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Abstract: Redox imbalance in intestinal epithelial cells is critical in the early phases of intestinal injury.
Dysfunction of the intestinal barrier can result in immunological imbalance and inflammation, thus
leading to intestinal syndromes and associated illnesses. Several antioxidants have been discovered
to be beneficial in resolving intestinal barrier dysfunction. Of these antioxidants, the effects of alkaline
reduced water (ARW) in oxidative stress of intestinal epithelial cells and its immunokine modulation
in vitro is unknown. In this study, we utilized ARW-enriched media to investigate its cytoprotective
effect against H2O2-induced oxidative stress in DLD1 cells. We found that ARW rescued DLD1 from
oxidative stress by diluting the influence of H2O2 on oxidative stress-activated MAPK signaling
and mitochondrial dysfunction. Further, intestinal oxidative stress significantly affects immunokine
profiles of Raw 264.7 cells (IL-6, IL-10, MCP, TNF-a, RANTES), which can be reversed by ARW.
Collectively, ARW shields intestinal epithelial cells from oxidative stress, reducing the immunological
mayhem caused by barrier failure.
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1. Introduction

The intestinal barrier is an intricate structure comprising of networks of cells and
extracellular matrixes that highly regulate the selectively permeable function of the gut
barrier [1]. It warrants nutrient absorption while perpetually impeding the transport of
hazardous antigens and bacteria from the gut lumen [2]. As the intestinal barrier is con-
tinually exposed to innocuous and perilous stimuli, it is regarded as a key regulator of
reactive oxygen species (ROS) [3]. Of the intestinal components, the robustness of intestinal
epithelial cells is critical for the intestinal barrier [4]. The intestinal epithelium generates a
plethora of defense mechanisms to preserve proper physiological function in the face of ox-
idative stress [5]. Importantly, excessive alterations to intestinal epithelial homeostasis may
exacerbate intestine porousness to noxae, thereby hastening the progression of intestinal
and nonintestinal disorders [6].

Endogenous ROS are known to be generated regularly in cells as a result of a variety
of biological activities and metabolic processes [7]. Most of the ROS are produced by
the mitochondria. However, because of their unstable, active, and pleiotropic properties,
these molecules intermingle with a wide array of cellular components, including proteins,
lipids, and DNA, as well as different cellular organelles, and influence various signaling
pathways [8,9]. Excessive ROS can cause oxidative stress leading to overstimulation
of mitogen-activated protein kinase (MAPK) signaling, mitochondrial malfunction, and
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apoptosis [9,10]. Thus, ROS can generate both constructive and destructive effects on the
cell and should be tightly monitored and controlled by various antioxidant systems to
prevent oxidative stress [11].

In the context of ROS and gut illnesses, oxidative stress can induce intestinal epithelial
cell malfunction, wreaking havoc on the intestinal barrier and culminating in a variety of in-
testinal, cardiovascular, and neurological problems, as well as a shorter life expectancy [11].
Consequently, exogenous antioxidants in the form of dietary nutrients such as vitamins,
minerals, amino acids, peptides, and fatty acids were evaluated for their potential to main-
tain a vigorous intestinal barrier [12–17]. In addition, polyphenols, isoflavones, flavonoids,
glycosides, and polysaccharides are some of the bioactive natural compounds that also
protect intestinal cells from oxidative damage [18,19]. Further, these nutraceuticals act as
probiotics, influencing the diversity and composition of gut flora, which can directly and
indirectly maintain the gut barrier [19].

Considering the aforementioned facts, alkaline reduced water (ARW) can be a low-cost
and noncaloric therapeutic intervention for intestinal illnesses due to its strong antioxidant
potential, which is enhanced by its high H2 content and low oxidation reduction potential
(ORP) [20]. ARW is widely known to exert anti-inflammatory and anticancer effects, among
its other bioactive properties [21–23]. Likewise, clinical trials have indicated that ARW
therapy may prevent gastrointestinal disorders including gastritis and irritable bowel
syndrome [24–26]. However, the mechanism through which ARW protects intestinal
epithelial cells from oxidative stress remains an open question. Thus, this study was
conducted using DLD1 and RAW 264.7 cell lines to investigate how ARW maintains the
intestinal barrier and immunological function under oxidative stress. Herein, we report
that ARW regulates MAPK signaling and maintains mitochondrial function in cultured
cells which supports immunological balance during oxidative stress.

