile, we discov-
ered that the mitochondrial fluorescence  
intensity was obviously decreased in LACTB 
overexpressed MGC-803/OXA cells relative to 
vector transfected cells. Besides, we revealed 
that overexpression of LACTB could aggravate 
the damage of mitochondria in MGC-803/OXA 
cells with OXA treatment (Figure 3B). Mi- 
tochondria, as an energy factory of cells, can 
convert glucose and other major energy sourc-
es into ATP. In the following study, we further 
confirmed the changes of mitochondrial struc-
ture, glucose uptake and ATP synthesis in  
MGC-803/OXA cells. Our results first uncov-
ered that overexpression of LACTB could sig- 
nificantly reduce glucose uptake and ATP con-
tent in MGC-803/OXA cells, especially in OXA 
treatment group (Figure 3C and 3D). Therefore, 
we testified that LACTB could notably reduce 
mitochondrial depolarization and inhibit glu-
cose uptake and ATP synthesis of OXA-resistant 
MGC-803 cells.

Overexpression of LACTB enhanced OXA-
induced DNA damage and inhibition of autoph-
agy of OXA-resistant MGC-803 cells

Subsequently, we further analyzed the effects 
of LACTB overexpression on DNA damage and 
autophagy related proteins. The results of 
western blot assay demonstrated that upregu-
lation of LACTB led to the marked increases of 
pSer4/Ser8 RPA2, γH2AX and P62 expres-
sions, and prominent reductions of LC3II/I and 
Beclin-1 expressions in MGC-803/OXA cells; 
simultaneously, we also found that overexpres-

sion of LACTB could enhance the degree of 
change in the expression of these proteins in 
MGC-803/OXA cells with OXA treatment (Fi- 
gure 4). Therefore, we certified that over ex- 
pression of LACTB could accelerate DNA dam-
age and prevent autophagy of OXA-resistant 
MGC-803 cells.

RAPA reversed the effects of LACTB overex-
pression on the proliferation, ROS production 
and apoptosis of MGC-803/OXA cells 

Since LACTB had a significant inhibitory effect 
on autophagy, we then verified whether the 
autophagy pathway was involved in the im- 
pacts of LACTB on the proliferation, ROS pro-
duction and apoptosis of OXA-resistant MGC-
803 cells. As the experiments revealed that  
the inhibition of LACTB overexpression on  
MGC-803/OXA cell proliferation was reversed 
when additional added autophagy activator 
(RAPA); meanwhile, we discovered that OXA 
treatment then notably reduced the regulatory 
effect of RAPA on the proliferation of MGC-
803/OXA cells (Figure 5A and 5B). In addi- 
tion, our data displayed that RAPA could  
signally reduce the intracellular level of ROS  
in LACTB-overexpressed MGC-803/OXA cells, 
while OXA could further attenuate the reduc- 
tion of LACTB on ROS production in MGC-803/
OXA cells (Figure 5C). In the meantime, our 
results also disclosed that RAPA could weaken 
the promoting effect of LACTB overexpres- 
sion on the apoptosis of MGC-803/OXA cells, 
which also could be reversed by OXA process-
ing (Figure 5D). On the whole, we verified  
that LACTB can affect GC cell proliferation,  
ROS production and apoptosis by regulating 
autophagy.

LACTB suppressed mitochondrial depolariza-
tion, glucose uptake and ATP synthesis, and 
reduced mitochondria of MGC-803/OXA cells 
by autophagy pathway

Furthermore, we investigated whether autoph-
agy pathway also plays a key role in the influ-
ences of LACTB on mitochondrial dysfunction, 
glucose uptake and ATP synthesis of MGC- 
803/OXA cells. Our data displayed that the  
suppression of LACTB on mitochondrial depo-
larization could be reversed by RAPA in MGC-
803/OXA cells, and OXA could attenuate the 
protective effects of RAPA on the mitochondria 
in MGC-803/OXA cells (Figure 6A). Subse- 
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Figure 3. Upregulation of LACTB reduced OXA-induced mitochondrial depolarization, glucose uptake and ATP synthesis of OXA-resistant MGC-803 cells. A. After 
LACTB overexpression, MGC-803/OXA cells were stained with JC-1 to evaluate mitochondrial depolarization by flow cytometry. B. The degree of mitochondria dam-
age was examined by IF assay. Magnification 200 ×, Scale bars = 20 μm. C, D. The levels of 2-DG uptake and ATP were determined using the respective kits in LACTB 
overexpressed MGC-803/OXA cells. ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. blank group.

