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Introduction
Gastritis, an inflammation of the gastric mucosa [1], has a prevalence of 40% in the population [2]. Following

the Kyoto global consensus report, gastritis is classified depending on its etiology, accounting for environmental
(e.g., alcohol consumption, non-steroidal anti-inflammatory drug exposure, radiation, viral infection, and
Helicobacter pylori infection) and host-related (e.g., autoimmune response, immune-mediated response, Crohn's
disease, and stress) factors [3]. Alcohol consumption, allowing direct contact between alcohol and the mucosa,
induces marked mucosal damage, resulting in acute or chronic stomach diseases [4]. Gastritis is classified into
acute and chronic gastritis depending on how long the symptoms and signs persist [5]. Alcohol abuse can affect
gastric acid secretion, cause acute gastric mucosal injury, and inhibit gastric motility. Even a single instance of
heavy alcohol consumption can cause mucosal inflammation and hemorrhagic lesions [4]. Moreover, a clinical
study has shown that a history of alcohol abuse markedly increases the risk of severe gastrointestinal events, such
as gastrointestinal hemorrhage and/or perforation [6], highlighting the need for effective strategies to prevent and
treat alcohol-induced damage and protect gastric health.

Endogenous prostaglandins (PGs) are pivotal in protecting the stomach against mucosal damage and ulceration
and stimulating factors crucial for maintaining normal mucosal integrity [7]. Prostaglandins are produced from
arachidonic acid, which is synthesized by the enzyme cyclooxygenase (COX) [8]. Prostaglandin E2 (PGE2)
provides mucosal protection and lesion healing primarily by reacting with PGE2 receptors. Both COX-1 and
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COX-2 are related to the roles of PGE2: COX-1 mainly produces endogenous PGE2 involved in mucosal protection,
while COX-2 is important in gastric ulcer healing [9].

Mitochondria are highly dynamic double-membrane organelles that serve as the central hub for cellular
metabolism, stress responses, and the maintenance of homeostasis [10]. To maintain these functions, mitochondria
must alter their activity to meet cellular needs, balancing their involvement accordingly. In addition to responding
to internal and external signals, mitochondria provide signals to the nucleus through multiple mechanisms,
including reactive oxygen species (ROS) production and cytochrome C release [11], thereby influencing cellular
function [12]. Mitochondrial dysfunction elicits cellular stress responses, and mitochondria-dependent signaling
has been shown to contribute to a wide range of physiological and pathophysiological outcomes [13]. Notably,
mitochondrial calcium (Ca2+) is essential for regulating various cellular functions and maintaining Ca2+ signaling,
which plays a critical role in preserving homeostasis and preventing disease development [14]. However, excessive
mitochondrial Ca2+ influx can lead to elevated ROS production, resulting in mitochondrial oxidative stress [15].
Ethanol (EtOH) has been shown to cause gastropathy by disturbing mitochondrial structure and inducing oxidative
stress [16], but the precise mechanisms by which mitochondrial disruption contributes to EtOH-induced gastritis
have not been fully elucidated.

Isochlorogenic acid C (ICAC) is a caffeoylquinic acid derivative composed of two caffeic acid moieties esterified to
a single quinic acid core [17]. Naturally existing in various plant species, ICAC exhibits multiple physiological
activities, including anti-cancer [17], anti-influenza virus [18], antihepatotoxic [19], and anti-inflammatory
effects [20]. However, its potential to protect against gastritis caused by alcohol has not yet been assessed. Thus,
this study aimed to investigate the signaling mechanism underlying EtOH-induced gastritis and evaluate the
preventive efficacy of ICAC against this pathological condition. Furthermore, we assessed the gastroprotective
effects of a natural plant extract enriched in ICAC to investigate its potential as a therapeutic candidate derived
from natural sources.

Materials and Methods
Chemicals

Isochlorogenic acid C (CAS No. 57378-72-0, 99.78% purity) was purchased from iKSChem (China) and diluted
in dimethyl sulfoxide (Sigma-Aldrich, USA) to create a 50 mM stock solution. Absolute ethyl alcohol (EtOH) and
hydrochloric acid (HCl) were obtained from Sigma-Aldrich. Lipopolysaccharide (LPS) derived from Escherichia
coli O111:B4 (Sigma-Aldrich) was diluted in serum-free Dulbecco's modified Eagle's medium (DMEM; Hyclone,
USA) without phenol-red to create a 1 mg/ml stock solution.

Animal Experiments
Male ICR mice (5-week-old) were acclimated for 7 d under a 12 h light–dark cycle with ad libitum access to a

standardized diet and sterilized water. All experimental procedures were conducted in accordance with ethical
guidelines and approved by the Institutional Animal Care and Use Committee of Kyungpook National University
(KNU-2022-0385).

Following acclimation, mice were orally administered ICAC dissolved in 1% hydroxypropyl methylcellulose or
the ethanol extract of Artemisia argyi (EAA) once daily for three consecutive days. After the final administration,
food was withdrawn for 24 h. The mice were then re-administered ICAC or EAA, followed, after 1 h, by the oral
administration of 150 mM HCl in 70% EtOH to induce acute gastritis. One hour later, gastric tissues were
harvested for analysis.