2. Materials and Methods
2.1. Media Preparation and Cell Cultures

Sodium bicarbonate (2 g) was added to Gibco™ RPMI 1640 Medium, powder (CAT
31800022) and dissolved with 100 mL of water. The resulting RPMI stock was labeled as
10× stock. To prepare the control media and ARW media, the 10× stock was reconstituted
with distilled water (dH2O group), alkaline water pH 8.5 (pH 8.5 group), and alkaline
water pH 10 (pH 10 group) (Hanumul Co., Ltd., Goyang, Korea) to make 1× RPMI media,
and was filtered and sterilized. The DLD-1 human colon cancer cell line (American Type
Culture Collection, ATCC, CCL-221™, Manassas, VA, USA) and RAW 264.7 macrophage
cell line (American Type Cell Culture Collection, Manassas, VA, USA) were cultured in
control media (dH2O) supplemented with 5% FBS, 100 U/mL penicillin, and 100 µg/mL
streptomycin, at 37 ◦C, in a humidified atmosphere containing 5% CO2. To identify the
ideal dose and time for H2O2 stimulation, the culture medium was replaced by dH2O,
pH 8 and pH 10 media and DLD-1 cells were treated with 2-fold dilution series of H2O2
(0–2000 µM) for 24 h and cell viability was identified using a crystal violet cell cytotoxicity
assay kit (BioVision, Milpitas, CA, USA) following the manufacturer’s protocol.

2.2. Scratch Wound Healing Assay

Cells were seeded in 35 mm dish using dH2O media until confluent. Scratch wound
healing assay was performed wherein cells were mechanically wounded. The culture
medium was replaced by control and experimental media and cell were treated with
330 µM of H2O2 for 12 h. The treatment was withdrawn and replaced with control and
experimental media. Cell migration was observed at 0, 48, and 60 h. Cells were stained
with crystal violet (BioVision, Milpitas, CA, USA) for better visualization.

2.3. Western Blot Analysis

Expressions of p-ERK, p-p38, pDRP1, and OPA-1 were measured using Western
blotting. The normalized protein concentration of cell lysate was equally loaded and
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separated by electrophoresis on sodium dodecyl sulfate-polyacrylamide gels and was
transferred to a polyvinylidene difluoride membrane. The membrane was blocked in 5%
skim milk for 1 h. Then, the membranes were incubated with primary antibodies overnight
at 4 ◦C. The membrane was then incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature. Chemiluminescent detection was
performed using the Chemiluminescence Western blot Detection System (BioSpectrum®

600 Imaging System, Upland, CA, USA). Primary antibodies used were the following:
β-actin, p-p38, p-ERK1/2, ERK1/2, pDRP1 (S616), DRP1, OPA1 (dilution: 1:2000, Cell
Signaling Technology, Danvers, MA, USA). Immunoreactive bands were quantified using
Image Lab 6.0 (Bio-Rad, Hercules, CA, USA).

2.4. Catalase Assay

A catalase assay was performed according to the manufacturer’s protocol (BioVision,
Milpitas, CA, USA). In brief, standards were prepared to generate 0, 2, 4, 6, 8, 10 nmol/well
of H2O2 standard. Cell lysate samples and standards were added to a 96-well plate. Then,
1 mM of H2O2 was added to the samples and the plate was incubated at 25 ◦C for 30 min
before adding the stop solution. A reaction mix (50 µL) was then prepared and added to
each sample and standard. The plate was incubated at 25 ◦C for 10 min and was measured
at OD 570 nm. Catalase activity was calculated according to the decomposed H2O2 amount.