Figure 4. Overexpression of LACTB induced DNA damage and inhibited autophagy of OXA-resistant MGC-803 cells. A. Western blot assay was applied to examine 
the protein levels of pSer4/Ser8 RPA2, RPA2, γH2AX, LC3I/II, Beclin-1 and P62 in LACTB overexpressed MGC-803/OXA cells. B-G. And the relative expressions were 
calculated according to the gray values of each group. *P < 0.05, ***P < 0.001 vs. vector group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. blank group.
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Figure 5. RAPA reversed the effects of LACTB overexpression on the proliferation, ROS production and apoptosis of MGC-803/OXA cells. After transfection with 
LACTB plasmid, MGC-803 cells were treated with RAPA or/and OXA, respectively. A. CCK-8 assay was carried out to assess the proliferation changes of MGC-803/
OXA cells in each group. ***P < 0.001 vs. vector group; ##P < 0.001, ###P < 0.001 vs. LACTB group; &P < 0.05, &&P < 0.01 vs. LACTB+RAPA group. B. EdU stain-
ing was utilized to detect the proliferation changes of MGC-803/OXA cells in each group. C. DCFH-DA fluorescent probe was utilized to confirm the intracellular level 
of ROS. D. Flow cytometry was applied to analyze the apoptosis of MGC-803/OXA cells. *P < 0.05; **P < 0.01, ***P < 0.001.
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quently, our results from TEM also uncovered 
that overexpression of LACTB notably reduced 
the number of mitochondria and damaged their 

morphology in MGC-803/OXA cells, while the 
addition of RAPA can increase the number of 
mitochondria in cells and reduce mitochondrial 

Figure 6. LACTB suppressed mitochondrial depolarization, glucose uptake and ATP synthesis, and reduced mito-
chondria of MGC-803/OXA cells by autophagy pathway. A. The mitochondrial depolarization was examined using 
flow cytometry with JC-1 staining. B. Mitochondrial damage of MGC-803/OXA cells was evaluated by TEM after treat-
ment with LACTB plasmid, RAPA or/and OXA. C. D. Respective kits were used to determine the levels of 2-DG uptake 
and ATP in the treated MGC-803/OXA cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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damage to some extent, and OXA also could 
weaken the increase of mitochondria induced 
by RAPA in MGC-803/OXA cells (Figure 6B). 
Simultaneously, we certified that RAPA mark-
edly attenuated the decreases of glucose 
uptake and ATP content, which were mediated 
by LACTB overexpression in MGC-803/OXA 
cells, and OXA reduced the elevation of glu- 
cose uptake and ATP mediated by RAPA in 
MGC-803/OXA cells (Figure 6C and 6D). Taken 
together, we suggested that LACTB promoted 
the dysfunction of mitochondrial and energy 
synthesis in OXA-resistant MGC-803 cells by 
inhibition of autophagy.

LACTB accelerated OXA-induced DNA damage 
by inhibiting autophagy pathway in MGC-803/
OXA cells

Moreover, we further verified that autophagy 
pathway was closely related with the regulatory 
effect of LACTB on DNA damage in OXA-
resistant MGC-803 cells. The data displayed 
that LACTB memorably suppressed LC3B 
expression, this suppression was then weak-
ened by RAPA, and OXA intervention then 
reduced LC3B expression mediated by RAPA  
in MGC-803/OXA cells (Figure 7A). Secondly, 
the results of western blotting uncovered that 
RAPA could memorably reverse the upregula-
tions of pSer4/Ser8, γH2AX and P62 expres-
sions, and the downregulations of LC3II/I and 
Beclin-1 expressions, which were mediated by 
LACTB overexpression, then OXA treatment 
could prevent the regulatory effects of RAPA  
on the DNA damage-related proteins in MGC-
803/OXA cells (P < 0.05, P < 0.01, P < 0.001, 
Figure 7B). These findings indicated that RAPA 
reversed the inductive effect of LACTB on DNA 
damage of MGC-803/OXA cells by inducing 
autophagy.

Discussion

GC is one of high incidence and mortality of 
malignant tumors [29]. At present, OXA, as  
one of the widely used drugs in GC, the resis-
tance is often one of the main reasons for the 
failure of GC treatment [30]. Therefore, it has 
become a research hotspot to explore the 
mechanism of OXA resistance and actively 
search for mechanisms to reverse OXA resis-
tance. In order to further investigate the  
mechanism of GC resistance, the MGC-803/
OXA cells were first established in this study. 

Meanwhile, we discovered that LACTB was  
significantly downregulated in OXA-resistant 
MGC-803 cells, suggesting that LACTB might 
be a potential target for the OXA resistance 
inhibition in GC. 