H&E Staining
Hematoxylin and eosin staining was used to evaluate structural damage. Gastric tissues were soaked in 10%

neutral buffered formalin solution (Sigma-Aldrich) and embedded in paraffin blocks. Tissue sections (5 μm) were
cut from the paraffin blocks, dipped in xylene (OCI Company Ltd., Republic of Korea), and soaked in 95% ethanol.
Tissue fixation was performed using 4% formaldehyde, and then hematoxylin solution (TissuePro Technology
LLC.; USA) was used for nuclear staining. Subsequently, tissues were counterstained using Eosin Y (TissuePro
Technology LLC.). After dipping in 95% and 100% ethanol, tissues were soaked with xylene, coverslipped with a
mounting medium, and dried. Histological observations were recorded using a microscope (Leica Microsystems,
Germany) with Leica Application Suite V4 (Leica Microsystems).

PGE2 Measurement
Gastric tissues were treated with a lysis buffer (Cell Signaling Technology, USA) containing a protease inhibitor

cocktail (Thermo Scientific, USA). The mixture was centrifuged, and the supernatant was collected for analysis.
We measured PGE2 using a PGE2 ELISA assay kit (KGE004B; R&D Systems, USA) following the manufacturer’s
guidelines.

Cell Cultures
Human gastric epithelial cell line AGS cells (KCLB No. 21739; Korean Cell Line Bank, Republic of Korea) were

cultured in RPMI-1640 medium supplemented with fetal bovine serum (FBS) at 10% and penicillin-streptomycin
at 1%. Murine macrophage cell line RAW 264.7 cells (KCLB No. 40071, Korean Cell Line Bank) were maintained
in DMEM supplemented with FBS at 10% and penicillin-streptomycin at 1%. All cultures were incubated at 37oC
in a humidified atmosphere containing 5% CO2.
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qRT-PCR Analyses
Quantitative real-time reverse transcription PCR (qRT-PCR) processes followed the protocols provided by

suppliers. For mouse gastric tissues, shredded tissue (n = 5) was pulverized in RNA isolation buffer with beads
using a homogenizer at 6,000 rpm in 2 runs with 3 cycles each. The tissue was incubated in chloroform and
centrifuged at 12,000 ×g and 4oC for 15 min. The RNA layer was collected and mixed with isopropyl alcohol, and
the precipitate was washed in 75% ethanol. The dried pellet was then diluted in DEPC water, and RNA was
quantified using a nanodrop spectrophotometer. Subsequently, RT Master Mix (Toyobo, Japan) was mixed with
the purified RNA to synthesize the cDNA, which was used as the template for qRT-PCRs. Reaction mixtures
contained SYBR Green (Toyobo) and the appropriate primers for the gene of interest (Table S1), and relative
expression was calculated using the ΔΔCq method. 

For cell culture expression analyses, AGS cells (2 × 105 cells/ml) were seeded into 6-cm dishes and grown until
reaching 70% confluence. Cells were then treated with EtOH for 15 min, 30 min, or 1 h to assess the temporal
dynamics of the prostaglandin-endoperoxide synthase 1 (PTGS1) gene expression response. To assess the preventive
effect of ICAC against EtOH-induced PTGS1 suppression, cells were incubated in ICAC for 1 h and then stimulated
by EtOH for 1 h. Subsequent extraction and qRT-PCR procedures were performed using the protocols described
above for stomach tissue.

ELISA
Pro-inflammatory cytokine secretion in gastric tissues was assessed using an enzyme-linked immunosorbent

assay (ELISA; Thermo Scientific) kits. Shredded tissue was crushed in lysis buffer containing a protease inhibitor,
and the supernatant was obtained. The ELISA assay was then performed according to the manufacturer’s protocol.
Briefly, the wells of 96-well plates were coated with capture antibody using the coating buffer. After incubating
overnight, the plates were blocked with ELISA diluent. Tissue supernatants and standards were added, and the
plates were incubated for 2 h. The detection antibody was then added, followed by incubation, and then horseradish
peroxidase was applied. Lastly, the 3, 3, 5, 5-tetramethylbenzidine solution and then the stop solution were
added. Absorbance was measured at wavelengths of 450 and 570 nm.

Nitrite Assays
To quantify nitrite production in gastric tissue, tissues were ground in lysis buffer containing a protease

inhibitor, and the supernatant was obtained. A nitrite assay was performed as described in our previous study [21].
Briefly, the supernatants were reacted with a mixture of Griess reagents A and B for 30 min. Absorbance at 550 nm
was detected using a microplate reader (SpectraMax iD3; Molecular Devices, USA). To assess nitrite production
in human gastric epithelial cells in vitro, AGS cells (5 × 105 cells/ml) were grown in 96-well plates overnight and
then incubated with ICAC for 24 h. EtOH was added after 1 h of ICAC treatment. Nitrite levels in the AGS cells
were measured using the procedures described for gastric tissues.

