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ABSTRACT
Background: Topical effects are essential mechanisms of nonsteroidal 
anti‑inflammatory drugs  (NSAIDs)‑induced gastric damage. Our previous 
study showed that the extract of Alpinia officinarum (AOE) may have some 
protective effects against the topical effects of indomethacin  (INDO). 
The aim of this study was to elucidate the protective effects and 
mechanisms of A.  officinarum against INDO‑induced topical injuries to 
gastric mucosa. Materials and Methods: 0.5 mM INDO was used to 
cause topical effects to rat gastric epithelial cells  (RGM‑1).  Meanwhile, 
AOE (2.5 μg/mL) and galangin (GAL) (0.05 mM) were added, respectively, 
to explore their protective effects. The cell proliferation, mitochondrial 
viability, and mitochondrial‑mediated apoptosis were assessed by 
flow cytometry, inverted fluorescence microscope, or microplate 
reader. Pro‑  and cleaved‑caspase‑3 were detected by Western blot 
method. Results: AOE and GAL could significantly protect INDO‑damaged 
RGM‑1 cells by promoting cell proliferation, upregulating mitochondrial 
viability, inhibiting mitochondrial cytochrome c release into cytoplasm, 
inhibiting lipid peroxidation and caspase‑3 activity, and suppressing H+/
K+‑ATPase activity. Conclusion: The gastroprotective effects of AOE 
and GAL were closely associated with suppressing the gastric acid 
secretion and restraining mitochondrial‑mediated apoptosis. These data 
provided new perceptions into interpreting the underlying mechanisms of 
gastroprotective effects of A. officinarum and showed a promising clinical 
use in treating gastric mucosal injury induced by NSAIDs.
Key words: Caspase‑3, cytochrome c, H+/K+‑ATPase, lipid peroxidation, 
mitochondrial, topical effect

SUMMARY
•  Topical effects are essential mechanisms of nonsteroidal anti‑inflammatory 

drug  (NSAID)‑induced gastric damage. It initiates the mucosal erosion by 
disrupting the gastric epithelial cell barrier, and then, excessive gastric acid and 
other stimuli destroy the gastric mucosa and cause gastrointestinal damages. 
Our earlier study indicated that the extract of Alpinia officinarum  (AOE) 
may have some protective effects against the topical effects of 
indomethacin (INDO). This study established that AOE and its representative 
monomer compound galangin significantly protected INDO‑damaged RGM‑1 
cells by promoting its cell proliferation, upregulating mitochondrial viability, 
mitochondrial cytochrome c concentration, and procaspase‑3 protein 
expression, downregulating cleaved‑caspase‑3 protein expression and 
cytosol cytochrome c concentration, and suppressing H+/K+‑ATPase activity. 

The results illuminated that the gastroprotective effect of A. officinarum was 
closely connected with suppressing the gastric acid secretion and restraining 
mitochondrial‑mediated apoptosis. These data provided new insights into 
interpreting the underlying mechanism of A. officinarum’s gastroprotective 
effect and displayed an auspicious clinical use in treating gastric mucosal 
injury induced by NSAIDs.