2.5. Multiplex Assay

Immunokine profiling was performed using the Milliplex® MAP Human Immuno-
Oncology Checkpoint Protein Magnetic Bead Panel 96-well plate assay (Millipore Corpora-
tion, Billerica, MA, USA) as a luminex-based multiplex technology. Interleukin (IL)-6, IL-10,
tumor necrosis factor (TNF)-α, monocyte chemoattractant protein (MCP)-1, regulated on
activation, normal T expressed and secreted (RANTES), granulocyte colony-stimulating fac-
tor (G-CSF), keratinocyte chemoattractant (KC), vascular endothelial growth factor (VEGF),
and interferon gamma-induced protein (IP) 10 were measured using a multiplex immunoas-
say following the manufacturer’s protocol. In brief, each standard concentration was resus-
pended in standard diluents, and serial dilutions of the standard were prepared. The bead
mixture was added to the standard and cell lysate. The plate was incubated overnight (18 h)
at 4 ◦C and was proceeded by a washing step. Detection antibody was added, and the plate
was incubated at room temperature for 1 h. Streptavidin-phycoerythrin mix was added and
the plate was incubated at room temperature for 30 min. After the washing step, an assay
buffer was added, and the plate was analyzed using the Luminex 200 Bio-Plex instrument.

2.6. TMRE Mitochondrial Membrane Potential Measurement

DLD1 (3 × 104) were suspended in 500 µL of complete medium or ARW medium
before being seeded on to 12 mm L-poly-lysine coated coverslips embedded in a 4-well plate
and treated with H2O2 (330 µM, 24 h). To measure mitochondrial membrane potential, cells
were treated for 20 m with 100 nM TMRE (Sigma-Aldrich, Burlington, MA, USA) dissolved
in Ca2+ KRBB, washed 3 times with KRBB, then perfused with Ca2+ KRB buffer in the
presence of 100 nM TMRE. The chamber was mounted on the IX-73 inverted microscope
platform (Olympus Corporation, Tokyo, Japan) with a camera attachment (Prime-BSI
CMOS camera, Teledyne Photometrics, Tucson, AZ, USA) and an illumination (CoolLED,
Andover, UK). The fluorophore was stimulated alternatively at 530 nm and 45 nm full
width at half-maximum transmission. MetaFluor 6.1 was used to acquire images (Molecular
Devices, San Jose, CA, USA). Background was removed, and changes were computed. At
the end of each experiment, 2 M FCCP dissolved in 1.5 mM Ca2+ KRBB was added to
achieve a maximum ratio for comparison between the control and ARW groups.

2.7. Mitochondrial Morphology

DLD1 (3 × 104) cells were seeded on to 12 mm L-poly-lysine coated coverslips embed-
ded in a 4-well plate using dH2O media and incubated for 24 h. The media was discarded
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and replaced with control and experimental media and cells were treated with H2O2
(330 µM, 24 h). Cells were washed with PBS, and incubated with Mitotracker (Molecular
Probes), at final concentrations of 150 nM the cells were added into fresh medium. Mito-
Tracker Green Fluorescence was then visualized using a fluorescent microscope (Olympus
BX51 Fluorescence Microscope, Olympus Corporation, Tokyo, Japan). For quantifica-
tion, images from 40 cells per condition were collected and then blinded these images.
Three researchers then scored the cells for containing primarily fragmented, tubular, or
elongated mitochondria.

2.8. Data Management and Statistical Analysis

Heatmapping was performed using the Morpheus site (broadinstitute.org). First, data
was normalized according to the Z score. Z score was calculated by the following formula:
Z score = (real value-mean value)/standard deviation. The data file was uploaded to the
site and data presentation of the heatmap was set and modified according to the desired
presentation. Data standards were taken with mean value ± standard error mean (SEM).
All data in each marker were normalized and fold change was computed according to
normal control and was analyzed and compared by one-way analysis of variance (ANOVA),
followed by subsequent multiple comparison test (Tukey post hoc test) with GraphPad
Prism 8.0 software package (Graph-Pad, La Jolla, CA, USA). Differences were considered
statistically significant at p < 0.05.

3. Results
3.1. ARW Promotes Cytoprotective and Promigratory Effecs in DLD1 Cells under Oxidative
Stress Condition

To test the cytoprotective and promigratory effect of ARW in intestinal epithelial cells,
we prepared three sets of cell culture media (dH2O, pH 8.5 and pH 10). As shown in the
table (Figure 1a), utilizing ARW in culture media preparation had no effect on the pH and
osmolarity of the RPMI media. As expected, the concentration of H2 in ARW-enriched
medium is substantially higher than in normal media (dH2O). However, the concentration
of H2 in the ARW-enriched medium returns to normal after 15 min (Figure 1b).