GPx Activity Measurement
Glutathione peroxidase (GPx) activity was measured using the Glutathione Peroxidase Assay Kit (Abcam, UK)

according to the manufacturer’s instructions. Briefly, 30 mg of gastric tissue was homogenized in assay buffer, and
the supernatant was collected after centrifugation at 10,000 ×g for 15 min. To eliminate glutathione disulfide, the
supernatant was incubated with 40 mM NADPH, active glutathione reductase, and glutathione for 15 min. To
quantify GPx activity, cumene hydroperoxide was added to start the GPx reaction, the solution’s absorbance at
340 nm was measured at two different time points, and GPx activity was calculated based on the rate of NADPH
oxidation.

Western Blots
Cell contents were extracted in a lysis buffer containing phosphatase and protease inhibitors, and then the

mixture was centrifuged to obtain the cell lysates. Proteins were then quantified using a DC protein assay kit (Bio-
Rad Inc., USA). Subsequently, the proteins were separated through electrophoresis using a 10% sodium sulfate-
polyacrylamide gel and transferred to 0.45 μm Immobilon polyvinyl fluoride membranes (Millipore, USA). After
blocking with 5% skim milk, the membranes were incubated overnight with primary antibodies against COX-2,
p-DRP1 (Ser616), DRP1, MCU (Cell Signaling), NOS2, β-actin (Santa Cruz Biotechnology, USA), and α/β-tubulin
(Abcam) and then secondary antibodies. Proteins were stained using the EzWestLumi Plus Kit (ATTO, USA) and
imaged using a GeneGnome XPQ NPC system (Syngene, UK).

Cytotoxicity Assessment
AGS cells were seeded into 96-well plates at 2 × 105 cells/ml and grown until reaching 60–70% confluency. The

cells were then incubated with ICAC for 24 h. Cell viability was measured using the protocols described in our
previous study [21]. In brief, cells were incubated in a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide solution for 2 h. Then, dimethyl sulfoxide was added, and the plates were incubated for 30 min in a dark
room. Cell survival rate was measured as the absorbance at 570 nm using a microplate reader (SpectraMax iD3).
The cytotoxicity of ICAC against RAW cells was also assessed using the same procedures, except RAW cells were
originally seeded at 3 × 105 cells/ml.

Mitochondrial Localization Assessment
AGS and RAW 264.7 cells were seeded in triplicate into 48-well plates at 1 × 105 and 2 × 105 cells/ml, respectively,
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and the plates were incubated overnight. To evaluate the temporal dynamics of EtOH and LPS’s effects on
mitochondrial localization, cells were grown with 2% EtOH or 1 μg/ml LPS for 1, 3, and 6 h. To assess the
protective effects of ICAC, cells were incubated with ICAC for 1 h and then with EtOH or LPS for 6 h. For all
treatments, cells were stained in 50 nM (for AGS cells) or 100 nM (for RAW 264.7 cells) Mito-tracker Green FM
(M7514; Molecular Probes, USA) solutions for 15 min. Mitochondria were observed using a fluorescence
microscope (Leica Microsystems) and imaged using Leica Application Suite X (Leica Microsystems).

Mitochondrial Membrane Potential Assessment
AGS cells were seeded at 1 × 105 cells/mL and grown in 8-well chambers (Ibidi, USA) and incubated overnight.

To evaluate the temporal dynamics of EtOH’s effects on mitochondrial membrane potential (ΔΨM), cells were
treated with EtOH for 1, 3, and 6 h. To evaluate the protective effect of ICAC, cells were pre-treated with ICAC for
1 h and subsequently treated with EtOH for 1 h. For all treatments, mitochondrial membranes were stained with
JC-1 dye (2 μM) for 15 min, nuclei were stained with mounting medium (Abcam), and the cells were visualized
using a fluorescence microscope (Leica Microsystems). 

For RAW 264.7 cells, the evaluation of ΔΨM was carried out following previously reported procedures [22].
RAW cells were seeded at 2 × 105 cells/ml into 8-well chambers (Ibidi) and grown until reaching 60% confluency.
Cells were pre-treated with ICAC for 1 h and treated with LPS for 3 h. Next, the cells were incubated with JC-1 dye
(1 μg/ml) for 15 min, and cell nuclei were counterstained with mounting medium (Abcam). The cells were then
visualized using a fluorescence microscope (Leica Microsystems). 

Intracellular ROS Measurement
AGS cells were seeded into 96-well plates at 2 × 105 cells/ml and allowed to grow overnight. To evaluate the effect

of EtOH on intracellular ROS production over time, cells were treated with EtOH for 3, 6, 12, and 24 h. To evaluate
the effect of ICAC on EtOH-induced ROS production, cells were first incubated with ICAC for 1 h and then with
EtOH for 6 h. For all treatments, the cells were stained in a 2',7'-dichlorofluorescein diacetate (DCF-DA) solution
for 30 min. Intracellular ROS was then quantified using a microplate reader (SpectraMax iD3), and fluorescence
images were obtained using a fluorescence microscope (Leica Microsystems) with Leica Application Suite X
(Leica Microsystems).