Abbreviations used: AOE: The extract of Alpinia officinarum; RGM‑1: 
Rat gastric epithelial cells; NSAIDs: Nonsteroidal anti‑inflammatory 
drugs; COXIB: COX‑2 inhibitors; ROS: Reactive oxygen species; INDO: 
Indomethacin; VEGF: Vascular endothelial growth factor; GAL: Galangin; 
CCK‑8: Cell counting kit‑8.
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INTRODUCTION
Nonsteroidal anti‑inflammatory drugs  (NSAIDs) are among the most 
frequently prescribed drugs with noticeably gastrointestinal  (GI) side 
effects.[1] The pathogenesis of NSAID‑induced GI injury is complex 
and contains both topical and systemic effects. Topical injury initiates 
the initial mucosal erosion by disrupting the gastric epithelial cell 
barrier.[2] Early studies were focused on the systemic effects, especially 
the cyclooxygenase‑prostaglandin mechanisms.[3‑5] However, observed 
GI damage appeared modest in COX‑inhibited models,[6,7] and decreased 
mucosal prostaglandins were fewer important in the pathogenesis of the 
small bowel damage.[8] Furthermore, selective COX‑2 inhibitors (COXIB) 
did not eradicate the risks of gastroduodenal ulcers and other 
complications.[9] These results recommended that treatments aimed at the 
effects of systemic NSAIDs were not enough to eradicate the GI injury. 
Therefore, studies on topical effects are increasing.
Topical effects are common to all conventional NSAIDs 
according to their acidic properties.[1] Accumulated NSAIDs  (like 
indomethacin  [INDO]) in gastric epithelial cells uncouple 
mitochondrial oxidative phosphorylation to disintegrate the 
mitochondrial membrane potential, which induces mitochondrial 
permeability transition pore, resulting in release of cytochrome c. 
Then, reactive oxygen species  (ROS) generation is triggered, thereby 
causing cellular lipid peroxidation and caspase cascade, resulting in 
cellular apoptosis eventually.[1,10] NSAIDs also increase membrane 
permeability by inducing changes in membrane hydrophobicity, 
thickness, and bending stiffness. Gastric acid can lead to cell death 
by apoptosis and necrosis and develop into gastric ulcers under this 
broken gastric mucosal barrier condition. Studies have found that 
topical effects play an important role in initiating GI damage.[11‑13] These 
researches propose that topical effects are also essential mechanisms of 
NSAID‑induced gastric damage.
Alpinia officinarum is a traditional Chinese medicinal plant which 
has been used for stomach diseases for over thousands of years.[14] 
In our earlier study, A.  officinarum extract  (AOE, mainly contains 
flavonoids and diarylheptanoids) remarkably inverted the gastric 
injury caused by INDO and its mechanisms were related to some 
systemic targets.[15] However, the improved bending stiffness of 
gastric mucus and markedly increased vascular endothelial growth 
factor levels from that study also recommended that AOE may also 
have some effects on the topical effects of NSAIDs. Some flavonoids 
like baicalein, myricetin, quercetin, etc. were reported to inhibit H+/
K+‑ATPase activities.[16-19] Therefore, flavonoids in AOE may also 
possess the H+/K+‑ATPase inhibition effects. It is known that H+/
K+‑ATPase is the proton pump in the gastric mucosa and is mainly 
responsible for the acidification of the gastric contents. Depressing 
the H+/K+‑ATPase activity and reducing gastric acid secretion is 
a commonly used clinical intervention for gastric and duodenal 
ulcers. Furthermore, flavonoids are known for their anti‑oxidation 
effects. Thus, a hypothesis raised that AOE may act against the tropic 
effects of NSAIDs by decreasing the cellular lipid peroxidation and 
inhibiting the acid erosion. Thus, the aim of this study was to explore 
the gastroprotective effects and underlying mechanisms of AOE on 
the topical effects of INDO. Galangin  (GAL), the most abundant 
flavonoid in AOE, was also examined in this study.[15] We used rat 
gastric mucosa epithelial cells  (RGM‑1) to perform the following 
tests:  (1) cell proliferation,  (2) cellular apoptosis,  (3) cellular lipid 
peroxidation, (4) caspase activation, and (5) H+/K+‑ATPase activity.

MATERIALS AND METHODS
Reagents and chemicals
The procedures for preparing of AOE was stated in our previous 
research.[15] The contents in prepared AOE were identified by 
Nuclear Magnetic Resonance (NMR)  and mass spectrometry, and 
quantitative analysis was performed by high‑performance liquid 
chromatography  (HPLC).[20] The contents of the main substances in 
AOE are as follows: 13.14% GAL, 3.19% kaempferide, 20.35% DPHA, 
4.90% DPHB, and 20.39% DPHC. Ethanol in the extracts was completely 
removed by heating to 80°C. Purified GAL was separated from AOE by 
Waters e2695 HPLC, and the purity was 99.99%. INDO was purchased 
from Sigma Chemical Corp. (St. Louis, USA).

Cell culture
RGM‑1 cells (4 × 105 cells/well) were grown in a DMEM/F12 medium 
containing 10% fetal bovine serum and 1% antibiotic  (100 ug/mL 
streptomycin and 100 units/mL penicillin) at 37°C in a humidified 5% 
CO2 atmosphere. Cell growth was observed daily, and the experiments 
were performed when the monolayer cells were attached to an adherent 
level of about 80%.

Cytotoxicity assay
Cell injury of INDO was examined by the cell counting kit 8  (CCK8) 
according to the manufacturer’s instructions (KGA312‑1, Jiangsu Keygen 
Biotech Co. Ltd., China). The RGM‑1 cells at a concentration of 4 × 105 
cells/well were seeded in a 96‑well plate for 24 h. After that, RGM‑1 cells 
were cultured with 0‑, 0.5‑, 1.0‑, or 2.0‑mM INDO for 0, 2, 4, 12, 18, 
and 24 h. Afterward, RGM‑1 cells were cultured with serum‑free media 
containing 10 µL CCK8 for 2 h. The absorbance of each well at 450 nm 
was measured by a microplate reader (Tecan Austria GmbH, Austria).

Cell modeling
The RGM‑1 cells were seeded for 24 h and then treated with AOE (2.5 μg/mL, 
final concentration) and INDO (0.5 mM, final concentration) or GAL (0.05 
mM, final concentration) and INDO  (0.5 mM, final concentration), 
respectively. Then, the cells were continuously cultivated for 18 h.

Cell viability assay
After continuous cultivation, Methyl thiazolyl tetrazolium (MTT) assay 
was also used to assess the cell proliferation. The procedures were 
followed by the manufacturer’s instructions.

Annexin V‑FITC/PI cytometric assay
Eighteen hours after continuous cultivation, the cells were 
harvested and stained positively for Annexin V‑FITC and PI 
double‑staining  (AP101‑100‑kit, Multi Sciences Co. Ltd., China). The 
apoptosis was detected using a flow cytometer (NovoCyte 2060R, ACEA 
Biosciences Inc., USA).