LACTB, as a mitochondrial membrane protein, 
can suppress cell growth, differentiation, and 
tumor formation [10]. For example, LACTB 
could prevent colorectal cancer progression  
by weakening MDM2-mediated p53 or inhibit-
ing epithelial-to-mesenchymal transition (EMT) 
[14, 31]; LACTB as a target gene of miR-374a 
could participate in the metastasis progres- 
sion of breast cancer [32]; silence of LACTB 
could accelerate hepatocellular carcinoma pro-
gression and predict a poor prognosis [13]; 
LACTB could suppress proliferation and inva-
sion of glioma cells [15]. In our study, we fur- 
ther certified that LACTB could repress prolif-
eration and promote apoptosis of MGC-803/
OXA cells, and enhanced the tolerance of MGC-
803 to different concentrations of OXA. 

Mitochondria are the primary sites of energy 
metabolism in cells [33, 34]. ATP production is 
the main energy source of cell life [35]. 
Researches showed that mitochondrial dam-
age can result in the release of ROS or apop-
totic factors, which can cause cell damage or 
induce apoptosis [36, 37]. Studies suggested 
that mitochondrial dysfunction was closely 
associated with GC [38-40]. For instance,  
mitochondrial dysfunction could enhance the 
cisplatin resistance in GC [38]; Genipin could 
prevent the process of GC through regulating 
mitochondrial dysfunction [39]; VCPA could 
sensitize GC to doxorubicin-induced apoptosis 
by mitochondrial dysfunction [40]. Therefore, it 
is crucial to timely remove the damaged mito-
chondria and maintain the normal function  
and number of mitochondria. In our study, our 
results disclosed that overexpression of LACTB 
could induce mitochondrial damage and sup-
press glucose uptake and ATP synthesis, and 
LACTB also could reduce the resistance of 
MGC-803/OXA to OXA.

At present, the related studies also revealed 
that the changes in DNA damage repair pro-
cess are the main possible mechanism of plati-
num and other chemotherapy drug resistance 
[41]. Study proved that RPA2 phosphorylation 
is one of the earliest responses to DNA re- 
plication stagnation or DNA damage [42]. 
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γH2AX is a marker for a double strand break in 
DNA [43]. Elevated levels of phosphorylation in 
γH2AX and RPA2 may indicate DNA damage 
[44]. In our study, we revealed that LACTB  
could cause the increases of pSer4/Ser8  
RPA2 and γH2AX expressions, suggesting that 
LACTB could induce DNA damage. Besides, we 
proved that the induction of LACTB on DNA 
damage could be weakened by RAPA, suggest-
ing that LACTB could promote DNA damage by 
autophagy pathway in MGC-803/OXA cells.

Autophagy is a widespread degradation/recy-
cling system in eukaryotic cells [45]. In recent 
years, it has been also gradually recognized 
that autophagy can regulate the renewal of  
peroxide, mitochondria and endoplasmic retic-
ulum, and actively remove the damaged organ-
elles and metabolites in the cytoplasm [46]. 
The autophagy lysosomal pathway also has 
vital role in regulating the degradation of the 
damaged mitochondria and maintaining the 
metabolic stability of mitochondria [47]. There- 
fore, autophagy is crucial for maintaining  
the homeostasis and metabolic balance of 
cells. A growing body of research has confir- 
med that autophagy is crucial in the progres-
sion of GC [48, 49]. At present, the known 
autophagy related proteins include LC3, 
Beclin1 and P62 [50]. In the present study, we 
found that LACTB could increase P62 expres-
sion, and decrease LC3II/I and Beclin-1 expres-
sions in MGC-803/OXA cells, suggesting that 
LACTB could refrain autophagy of OXA-resist- 
ant MGC-803 cells, and enhance the toler- 
ance of MGC-803/OXA to different concentra-
tions of OXA. In addition, we found that the 
effects of LACTB on apoptosis, and mitochon-
drial morphology and function of OXA-resist- 
ant MGC-803 cells could be notably attenuated 
by autophagy activator (RAPA). In the recent 
research, LACTB could suppress the develop-
ment of CRC by promoting autophagy [31]. In 
contrast to its role in constraining GC progres-
sion, autophagy has a complex role in cancer 
and its function can be regulated by biological 
factors, for multiple cancer types is a factor 
[51]. Therefore, we demonstrated that LACTB 

promoted mitochondrial damage and apopto-
sis of OXA-resistant MGC-803 cells via inhibit-
ing autophagy.

In conclusion, our findings suggested that 
LACTB could reduce the resistance of GC cells 
to OXA by through autophagy-mediated mito-
chondrial dysfunction and apoptosis, which 
might contribute to become effective therapeu-
tic measures against OXA resistance in GC.
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