RAW 264.7 cells were seeded at 3 × 105 cells/ml into 96-well plates, and the plates were incubated until reaching
60–70% confluency. Cells were treated with ICAC for 1 h, followed by LPS stimulation for 24 h. Intracellular ROS
was measured using the procedures described for AGS cells above.

mtROS Assessment
AGS cells were seeded into 8-well chambers (Ibidi) at 1 × 105 cells/ml and allowed to grow overnight. To evaluate

the temporal dynamics of EtOH’s effects on mitochondrial ROS (mtROS) production, cells were treated with
EtOH for 30 min, 1 h, and 3 h, respectively. To evaluate the protective efficacy of ICAC, cells were pre-treated with
ICAC for 1 h and treated with EtOH for 1 h. For both experiments, the cells were washed with Hanks’ balanced salt
solution (HBSS) and stained in a 2 μM MitoSOX Red (M26008; Invitrogen, USA) solution for 10 min. The cells
were fixed with 4% paraformaldehyde (Sigma-Aldrich) and counter-stained with mounting medium with DAPI
(Abcam) to stain cell nuclei. Visualization of mtROS was performed using a fluorescence microscope (Leica
Microsystems) with Leica Application Suite X (Leica Microsystems).

RAW cells were seeded into 8-well chambers (Ibidi) and allowed to grow until reaching 60–70% confluency.
Cells were treated with ICAC and then LPS for 1 h each. Procedures for staining and observing mtROS were
performed as described above for AGS cells.

Mitochondrial Ca2+ Assessment
AGS cells were seeded at 1.5 × 105 cells/ml into 48-well plates, and the plates were incubated overnight. To

evaluate the effects of EtOH on mitochondrial Ca2+ over time, cells were stimulated with EtOH for 30 min and 1 h.
To assess the effect of ICAC on EtOH-induced Ca2+ influx, cells were pre-treated with ICAC for 1 h and then
treated with EtOH for 30 min. For all treatments, cells were stained in a 50 nM Mito-tracker Green FM (M7514;
Molecular Probes) solution for 15 min. Cells were further stained in a 5 μM Rhod-2 AM (HY-D0989; MedChemExpress,
USA) solution for 15 min. Mitochondrial Ca2+ was observed using a fluorescence microscope (Leica
Microsystems) with Leica Application Suite X (Leica Microsystems).

Artemisia argyi Extract
To confirm the effect of a botanical material known to primarily be composed of ICAC, EAA was obtained from

Dong-A Pharm (Republic of Korea).

Results
Oral Administration of ICAC Alleviates Acute Gastritis in Mice

To explore the preventive effect of ICAC on acute gastritis, mice were orally administered ICAC for 3 d, fasted for
24 h, orally administered ICAC, and then, 1 h later, orally administered an EtOH–HCl mixture (Fig. 1A). Mouse
stomachs were subsequently harvested and analyzed. While the EtOH–HCl treatment induced inflammation in
the stomach lining, ICAC prevented EtOH–HCl-induced gastritis in a dose-dependent manner (Fig. 1B and 1C).
As shown in Fig. 1D, gastric tissue structure and the mucus layer were disrupted by EtOH–HCl; however, ICAC
greatly alleviated these pathological effects. 
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Fig. 1. Oral administration of Isochlorogenic acid C (ICAC) alleviates acute gastritis in an EtOH–HCl-
treated mouse model. (A) A schematic illustrating the experimental protocol. Mice were orally administered ICAC daily for
three consecutive days. Then, after 24 h of fasting, the mice received an additional dose of ICAC followed by EtOH–HCl
administration. (B) Representative images of harvested mouse stomachs. (C) The proportion of mucosal area exhibiting
inflammatory lesions in the mouse stomachs (n = 6). Data are presented as means ± the standard deviation (SD). (D)
Representative histological images of mouse stomach tissue sections stained with hematoxylin and eosin (10× objective; scale
bars = 300 μm). (E) PGE2 concentrations in mouse stomach tissue, as measured by ELISAs (n = 5). Data are presented as means
± SD. (F) Ptgs1 and (G) Muc1, Muc5ac, and Muc6 expression levels, assessed using qRT-PCR (n = 4). Data are presented as
means ± the standard error of the mean (SEM). (H) TNF-α secretion in mouse stomach tissue measured using ELISAs (n = 4).
Data are shown as means ± SD. (I) Nitrite levels in mouse stomach tissue, analyzed using the Griess assay (n = 6). Data are
shown as means ± SD. (J) Glutathione peroxidase (GPx) activity in the stomach tissue of mice, measured using the GPx assay (n
= 5). Data are expressed as means ± SD. Statistical significance was analyzed using one-way ANOVAs followed by Dunnett’s
post hoc tests. Significance levels are represented by symbols: #, p < 0.05, for comparisons between the EtOH–HCl only-treated
and non-treated groups and *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001, for comparisons between the ICAC-
treated groups and the EtOH–HCl only-treated group.
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Homeostasis of the gastric mucus layer contributes crucially to stomach health, and PGE2 is involved in
maintaining this layer [7]. Although EtOH reduced PGE2 secretion in gastric tissues, ICAC effectively attenuated
this PGE2 reduction (Fig. 1E). The human PTGS1 gene encodes COX-1, which is directly involved in PGE2
synthesis [23], and ICAC reduced Ptgs1 downregulation in mice when administrated at 5 mg/kg, but not at 40 mg/kg
(Fig. 1F). In stomach tissue, mucin secretion is also important in maintaining the gastric mucus layer, and in
normal gastric mucosa cells, the mucin-encoding genes Muc1, Muc5ac, and Muc6 are highly expressed [24].
Based on this knowledge, we investigated the effect of ICAC on mucin secretion-related genes under EtOH–HCl-
induced mucosa inflammation. The expression of Muc6 was significantly reduced by EtOH–HCl, while Muc1 and
Muc5ac expression did not exhibit any changes in response to the EtOH–HCl treatment. Pretreatment with ICAC
increased Muc6 expression in EtOH–HCl-treated mice (Fig. 1G). Moreover, the ICAC pretreatment reduced
EtOH–HCl-induced TNF-α secretion and nitrite production to at or below normal levels (Fig. 1H and 1I).
Furthermore, at 40 mg/kg, ICAC suppressed GPx activity, counteracting EtOH–HCl-induced increases (Fig. 1J).