This prompted us to use a freshly prepared ARW medium in all our experiments. To
investigate H2O2-induced cell death in the intestinal epithelium, we utilized DLD1 cell
lines which demonstrated enterocyte-like epithelial cell features. We determine the IC50
of H2O2 using a 2-fold dilution series in DLD1 colon cancer cells after 24 h of exposure.
Figure 1c shows the concentration-dependent cytotoxicity of H2O2. In dH2O, the DLD1
exposed to H2O2 exhibited a drastic increase in cell mortality as early as 326.1 ± 4.54 µM.
On the contrary, the cells maintained in the media prepared using ARW pH 8.5 and pH 10
displayed a significant increase in cell viability under H2O2 treatment with IC50 values of
347 ± 4.22 µM (p < 0.01) and 428.8 ± 4.27 µM (p < 0.0001), respectively (Figure 1d). This
result indicated that ARW had a cytoprotective effect against H2O2-induced cell apoptosis.
We further confirmed the effects of ARW on the restoration of DLD1 cells by scratch-wound
healing assay (Figure 1e,f). Confluent DLD1 cells were mechanically wounded and treated
with 330 µM of H2O2 for 12 h. The treatment was withdrawn and replaced by normal or
ARW-enriched media. As shown in Figure 1e,f, the ARW pH 8.5 and pH 10 significantly
enhanced cell migration, recovering 63.97 ± 6.81% (p < 0.01) and 86.66 ± 8.44% (p < 0.001)
of wounded area at 60 h, respectively, compared to 54.53 ± 6.01% in the dH2O group
(Figure 1e,f). These results suggested that ARW ameliorates H2O2-induced deferment in
wound repair.
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Figure 1. Cytoprotective and promigratory effects of ARW in H2O2-induced DLD1 cells: (a) Characteristics of the 3 cell
culture media. (b) H2 concentration of culture media. (c,d) Cytotoxicity index plot and IC50 of DLD1 cells after 24 h
exposure to H2O2. (e) Quantitative results of DLD1 migration. (f) Time-lapse images of a representative scratch assay from
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one-way ANOVA and Tukey’s test, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviation: control (CN), normal media
(dH2O), ARW pH 8.5 (pH 8.5), ARW pH 10 (pH 10).

3.2. ARW Attenuated Overactivation of ROS-Regulated Signal Pathways

Several studies showed that H2O2 induces activation of MAPK signaling pathway.
ERK1/2 and p38 kinases are sensitive to oxidative stress and can promote both prosurvival
and proapoptotic effects. We examined the phosphorylation of ERK1/2 in DLD1 cells
exposed to 330 µM H2O2 for 24 h. We detected appreciable ERK1/2 activation in dH2O
(p < 0.01) group compared to CN, pH 8.5 and pH 10 groups (Figure 2a). We also showed
augmented phosphorylation or activation of p38 in the dH2O group (p < 0.001) compared to
CN and ARW groups. Interestingly, both pH 8.5 and pH 10 groups dramatically attenuated
H2O2-induced p38 activation (p < 0.001), even lower than the CN group (Figure 2b). Further,
we examined H2O2-induced oxidative stress in DLD1 cells by measuring the activity of
endogenous antioxidant catalase. The treatment of H2O2 significantly stimulated catalase
activity in the dH2O group (p < 0.0001) compared to the CN and ARW groups (Figure 2c).
These results indicate that ARW counteracts H2O2-induced intestinal epithelial cell injury
by mitigating the activation of signal transduction pathways during oxidative stress.
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levels compared to the dH2O group. We also assessed the level of long IMM-bound OPA1 
(L-OPA1) and short-soluble OPA1 (S-OPA1) forms that modulate mitochondrial fusion. 
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Figure 2. ARW recovered MAPK and catalase activity of H2O2-induced DLD1 cells: (a,b) Western blot analysis and
quantification of the phosphorylation of ERK1/2 and p38. (c) Estimation of catalase enzyme activity in cell lysate of DLD1
exposed to H2O2 for 24 h. Values are stated as mean ± SD, n = 3. The significant difference was analyzed with one-way
ANOVA and Tukey’s test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviation: control (CN), normal media
(dH2O), ARW pH 8.5 (pH 8.5), ARW pH 10 (pH 10), optical density (OD).