Mitochondrial membrane potential assay
Eighteen hours after continuous cultivation, the cells were harvested. 
The viability of mitochondria was measured by JC‑10‑Mitochondrial 
membrane potential assay kit according to the manufacturer’s 
instructions (40752ES60, Yeasen, China).

Mitochondrial cytochrome c release analysis
Mitochondria in the RGM‑1 cells were isolated using a mitochondrial 
separation kit (SM0020, Solarbio Technology Co. Ltd., China) and lysed 
with 2% CHAPS, which was dissolved in Tris buffer (25 mM Tris, 150 
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mM NaCl). Cytochrome c levels of cytoplasm and mitochondria in the 
RGM‑1 cells were detected using the cytochrome c ELISA kit (MCTC0, 
R&D Co. Ltd., USA).

Lipid peroxidation assay
RGM‑1 cells were treated with AOE (2.5 μg/mL) and GAL (0.05 mM) for 
eighteen hours. Cells was incubated with 200 μM DPPP (110231‑30‑6, 
TCI Co. Ltd., China) at 37°C for 1 h following the manufacturer’s 
procedures. The absorbance was measured at 352 nm (excitation 
wavelength) and 461 nm (emission wavelength).

Western blot analysis
RGM‑1 cells were treated with AOE (2.5 μg/mL) and GAL (0.05 mM) 
for eighteen hours. Cells were lysed for 30 min in ice-cold lysis buffer 
(Beyotime Biotechnology, Shanghai, China). The cell lysates were 
cleared by centrifugation for 15 min at 12000 xg. Protein concentration 
was determined by BCA kit  (CW0014S, Cwbio  Co. Ltd., China). The 
extracted proteins were separated using a 10% SDS‐PAGE gel and then 
transferred onto PVDF membranes. The membranes were incubated 
with 5% skimmed milk at room temperature for 2 h and then incubated 
with pro‑caspase‑3 (ab184787, Abcam, US), cleaved caspase‑3 (ab49822, 
Abcam, US), and GAPDH  (TA‑08, Alfetronic, China) primary 
antibodies at 1:2000, 1:2000, and 1:2000, respectively, at 4°C overnight, 
and then, the secondary antibody‑labeled HRP was added. The target 
protein bands were visualized on ChemiDoc™ XRS + system (Shanghai, 
China) using Super ECL plus. Protein strips were analyzed using Image J 
software (Bethesda, MD, USA).

H+/K+‑ATPase activity assay
RGM‑1 cells were treated with AOE (2.5 μg/mL) and GAL (0.05 mM) 
for eighteen hours. Agents from the H+/K+‑ATPase activity test kit were 
added according to the manufacturer’s instructions. After the enzymatic 
reaction and the phosphorus determination reaction were completed, 
the solution was cooled at room temperature and the absorbance 
was measured by a microplate reader at 660 nm. The activity of H+/
K+‑ATPase was then calculated according to the equation provided by 
the manufacturer’s instructions.

Data analysis
All data were analyzed using IBM SPSS Statistics 19 (Chicago, IL, 
USA). The quantitative comparison between two groups was performed 
by an independent sample t‑test, the quantitative comparison between 

multiple groups was performed by one‑way ANOVA, and the pairwise 
comparison was performed by LSD and S‑N‑K. The test level is α = 0.05.

RESULTS

The extract of Alpinia officinarum and galangin 
promoted indomethacin‑damaged RGM‑1 cell 
proliferation
The cellular injury caused by INDO is presented in Figure 1. All cells treated 
with INDO showed suggestively reduced absorbance value of cell counting 
kit‑8  (CCK‑8) than the control group. Absorbance values decreased 
in a dose‑dependent and time‑dependent manner. After 24 h of INDO 
treatment, cells showed nearly no absorbance. These results indicate that 
INDO induces cellular injury in a dose‑dependent and time‑dependent 
manner, and after 24 h treatment, it induces cellular death. 0.5 mM INDO 
and 18 h experiment duration was chosen for following experiments 
according to the severe but not fatal injuries on RGM‑1 cells.
The cellular protective effect of AOE and GAL on INDO‑induced cellular 
injury was also investigated. Figure  2 shows the absorbance values of 
CCK‑8 18 h after 0.5 mM INDO treatment with/without AOE or GAL. 
The results displayed that AOE and GAL accelerated the INDO‑damaged 
RGM‑1 cell proliferation in different degrees compared with the model 
group. (**P < 0.01 and ***P < 0.001, respectively). Based on the present 
data, 2.5 μg/mL AOE and 0.05 mM GAL were used for further in vitro 
studies.

The extract of Alpinia officinarum and galangin 
attenuated indomethacin‑damaged RGM‑1 
apoptosis
To investigate the underlying mechanisms of AOE and GAL on the 
INDO‑damaged RGM‑1 cell, we first measured their effects on cell 
apoptosis by flow cytometry. As shown in Figure  3, the apoptosis 
in the INDO group was suggestively higher than those in the 
control group  (#P  <  0.05) and the apoptotic cells peaked at 32.53%. 