ICAC Exerts Homologous Protective Effects against EtOH in Human Gastric System Cells
In line with the preventive effects of ICAC demonstrated in the animal experiments, we validated the

homologous effects of ICAC in human AGS cells in vitro, assessing its ability to protect against EtOH toxicity. We
selected 2% EtOH as a treatment condition, as it did not induce cell death in AGS cells during pretrials (Fig. S1). To
validate the protective effect of ICAC on gastric mucosal injury, we first evaluated PTGS1 expression changes
during EtOH treatment over time. The 2% EtOH treatment significantly downregulated PTGS1 after 1 h of
treatment (Fig. 2A); however, pretreatment with ICAC suppressed EtOH-induced PTGS1 downregulation
(Fig. 2B). Next, we investigated whether ICAC inhibits nitrite production in AGS cells, as it did in mouse stomach
tissue. The ICAC pretreatment alleviated EtOH-induced nitrite production (Fig. 2C) and, furthermore, suppressed

Fig. 2. ICAC exerts homologous protective effects against EtOH in AGS cells. (A) Time-dependent alterations to
PTGS1 expression following EtOH exposure. (B) The effect of ICAC pretreatment on PTGS1 expression after 1 h of EtOH
exposure, analyzed using ELISA. Data are presented as means ± SEM. (C) The effect of ICAC pretreatment on nitrite
production after 24 h of EtOH exposure, quantified using the Griess assay. Data are presented as means ± SD. (D) A Western
blot membrane image illustrating the effect of ICAC on NOS2 and COX-2 expression after 6 h of EtOH exposure. (E) The cell
viability of ICAC-treated AGS cells, measured using the MTT assay. Data are shown as means ± SD. All procedures were
performed in triplicate. Significance levels are represented by symbols: #, p < 0.05, for comparisons between the EtOH-only-
treated and non-treated groups and *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001, for comparisons between the
ICAC-treated groups and the EtOH-only-treated group.
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the expression of NOS2, a protein involved in nitrite production. Additionally, ICAC inhibited the EtOH-induced
downregulation of COX-2, another gene directly involved in PGE2 synthesis (Fig. 2D). Notably, ICAC did not
exhibit cytotoxicity at any tested concentration (Fig. 2E).

ICAC Prevents Gastritis by Counteracting Mitochondrial Dysfunction
Mitochondria can be damaged by an imbalance of gastric health; therefore, we investigated whether EtOH

induces mitochondrial dysfunction, and whether ICAC can prevent this phenomenon. Initially, we assessed
mitochondrial localization following EtOH treatment, and the pattern of mitochondrial morphology was altered
over time in AGS cells (Fig. 3A). However, ICAC inhibited EtOH’s effects on mitochondrial morphology (Fig. 3B).
Similarly, LPS altered mitochondrial morphology over time in RAW 264.7 cells (Fig. 3C), while ICAC suppressed
these changes (Fig. 3D). Next, we stained AGS cells with the JC-1 probe to elucidate the effects of the treatments on
ΔΨM. Monomers of JC-1 increased under the EtOH treatment over time (Fig. 3E), and ICAC reduced EtOH-
induced JC-1 monomer formation (Fig. 3F). We also confirmed that ICAC prevented JC-1 monomer formation