3.3. ARW Protects Mitochondria from H2O2-Induced Oxidative Damage in DLD1 Cells

Mitochondria are cell organelles that are susceptible to oxidative damage. H2O2 is
a known pathogenic factor in mitochondrial dysfunction. To assess the protective effects
of ARW against H2O2-induced mitochondrial damage in DLD1 cells, we measured the
mitochondrial membrane potential using TMRE (Figure 3a). The treatment of H2O2 led
to a significant decrease in the mitochondrial membrane potential in dH2O and ARW
groups (p < 0.0001) compared to the CN group. However, the ARW treatments pH 8.5
and pH 10 partially rescued mitochondrial membrane potential to control levels. Since
mitochondrial membrane potential is critical for maintaining mitochondrial bioenergetics
and dynamics, we investigated the effects of ARW in mitochondrial morphology of DLD1
cells under disturbed redox state. We found that H2O2 treatment significantly increased
phosphorylation of DRP1 at the serine 616 (pDRP1 S616) site, which promotes mitochon-
drial fragmentation (Figure 3b). Interestingly, ARW pH 8.5 and pH 10 dramatically abated
pDRP1 levels compared to the dH2O group. We also assessed the level of long IMM-bound
OPA1 (L-OPA1) and short-soluble OPA1 (S-OPA1) forms that modulate mitochondrial fu-
sion. Surprisingly, the oxidative stress strikingly decreased the ratio of L-OPA1 to S-OPA1,
but the preeminent decline was observed from the dH2O group (p < 0.0001). These results
suggested that ARW ameliorates the excessive increase in mitochondrial fragmentation
in oxidative stress conditions and alerted redox states. Further, we visualized structural
changes in mitochondria after H2O2 treatment by fluorescent light microscopy. We con-
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firmed that most mitochondria transformed from the classic tubular shape into fragmented
structures during oxidative stress in DLD1 cells (Figure 3c). Remarkably, the ARW treat-
ment rescues DLD1 cells from H2O2-induced mitochondrial fragmentation, suggesting the
mitochondrial-restoring function of ARW.
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membrane potential of H2O2-induced DLD1. (b) Western blot analysis and quantification of the phosphorylation of DRP1,
and OPA1. (c) Representative images and mitochondrial quantification (n = 50 cells/ treatment) of DLD1 in CN, dH2O, pH
8 and pH 10. Data represent mean ± SD of two independent experiments, The significant difference was analyzed with
one-way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviation: control (CN), normal media (dH2O),
ARW pH 8.5 (pH 8.5), ARW pH 10 (pH 10), arbitrary units (a.u.), tetramethylrhodamine, ethyl ester (TMRE), area under
curve (AUC).