Figure 1: INDO-induced RGM-1 cellular injury. Damage to cells depended 
on time and dose of INDO. #P < 0.05, ##P < 0.01, and ###P < 0.001 when 0.5 
mM INDO compared with the control group. The significant differences of 
other INDO groups compared with the control group were omitted in this 
figure. RGM-1: Rat gastric epithelial cells; INDO: Indomethacin

Figure  2: Cellular protective effect of AOE and GAL on INDO-induced 
RGM-1 cellular injury. After 18 h treatment, AOE and GAL accelerated 
the INDO-damaged RGM-1 cell proliferation. ###P < 0.001 compared with 
the control group; **P < 0.01, ***P < 0.001 compared with the model 
group. AOE: The extract of Alpinia officinarum; GAL: Galangin; INDO: 
Indomethacin; RGM-1: Rat gastric epithelial cells
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With the treatment of AOE or GAL, apoptosis was suggestively 
suppressed  (P  <  0.05, respectively), which came down to 16.94% and 
16.30% in the AOE and GAL groups.

The extract of Alpinia officinarum and galangin 
restrained indomethacin‑damaged RGM‑1 cell 
apoptosis by blocking mitochondria‑dependent 
apoptotic pathway
The important role of mitochondria in NSAID‑induced apoptosis 
has been established. Therefore, mitochondrial membrane potential, 
cytochrome c release, lipid peroxidation, and caspase activation 
were investigated to determine the influences of AOE and GAL in 
mitochondria‑mediated apoptotic pathway.
As shown in Figure 4, in the INDO group, the mitochondrial viability 
and concentrations of cytochrome c in the mitochondria were obviously 

reduced  (#P  <  0.05 and ###P  <  0.001, respectively). Concentrations of 
cytochrome c in the cytosol were suggestively elevated compared with 
the control group (##P < 0.01, respectively). AOE and GAL effectively 
reversed deteriorative mitochondrial viabilities and cytochrome c 
distributions compared with the INDO group (*P < 0.05 and **P < 0.01, 
respectively).
As shown in Figure 5, the DPPP staining degree in the INDO group was 
significantly higher than that in the control group (#P < 0.05), suggesting 
that INDO induced the lipid peroxidation of RGM‑1 cells to disturb cell 
metabolism. DPPP staining degrees of AOE and GAL were improved 
compared with that in the INDO group (*P < 0.05, respectively), indicating 
that AOE and GAL can decrease the lipid peroxidation induced by INDO.
As shown in Figure 6, the relative expressions of 32 kDa pro‑caspase‑3 
protein and its active 17 kDa form in the CON group were 1.36 ± 0.02 
and 0.16  ±  0.02, respectively. The pro‑caspase‑3 protein was cleaved 
to its active 17 kDa form at 18 h in the INDO group  (#P  <  0.05), 
and their final relative expressions were 0.75 ± 0.08 and 0.95 ± 0.07, 
respectively. The relative expressions of pro‑caspase‑3 protein and 
cleaved caspase‑3 protein were 1.04 ± 0.03 and 0.36 ± 0.02 in the GAL 
group and 1.08 ± 0.02 and 0.28 ± 0.02 in the AOE group, respectively. 
The densities of cleaved caspase‑3 protein in GAL and AOE groups 
were significantly decreased  (#P  <  0.05) and showed no significant 
difference when compared with the control group (P > 0.05), suggesting 
the density of cleaved caspase‑3 protein in those groups were back to 
normal levels.

b

a

Figure 3: Cellular apoptosis (a) and the apoptosis rate (b) of RGM-1 cells in 
different groups. After 18 h treatment, AOE and GAL significantly reduced 
cellular apoptosis induced by INDO. #P < 0.05 compared with the Control 
group; *P < 0.05 compared with the model group. AOE: The extract of 
Alpinia officinarum; GAL: Galangin; INDO: Indomethacin; RGM-1: Rat 
gastric epithelial cells

b

a

Figure  4: Mitochondrial membrane potentials (a), cytochrome c 
concentrations in the cytosol and mitochondria (b) of RGM-1 cells 
in different groups. After 18 h treatment, AOE and GAL significantly 
decreased mitochondrial damages induced by INDO. #P < 0.05 compared 
with the control group; *P < 0.05 compared with the model group. AOE: 
The extract of Alpinia officinarum; GAL: Galangin; INDO: Indomethacin; 
RGM-1: Rat gastric epithelial cells
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The extract of Alpinia officinarum and galangin 
inhibited the H+/K+‑ATPase activities
It is generally known that the activity of H+/K+‑ATPase is an important 
indicator for evaluating antigastric acidity.[24,25] As shown in Figure  7, 
in the INDO group, the H+/K+‑ATPase activity increased noticeably 
compared with the control group (##P < 0.01). Treatment with AOE or 
GAL led to an inhibition of H+/K+‑ATPase activity compared with the 
INDO group (*P < 0.05).