Fig. 3. ICAC prevents gastritis by counteracting EtOH- or lipopolysaccharide (LPS)-induced mitochondrial
dysfunction. (A) Time-dependent changes in mitochondrial morphology in AGS cells following EtOH exposure, visualized
using Mito-tracker Green FM (40× objective; scale bars = 20 μm). (B) The effect of ICAC on mitochondrial morphological
changes in AGS cells after 6 h of EtOH exposure (40× objective; scale bars = 25 μm). (C) Time-dependent changes in
mitochondrial morphology in RAW 264.7 cells following LPS exposure. Cells were visualized using Mito-tracker Green FM
(40× objective; scale bars = 25 μm). (D) The effect of ICAC on mitochondrial morphological changes in RAW 264.7 cells 6 h
after LPS exposure (40× objectives; scale bars = 25 μm). (E) Time-dependent alterations to mitochondrial membrane potential
(ΔΨM) in AGS cells following EtOH exposure, analyzed using JC-1 staining (10× objective; scale bars = 100 μm). (F) The effect
of ICAC on ΔΨM loss 1 h after EtOH exposure in AGS cells (10× objective; scale bars = 75 μm). (G) The effect of ICAC on ΔΨM

loss 3 h after LPS exposure in RAW 264.7 cells (10× objective; scale bars = 75 μm). (H) The cell viability of RAW 264.7 cells
treated with various test concentrations of ICAC, determined using the MTT assay. Data are presented as the mean ± SD of
three replicates.
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under LPS stimulation in RAW 264.7 cells (Fig. 3G). As with AGS cells, ICAC did not exhibit cytotoxicity against
RAW 264.7 cells at any tested concentration (Fig. 3H).

ICAC Mitigates Mitochondrial Dysfunction by Alleviating Oxidative Stress
Stress can stimulate ROS production in mitochondria, which can, in turn, result in ROS stress [13]. To

demonstrate the effect of ICAC on intracellular ROS production, we initially investigated the temporal dynamics

Fig. 4. ICAC mitigates EtOH- or LPS-induced mitochondrial dysfunction by alleviating oxidative stress. (A)
Time-dependent changes in intracellular reactive oxygen species (ROS) production in AGS cells following EtOH exposure,
assessed using DCF-DA probes. (B) The effect of ICAC on ROS overproduction in AGS cells 6 h after EtOH exposure. (C) The
effect of ICAC on ROS overproduction in RAW 264.7 cells 24 h after LPS treatment. Data are presented as means ± SD.
Representative fluorescence images showing the effect of ICAC on ROS overproduction in (D) AGS cells following EtOH
exposure (10× objective; scale bars = 250 μm) and (E) RAW 264.7 cells following LPS exposure (10× objective; scale bars =
500 μm). (F) Time-dependent changes in mitochondrial ROS (mtROS) levels in AGS cells following EtOH treatment,
visualized using MitoSOX Red staining and DAPI counterstaining (20× objective; scale bars = 50 μm). The effects of ICAC on
mtROS production in (G) AGS cells 1 h after EtOH exposure (20× objectives scale bars = 75 μm) and (H) RAW 264.7 cells 1 h
after LPS exposure (20× objective; scale bars = 100 μm). All experiments were performed in triplicate. Significance levels are
represented by symbols: #, p < 0.05, for comparisons between the EtOH/LPS only-treated and non-treated groups and *, p <
0.05; **, p < 0.01; and ***, p < 0.001, for comparisons between the ICAC-treated groups and the EtOH/LPS only-treated group.
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of EtOH’s effects on intracellular ROS levels. In AGS cells, EtOH elevated ROS production until 6 h after treatment,
but levels then plateaued until 12 h and returned to normal levels by 24 h (Fig. 4A). Thus, we investigated the
effects of ICAC pretreatments on EtOH-induced ROS overproduction after 6 h of EtOH treatment, and ICAC
suppressed ROS overproduction caused by EtOH in a dose-dependent manner (Fig. 4B). Similarly, ICAC
inhibited LPS-induced ROS overproduction in a dose-dependent manner in RAW 264.7 cells (Fig. 4C). The
preventive effects of ICAC on ROS production were also observed using fluorescence microscopy in both AGS
and RAW 264.7 cells (Fig. 4D and 4E).

Next, we assessed the influence of EtOH on mtROS, first assessing the effects of EtOH alone over time.
Although mtROS production was most severely increased after 1 h of treatment with EtOH (Fig. 4F), ICAC
markedly alleviated EtOH-induced mtROS overproduction (Fig. 4G). In RAW 264.7 cells, ICAC exhibited similar
protective effects against mtROS overproduction induced by LPS (Fig. 4H).

ICAC Prevents Calcium Influx-Mediated Mitochondrial Fission
Since mitochondrial and cellular ROS levels are directly influenced by alterations in the mitochondrial fission–

fusion cycle [25], we investigated the temporal dynamics of DRP1 phosphorylation at Ser616 residue during
EtOH treatment. In AGS cells, exposure to EtOH increased phosphorylation after 1 h of exposure, but ICAC
attenuated this EtOH-induced phosphorylation (Fig. 5A and 5B). Moreover, ICAC also suppressed DRP1
phosphorylation at Ser616 in response to LPS stimulation in RAW 264.7 cells (Fig. 5C).

Given that mtROS overproduction can be triggered by excessive mitochondrial calcium influx [15], we assessed
the impact of EtOH on mitochondrial Ca2+ uptake in AGS cells and investigated whether ICAC could prevent
EtOH-induced mitochondrial Ca2+ overload using Rhod-2 AM, a mitochondrial calcium indicator [26].