DISCUSSION
As there are no referable data to ensure the dose of AOE for experiments 
in this study, the cytotoxicity of different magnitude concentrations of 
AOE and GAL was verified in our preliminary experiment. A. officinarum 
ethanol extract showed no significant cytotoxicity compared with 
healthy RGM‑1 cells, and a similar phenomenon was observed in 0.05 
mM GAL. The time interval between AOE/GAL and INDO treatment 
was also verified, and better gastroprotective effects were achieved when 
added with INDO in the same time. 2.5 μg/mL AOE and 0.05 mM GAL 
significantly reversed the cytotoxicity caused by INDO, suggesting a 
protective effect to the RGM‑1 cells.
As a result of apoptosis, the loss of epithelial cells in gastric mucosa is 
visible in gastric mucosa lesion, which is also the inevitable cause of 
gastric ulcer.[20] NSAIDs were reported to cause epithelial cell apoptosis 
by their topical effects. The mitochondrial membrane potential of 
epithelial cell was decreased, when the integrality of the mitochondrial 
membrane was destroyed by NSAIDs, resulting in the release of 
cytochrome c from the mitochondria into the cytosol, and then 
activating ROS and caspase‑3, triggering cellular lipid peroxidation and 
apoptosis.[1,10] In this study, INDO treatment caused the aforementioned 
phenomenon to RGM‑1 cells. The results are consistent with previous 
reports, suggesting that INDO induces apoptosis to epithelial cells by 
its topical effects.[10,21,22] Annexin V‑FITC and PI dyes are used to detect 
the cell apoptosis, and results presented that AOE and GAL significantly 
attenuated the RGM‑1 cell apoptosis induced by INDO.
Mitochondrial membrane potential, cytochrome c release, lipid 
peroxidation, and caspase activation were performed to further 
investigate the anti‑apoptosis mechanisms of AOE and GAL.  The 
upregulated mitochondrial membrane suggested AOE and GAL 
decreased mitochondrial damages induced by INDO, maintaining 
the normal function of mitochondrial membrane. After stabilized the 
mitochondrial membrane, AOE and GAL were also found to reverse 

Figure  5: Lipid peroxidation of RGM-1 cells in different groups after 
18 h treatment. AOE and GAL significantly decreased the cellular lipid 
peroxidation induced by INDO. #P < 0.05 compared with the Control 
group; *P < 0.05 compared with the Model group. AOE: The extract of 
Alpinia officinarum; GAL: Galangin; INDO: Indomethacin; RGM-1: Rat 
gastric epithelial cells

b

a

Figure  6: Western blots of pro- and cleaved-caspase-3 proteins (a) and the relative expressions (b) in different groups after 18 h treatment. #P < 0.05 
compared with the control group; *P < 0.05 compared with the model group
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the release of cytochrome c, and concentrations of cytochrome c 
were noticeably decreased in the cytosol and significantly increased 
in the mitochondria in AOE or GAL treatment group. Increased 
cytochrome c in the cytosol forms an apoptosome together with Apaf‑1 
and pro‑caspase‑9 and then activating pro‑caspase‑3 into cleaved 
caspase‑3, triggering apoptosis.[23] The increased pro‑caspase‑3 proteins 
and decreased cleaved caspase‑3 proteins by AOE and GAL further 
illuminated their anti‑apoptosis mechanisms. These results are similar 
to researches about the inhibition of caspase cascade and apoptosis.[24,25] 
Caspase‑3 is a key enzyme in the caspase cascade, and the activation of 
caspase‑3 makes the apoptosis inevitable.[26] INDO‑induced apoptosis is 
proved to be regulated by the apoptosis‑related proteins and downstream 
effectors including Bcl‑2 family proteins. INDO and its derivatives were 
also proved to be inhibitors on Bcl‑2 proteins.[16] Thus, the Bcl‑2 family 
proteins may be intricate in the protective effects of AOE as well. Further 
experiments are desirable to prove this.
Mitochondrial damage and the release of cytochrome c lead to the 
production of ROS. ROS may directly oxidize cellular proteins, lipids, 
or nucleic acids and cause general damage or dysfunction or may initiate 
the cell death process through affecting various signaling cascades 
leading to necrosis and apoptosis.[27] AOE and GAL did lessen the lipid 
peroxidation according to data in this study. It was in accordance with 
some initial studies, which found that GAL employed a protective effect 
on the mitochondria with decreased production of ROS, along with 
the release of cytochrome c reduction and the expression of activated 
caspase‑3.[18] However, GAL was also found to induce apoptosis via 
accumulation of ROS in some cancer cells.[19,28] The inconsistent results 
make the effects and underlying mechanisms more difficult to explain. 
The results may be influenced by doses, cell lines, and many other 
factors. Cao et al. had found that mitochondrial permeability transition 
pore sealing agents and antioxidants were used to prevent the oxidative 
stress and mitochondrial dysfunction induced by COXIBs.[29] As AOE 
and GAL play an antioxidant effect, it is possible that AOE and GAL 
could attenuate the side effects of COXIBs.
It is generally known that suppressing excessive gastric acid secretion 
as well as reinforcing the gastric mucosal barrier function is one of 
the major tactics to treating gastric ulcer. INDO causes gastric injury 

by increasing the secretion of gastric acid. It has been suggested that 
the phenomena of the above are closely related to NSAID‑induced 
COX inhibition.[22]  Both COX‑1 and COX‑2 proteins are expressed 
by gastric glands and gastric mucosa. As approved, prostaglandin 
derived from COX can inhibit gastric acid secretion via prostaglandin 
E receptor 3 (EP3) and prostacyclin receptors (IP),[1] and a decrease in 
prostaglandin synthesis via COX‑1 inhibition could potentiate basal and 
gastric acid secretion.[28] Excessive gastric acid and ROS overproduction 
give rise to gastric mucosal epithelial cell apoptosis, bringing about 
gastric mucosal injury and mucosal barrier destruction.[30] Previous 
reports usually use the pH value of gastric fluid to measure the gastric 
acid secretion. However, the pH value of the gastric fluid reflects the 
total acidity formed by the chyme, gastric acid secreted by the animal 
itself, and other body fluid and is vulnerable to the food intake and 
drinking water. Therefore, the pH value of gastric fluid does not 
precisely reflect the ability of the animal’s gastric acid secretion. H+/
K+‑ATPase transports ion K+  into the cell from the extracellular fluid 
by its own phosphorylation and dephosphorylation, while pumping the 
intracellular H+ out of the cell against the pH gradient.[31] Researchers 
found that the expression and activity of H+/K+‑ATPase are reliable 
with the gastric acid secretion, which means that the activity of H+/
K+‑ATPase can be a precise reflection of the gastric acid secretion. 
Besides, inhibition of H+/K+‑ATPase is also the main mechanism of 
proton‑pump inhibitor (PPI). A meta‑analysis suggested that a selective 
COX‑2 inhibitor plus a PPI is superior to a traditional NSAIDs plus a 
PPI in the prevention of recurrent upper GI bleeding and showed no 
observed cardiovascular diseases in aspirin users.[32] These reports 
suggested that inhibition of H+/K+ - ATPase activity may be a good 
way to alleviate COXIB‑induced cardiovascular and gastrointestinal 
diseases. In the present study, activated H+/K+‑ATPase was found in 
INDO‑treated RGM‑1 cells. Similar results were also obtained in some 
early studies that INDO induction increases proton‑pump expression in 
parietal cells.[33,34] INDO was found to enhance the α‑  and β‑subunits 
of H+/K+‑ATPase, increased proton‑pump expression, and activity, with 
concomitant inhibition of PGE2 synthesis in parietal cells, suggesting 
that inhibition of COX‑1‑derived PGE2 synthesis increases gastric acid 
secretion via improved expression and activation of the proton pump.[33] 
However, Du  et al.[35] had found that INDO showed a noncompetitive 
inhibitory effect on hog gastric H+/K+‑ATPase vesicles by both a direct 
effect on the hydrolytic and H+  transport functions of the enzyme 
and a disturbing effect on the lipid bilayer of the vesicles. A  possible 
explanation about the contradictory facts may be that INDO did show 
a direct non-competitive inhibition on H+/K+‑ATPase in vitro, but the 
results from pure enzymes condition in vitro do not necessarily consist 
with the outcomes of complex conditions in vivo. Due to the activation 
of COX‑PGs‑H+/K+‑ATPase signaling pathway and the proliferation of 
rgm-1 cells, H+/K+‑ATPase is activated. The inhibitory effect of INDO on 
H+/K+‑ATPase may be too small to show. Data from this study showed 
that AOE and GAL inhibited the H+/K+‑ATPase activities in different 
degrees. Similar results have been observed in some flavonoids, and 
extraction contains plenty of flavonoids.[16‑19] Therefore, AOE and GAL 
were possibly served as H+/K+‑ATPase inhibitors to regulate the gastric 
acid secretion in this experiment. As AOE and GAL were proved to 
increase the COX‑1 activity and had no influence on COX‑2 inhibition 
in our last research,[15] the combination use of AOE/GAL with NSAIDs 
maybe an auspicious therapy for high‑risk NSAID users.
The gastroprotective effects of GAL (0.05 mM) was weaker than AOE (2.5 
μg/mL), indicating that GAL may not be the primary effective compound 
in AOE. This finding is consistent with our earlier research.[15] DPHA 
and DPHC might be responsible for the strong effects of AOE owing to 
their significant antioxidant and anti‑inflammatory potential.

Figure 7: Effects of AOE and galangin on decreasing H+/K+-ATPase in RGM-
1 cells. #P < 0.05 compared with the Control group; *P < 0.05 compared 
with the Model group. AOE: The extract of Alpinia officinarum; RGM-1: Rat 
gastric epithelial cells
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CONCLUSION
This article established that AOE and GAL significantly protected 
INDO‑damaged RGM‑1 cells by promoting its cell proliferation, 
upregulating mitochondrial viability, mitochondrial cytochrome c 
concentration, and procaspase‑3 protein expression, down‑regulating 
cleaved‑caspase‑3 protein expression and cytosol cytochrome c 
concentration, and suppressing H+/K+‑ATPase activity. The results 
illuminated that the gastroprotective effect of A. officinarum was closely 
connected with suppressing the gastric acid secretion and restraining 
mitochondrial‑mediated apoptosis. These data provided new insights 
into interpreting the underlying mechanism of A.  officinarum’s 
gastroprotective effect and showed a hopeful clinical use in treating 
gastric mucosal injury induced by NSAIDs.