Fig. 5. ICAC prevents calcium influx-mediated mitochondrial fission. Western blot membrane images showing
(A) time-dependent changes in dynamin-related protein 1 (DRP1) phosphorylation at S616 in AGS cells following EtOH
exposure, (B) the effect of ICAC on DRP1 S616 phosphorylation in AGS cells 1 h after EtOH exposure, and (C) the effect of
ICAC on DRP1 S616 phosphorylation in RAW 264.7 cells 30 min after LPS treatment. (D) Time-dependent changes in
mitochondrial calcium (Ca2+) localization in AGS cells following EtOH exposure, visualized using Rhod-2 AM probes (40×
objective; scale bars = 25 μm). (E) The effect of ICAC on Ca2+ accumulation in AGS cells 30 min after EtOH exposure (40×
objective; scale bars = 25 μm). (F) A western blot membrane image showing the effect of ICAC on mitochondrial calcium
uniporter (MCU) expression in AGS cells 15 min after EtOH exposure.
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Mitochondrial Ca2+ accumulation peaked after 30 min of EtOH exposure (Fig. 5D), and ICAC prevented this
EtOH-induced influx (Fig. 5E). To investigate this Ca2+ influx further, we assessed whether it was mediated by
mitochondrial Ca2+ transporters, examining the expression of mitochondrial calcium uniporter (MCU). The
EtOH treatment significantly increased MCU expression within 15 min of exposure, but ICAC suppressed MCU
upregulation (Fig. 5F).

Oral Administration of EAA, Consisting Primarily of ICAC, Alleviates Acute Gastritis
Having proved that ICAC prevents acute gastritis in vivo and in vitro, we aimed to prove that an ICAC-rich plant

extract can be a promising therapeutic agent. To this end, we obtained EAA, a plant extract containing ICAC as a
primary constituent. We orally administered EAA to the mice for 3 d and subsequently removed access to their
food (Fig. 6A). After 24 h of fasting, mice were again administered EAA, and 1 h later, an EtOH–HCl mixture was
orally gavaged. After 1 h, mice were sacrificed to analyze gastric alterations. The EAA treatment markedly reduced
acute gastritis symptoms (Fig. 6B and 6C) and prevented inflammatory responses by suppressing TNF-α secretion
and nitrite overproduction (Fig. 6D and 6E). Thus, ICAC-rich natural products have potential as pharmaceuticals
for gastritis therapy.

Discussion
In this study, we aimed to elucidate the signaling mechanisms involved in EtOH-induced gastritis and evaluate

the preventive potential of ICAC. To achieve this, we developed an acute gastritis mouse model using ICR mice to
assess the gastroprotective effects of orally administered ICAC. Mice were orally administered the test material for
three consecutive days. Then, following a 24-h fasting period to ensure an empty stomach, the mice received a
final oral dose of the test material and were subsequently challenged with EtOH–HCl by oral gavage. This model
clearly demonstrated both the injurious effects of EtOH and the protective efficacy of the administered samples.
Notably, EtOH exposure led to the reduced expression of Ptgs1 in mouse gastric tissues. 

To explore the homologous effect and molecular mechanisms underlying this phenomenon in human cells, we
established an in vitro model using AGS cells and 2% EtOH, a concentration that did not induce cell death. In this
human cell model, EtOH decreased PTGS1 expression, showing consistency with the in vivo findings. To our

Fig. 6. Oral administration of an ethanol extract of Artemisia argyi (EAA), which contains ICAC as a
primary constituent, alleviates acute gastritis in an EtOH–HCl-treated mouse model. (A) A schematic
illustrating the experimental protocol. Mice were orally administered EAA daily for three consecutive days. Then, after 24 h of
fasting, the mice received an additional dose of EAA, followed by EtOH–HCl administration. (B) Representative images of
harvested mouse stomachs. (C) The proportion of mucosal area exhibiting inflammatory lesions in the mouse stomachs (n = 3).
(D) TNF-α secretion in mouse stomach tissue, measured using ELISAs (n = 4). (E) Nitrite levels in mouse stomach tissue,
analyzed using the Griess assay (n = 5). Data are presented as means ± SD. Statistical significance was analyzed using one-way
ANOVAs followed by Dunnett’s post hoc tests. Significance levels are represented by symbols: #, p < 0.05, for comparisons
between the EtOH–HCl only-treated and non-treated groups and *, p < 0.05; ***, p < 0.001; and ****, p < 0.0001, for
comparisons between the ICAC-treated groups and the EtOH–HCl only-treated group.
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knowledge, most previous studies have focused on phenotypic changes to evaluate therapeutic efficacy, but our
approach emphasizes molecular signaling changes. This focus on mechanistic aspects may help identify new
molecular targets for the development of gastritis therapies.

Among genes encoding mucins, Muc6 expression was significantly diminished under conditions mimicking
acute gastritis. Under normal gastric mucosa conditions, Muc1, Muc5ac, and Muc6 are generally highly expressed,
with Muc6 primarily localized to deep gastric glands. In contrast, Muc1 and Muc5ac are expressed more broadly
across superficial epithelia and other epithelial tissues [24]. The localized expression of Muc6 underscores its
specific role in maintaining gastric mucosal integrity, particularly during the onset of acute gastritis.