Acknowledgements
The authors are thankful to Professor Jianping Tian for the identification 
of plants.

Financial support and sponsorship
This work was supported by the Natural Science Fund of China under 
Grant (No. 81860749).

Conflicts of interest
There are no conflicts of interest.

REFERENCES
1.  Wallace  JL. Prostaglandins, NSAIDs, and gastric mucosal protection: Why doesn’t the 

stomach digest itself? Physiol Rev 2008;88:1547‑65.

2.  Somasundaram S, Sigthorsson G, Simpson RJ, Watts J, Jacob M, Tavares IA, et al. Uncoupling 

of intestinal mitochondrial oxidative phosphorylation and inhibition of cyclooxygenase are 

required for the development of NSAID‑enteropathy in the rat. Aliment Pharmacol Ther 

2000;14:639‑50.

3.  Satoh H, Amagase K, Ebara S, Akiba Y, Takeuchi K. Cyclooxygenase (COX)‑1 and COX‑2 both 

play an important role in the protection of the duodenal mucosa in cats. J Pharmacol Exp 

Ther 2013;344:189‑95.

4.  Honmore VS, Kandhare AD, Kadam PP, Khedkar VM, Sarkar D, Bodhankar SL, et al. Isolates of 

Alpinia officinarum Hance as COX‑2 inhibitors: Evidence from anti‑inflammatory, antioxidant 

and molecular docking studies. Int Immunopharmacol 2016;33:8‑17.

5.  Lee CW, Lin ZC, Hsu LF, Fang JY, Chiang YC, Tsai MH, et al. Eupafolin ameliorates COX‑2 

expression and PGE2 production in particulate pollutants‑exposed human keratinocytes 

through ROS/MAPKs pathways. J Ethnopharmacol 2016;189:300‑9.

6.  Wallace  JL, Caliendo  G, Santagada  V, Cirino  G, Fiorucci  S. Gastrointestinal safety and 

anti‑inflammatory effects of a hydrogen sulfide‑releasing diclofenac derivative in the rat. 

Gastroenterology 2007;132:261‑71.

7.  McCafferty DM, Granger DN, Wallace JL. Indomethacin‑induced gastric injury and leukocyte 

adherence in arthritic versus healthy rats. Gastroenterology 1995;109:1173‑80.

8.  Syer SD, Blackler RW, Martin R, de Palma G, Rossi L, Verdu E,et al. NSAID enteropathy and 

bacteria: A complicated relationship. J Gastroenterol 2015;50:387‑93.

9.  Lanas A, Baron JA, Sandler RS, Horgan K, Bolognese J, Oxenius B,et al. Peptic ulcer and 

bleeding events associated with rofecoxib in a 3‑year colorectal adenoma chemoprevention 

trial. Gastroenterology 2007;132:490‑7.

10.  Nagano Y, Matsui H, Muramatsu M, Shimokawa O, Shibahara T, Yanaka A, et al. Rebamipide 

significantly inhibits indomethacin‑induced mitochondrial damage, lipid peroxidation, and 

apoptosis in gastric epithelial RGM‑1 cells. Dig Dis Sci 2005;50 Suppl 1:S76‑83.

11.  Sigthorsson  G, Simpson  RJ, Walley  M, Anthony  A, Foster  R, Hotz‑Behoftsitz  C, et  al. 

COX‑1 and 2, intestinal integrity, and pathogenesis of nonsteroidal anti‑inflammatory drug 

enteropathy in mice. Gastroenterology 2002;122:1913‑23.

12.  Somasundaram S, Rafi S, Jacob M, Sigthorsson G, Mahmud T, Sherwood R, et al. Intestinal 

tolerability of nitroxybutyl‑flurbiprofen in rats. Gut 1997;40:608‑13.

13.  Tibble  JA, Sigthorsson  G, Foster  R, Bjarnason  I. Comparison of the intestinal toxicity of 

celecoxib, a selective COX‑2 inhibitor, and indomethacin in the experimental rat. Scand J 

Gastroenterol 2000;35:802‑7.

14.  Kakegawa T, Takase S, Masubuchi E, Yasukawa K. Diarylheptanoids from Alpinia officinarum 

cause distinct but overlapping effects on the translatome of B lymphoblastoid cells. Evid 

Based Complement Alternat Med 2014;2014:204797.

15.  Gong J, Zhang Z, Zhang X, Chen F, Tan Y, Li H, et al. Effects and possible mechanisms of 

Alpinia officinarum ethanol extract on indomethacin‑induced gastric injury in rats. Pharm Biol 

2018;56:294‑301.

16.  Chen C, Nie Y, Xu G, Yang X, Fang H, Hou X. Design, synthesis and preliminary bioactivity 

studies of indomethacin derivatives as Bcl‑2/Mcl‑1 dual inhibitors. Bioorg Med Chem 

2019;27:2771‑83.

17.  Ribeiro AR, do Nascimento Valença JD, da Silva Santos J, Boeing T, da Silva LM, de Andrade SF, 

et al. The effects of baicalein on gastric mucosal ulcerations in mice: Protective pathways and 

anti‑secretory mechanisms. Chem Biol Interact 2016;260:33‑41.