Alcohol-induced gastritis was also characterized by disrupted mitochondrial structure and increased oxidative
stress. Although Pan et al. [16] previously suggested that disruptions in mitochondrial energy metabolism may
contribute to ethanol-related gastropathy, their study did not specifically address ΔΨM. We showed that EtOH
reduced ΔΨM in AGS cells and that ICAC prevented this effect. This finding was further validated in an LPS-
induced inflammatory model in RAW 264.7 cells, where ICAC similarly preserved ΔΨM. Additionally, EtOH
induced both intracellular and mitochondrial oxidative stress in both AGS and RAW 264.7 cells, while ICAC
alleviated oxidative stress in both cell types. These results support the hypothesis that oxidative stress is a central
contributor to gastritis pathogenesis and demonstrate that ICAC exerts significant antioxidant effects.

Our findings also suggest that oxidative stress-induced gastritis is mediated through the phosphorylation of
DRP1 S616. This mechanism is supported by prior studies showing that DRP1-mediated mitochondrial fission
enhances oxidative stress and apoptosis [27] and that DRP1- and mitofusin-mediated oxidative stress contribute
to cellular and mitochondrial dysfunction [28]. Additionally, Wang et al. [29] showed that urban particulate
matter induced DRP1 S616 phosphorylation and mitochondrial fission, contributing to endothelial cell injury.
Consistent with these studies, we demonstrated that EtOH rapidly induced DRP1 S616 phosphorylation and that
this increase was effectively suppressed by ICAC in both AGS and RAW 264.7 cells. These observations implicate
DRP1-driven mitochondrial fragmentation as a key mechanism in EtOH-induced gastric injury. 

To further investigate cellular signaling events, we examined the roles of Ca2+-mediated pathways in
mitochondrial fission during gastritis. The mitochondrial Ca2+ transporter MCU is critical for maintaining Ca2+

homeostasis and mitochondrial function [30]. Notably, elevated MCU expression has been reported in gastric
cancer and is associated with poor clinical outcomes due to its impact on oxidative phosphorylation, the NAD+–
NADH balance, the tricarboxylic acid cycle, and overall metabolic function [31]. In cardiac myocytes, Hom et al.
[32] also reported that Ca2+ signaling activates DRP1 and induces ROS production. In line with these findings, the
current study showed that EtOH increased mitochondrial Ca2+ influx and MCU expression, while ICAC effectively
suppressed these changes. These findings suggest that Ca2+-mediated signaling contributes to EtOH-induced
mitochondrial dysfunction and that ICAC can protect mitochondrial integrity by modulating mitochondrial Ca2+

transport.
Since previous studies on chlorogenic acid and caffeic acid derivatives have primarily focused on their anti-

inflammatory effects in cell lines or the phenotypic improvements to gastritis they produce in mouse models
[33, 34], the cellular mechanism underlying how such compounds alleviate gastritis remains poorly understood.
Fully characterizing this mechanistic basis is essential for therapeutic development. In this study, we demonstrated
that ICAC exerts anti-gastritis effects comparable to those of chlorogenic acid [33], and further, that it prevents
mucosal damage and mitochondrial dysfunction in a mouse model and newly established human gastric cell
models. Our findings suggest that ICAC possesses great potential as a therapeutic candidate for gastritis and
provide new insights for future drug development.

To validate the therapeutic relevance of ICAC in a natural formulation, we examined the effects of EAA, an
extract enriched in ICAC. We found that EAA prevented EtOH–HCl-induced acute gastritis in the mouse model.
It attenuated inflammatory responses in mouse gastric tissue, demonstrating the potential of natural products
containing ICAC as promising candidates for gastritis treatment.

The in vitro model used in this study offers a practical and reproducible system for screening gastroprotective
agents. Unlike current treatments that primarily focus on symptom management, our approach focuses on
mechanistic insights and provides a platform for identifying compounds that target the root causes of gastritis.
Nevertheless, further in vivo validation and clinical studies are necessary to confirm the translational potential
and therapeutic efficacy of this model and the identified candidate materials.

Conclusion 
This study confirmed that EtOH induces acute gastritis by damaging the gastric mucosa and impairing

mitochondrial function through Ca2+-mediated mitochondrial fission and oxidative stress. To counteract these
detrimental effects, we demonstrated the protective efficacy of ICAC in both in vivo and in vitro models.
Isochlorogenic acid C preserved gastric mucosal homeostasis by modulating the PTGS1–PGE2 signaling axis and
alleviated mitochondrial dysfunction by regulating Ca2+-mediated mitochondrial fission, oxidative stress, and
ΔΨM. Furthermore, the oral administration of EAA, which consists primarily of ICAC, significantly alleviated
EtOH–HCl-induced acute gastritis in mice. Collectively, our findings suggest that ICAC is a promising nutraceutical
candidate for the prevention and management of gastrointestinal diseases.
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