18.  Li  S, Wu  C, Zhu  L, Gao  J, Fang  J, Li  D, et  al. By improving regional cortical blood flow, 

attenuating mitochondrial dysfunction and sequential apoptosis galangin acts as a potential 

neuroprotective agent after acute ischemic stroke. Molecules 2012;17:13403‑23.

19.  Fang  D, Xiong  Z, Xu  J, Yin  J, Luo  R. Chemopreventive mechanisms of galangin against 

hepatocellular carcinoma: A review. Biomed Pharmacother 2019;109:2054‑61.

20.  Cheng S, Li Y, Chen F, Wei N, Wang Y, Tan Y, et al. Optimization of ethanol extraction of Alpinia 

officinarum by multiple components evaluation. Chin Tradit Pat Med 2015;37:2402‑7.

21.  Tsai  HF, Hsu  PN. Modulation of tumor necrosis factor‑related apoptosis‑inducing 

ligand (TRAIL)‑mediated apoptosis by Helicobacter pylori in immune pathogenesis of gastric 

mucosal damage. J Microbiol Immunol Infect 2017;50:4‑9.

22.  Suleyman H, Albayrak A, Bilici M, Cadirci E, Halici Z. Different mechanisms in formation and 

prevention of indomethacin‑induced gastric ulcers. Inflammation 2010;33:224‑34.

23.  Amanullah  A, Mishra  R, Upadhyay  A, Reddy  PP, Das  R, Mishra  A. Indomethacin elicits 

proteasomal dysfunctions develops apoptosis through mitochondrial abnormalities. J Cell 

Physiol 2018;233:1685‑99.

24.  Zhang Y, Xu H, He H, Li X, Feng M, He Y, et al. Total triterpenes from the fruits of Chaenomeles 

speciosa  (Sweet) Nakai protects against indomethacin‑induced gastric mucosal injury: 

Involvement of TFF1‑mediated EGF/EGFR and apoptotic pathways. J  Pharm Pharmacol 

2020;72:409‑23.

25.  Wicinski M, Socha M, Malinowski B, Wódkiewicz E, Walczak M, Górski K,et al. Liraglutide 

and its neuroprotective properties‑focus on possible biochemical mechanisms in Alzheimer’s 

disease and cerebral ischemic events. Int J Mol Sci 2019;20:1050.

26.  Nonaka  S, Nakanishi  H. Microglial clearance of focal apoptotic synapses. Neurosci Lett 

2019;707:134317.

27.  Tonnus W, Meyer C, Paliege A, Belavgeni A, von Mässenhausen A, Bornstein SR,et al. The 

pathological features of regulated necrosis. J Pathol 2019;247:697‑707.

28.  Musumba  C, Pritchard  DM, Pirmohamed  M. Review article: Cellular and molecular 

mechanisms of NSAID‑induced peptic ulcers. Aliment Pharmacol Ther 2009;30:517‑31.

29.  Cao J, Wang H, Chen F, Fang J, Xu A, Xi W, et al. Galangin inhibits cell invasion by suppressing 

the epithelial‑mesenchymal transition and inducing apoptosis in renal cell carcinoma. Mol 

Med Rep 2016;13:4238‑44.

30.  Salimi  A, Neshat  MR, Naserzadeh  P, Pourahmad  J. mitochondrial permeability transition 

pore sealing agents and antioxidants protect oxidative stress and mitochondrial dysfunction 

induced by naproxen, diclofenac and celecoxib. Drug Res (Stuttg) 2019;69:598‑605.

31.  Chakraborty  S, Stalin  S, Das  N, Choudhury  ST, Ghosh  S, Swarnakar  S. The use of 

nano‑quercetin to arrest mitochondrial damage and MMP‑9 upregulation during prevention 

of gastric inflammation induced by ethanol in rat. Biomaterials 2012;33:2991‑3001.

32.  Chan FKL, Ching JYL, Tse YK, Lam K, Wong GLH, Ng SC, et al. Gastrointestinal safety of 

celecoxib versus naproxen in patients with cardiothrombotic diseases and arthritis after 

upper gastrointestinal bleeding  (CONCERN): An industry‑independent, double‑blind, 

double‑dummy, randomised trial. Lancet 2017;389:2375‑82..

33.  Nandi  J, Das  PK, Zinkievich  JM, Baltodano  JD, Levine  RA. Cyclo‑oxygenase‑1 inhibition 

increases acid secretion by modulating H+, K+‑ATPase expression and activation in rabbit 

parietal cells. Clin Exp Pharmacol Physiol 2009;36:127‑34.

34.  Nagano YN, Matsui H, Muramatsu MS, Shimokawa O, Kaneko T, Udo J,et al. Indomethacin 

increases proton pump expression in parietal cells in vitro. Gastroenterol 2005;128:A245.

35.  Du J, Lin ZH, Li SG. Effect of indomethacin on H+ transportation of pig gastric H+/K(+)-

ATPase. Shi Yan Sheng Wu Xue Bao 1994;27:61-70.