3.4. ARW Counteracts Activation of Innate Immune Response Triggered by Intestinal Dysfunction

We utilized DLD1 as an in vitro model of the intestinal barrier and investigated how
oxidative stress in intestinal epithelial cells fine-tunes the innate immune response. In
the diagram (Figure 4a), the DLD1 cells were exposed to H2O2 treatment for 24 h. The
culture supernatant from DLD1 was added to RAW 264.7 cells macrophage (20% of DLD1
culture medium v/v), and the cells were maintained for 24 h. We then performed cy-
tokine/chemokine profiling on macrophage cell lysate using Bio-Plex (Bio-Rad). Captivat-
ingly, compared with the untreated control (unCN) group, the DLD1 culture supernatant
(CN group) did not change the macrophage cytokine/chemokine profile (Figure 4b,c).
However, culture supernatant from DLD1 exposed to H2O2 caused a plethora of changes
in immunokine profiles of the macrophage. The levels of IL-6 (p < 0.01), IL-10 (p < 0.01),
TNF-α (p < 0.01), MCP-1 (p < 0.05) and RANTES (p < 0.05) were increased substantially in
dH2O group compared to ARW and CN groups. No significant differences were observed
in the levels of G-CSF, KC, VGEF, and IP-10 among the groups (Figure 4c). These data
show that ARW would neutralize the effect of oxidative stress in the intestinal epithelial
cell-derived innate immune response.
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Figure 4. Activation of innate immune response triggered by intestinal dysfunction is suppressed by ARW. (a) Schematic
diagram depicting DLD1 cell culture supernatant preparation. Filter sterilized cell culture supernatants from DLD1 were
treated to RAW 264.7 macrophage. Cell lysates of macrophage were analyzed using multiplex assay. (b) Heat map showing
changes in the levels of cytokines/chemokines in RAW 264.7 cell lysate. Data were normalized (z-score values). (c) Levels
of chemokines/cytokines in RAW 264.7 lysate (fluorescent intensity). Data represent mean ± SD of two independent
experiments, the significant difference was analyzed with one-way ANOVA (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Abbreviation: untreated control (unCN), control (CN), normal media (dH2O), ARW pH 8.5 (pH 8.5), ARW
pH 10 (pH 10), fluorescence intensity (FI), interleukin 6 (IL-6), interleukin 10 (IL-10), tumor necrosis factor -α (TNF-
α), monocyte chemoattractant protein 1 (MCP-1), regulated on activation, normal T expressed and secreted (RANTES),
granulocyte colony-stimulating factor (G-CSF), keratinocyte chemoattractant (KC), vascular endothelial growth factor
(VEGF), and interferon gamma-induced protein 10 (IP-10).

4. Discussion

ARW has various biological potentials, including anticancer and anti-inflammation
properties. However, the effect of ARW on intestinal barrier dysfunction and immunologi-
cal modulation has remained unknown. Thus, we evaluated the protective effects of ARW
in the intestinal barrier by examining cell viability, MAPK signaling, and mitochondrial
dynamics. Further, we also investigated immunokine expression in vitro to determine how
a disturbed intestinal barrier affects immunological cadence. In the present study, we pro-
vide the first evidence that ARW could exert cytoprotective effects on intestinal epithelial
cells after oxidative stress. Using DLD1 as an intestinal barrier model, we demonstrated
that ARW-enriched medium could effectively rescue the cells and promote wound healing
in DLD1 following oxidative stress. The antioxidative stress action of ARW was further
confirmed by MAPK signaling and mitochondrial dynamics analyses, which revealed that
ARW maintains pERK1/2 and pp38 at stable levels and prevents excessive mitochondrial
fission and mitochondrial membrane depolarization. Moreover, ARW inhibits the inflam-
matory immunokine activation in macrophages produced by oxidative stress in intestinal
epithelial cells.

This study clearly demonstrates through four ways that ARW attenuates oxidative
stress in the intestinal barrier. First of all, we showed that ARW protects intestinal epithelial
cells from H2O2-induced apoptosis using the colorectal adenocarcinoma cell line DLD1.
DLD1 has been used as a model for the intestinal barrier because it retains enterocyte
barrier properties such as the terminal bar and intercellular cohesion [27]. In view of
this, we determined the growth rate and cell viability of DLD1 in both normal and ARW-
enriched media for 5 days (data not shown). We found no significant differences in the
growth rate and cell viability of DLD1 in both ARW-enriched media and normal media.
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We induced oxidative stress in DLD1 using H2O2, which resulted in a dose-dependent
cytotoxicity response. As expected, both the pH 8.5 and pH 10 ARW-enriched media
rescued the cell from the cytotoxic effect of H2O2. Several studies have shown that ARW has
cytoprotective effects against oxidative stress in various cell types [21,28], which supports
our findings. We further found that ARW-enriched medium promoted promigratory
action and wound healing in H2O2-induced DLD1. These results might be related to
the antioxidant property of ARW. Antioxidant treatment prior to H2O2 exposure greatly
improved the wound healing ability of examined cells [29,30]. On this account, we assumed
that the antioxidant properties of ARW were attributable to its supramaximal H2 level;
however, the concentration of H2 in ARW culture media returned to normal levels after
20 min, contradicting our hypothesis. This is important because at normal H2 levels, the
ARW still elicits cytoprotective activity against oxidative stress. Similar to our study, the
degassed, electrolyzed, reduced water exhibited substantial ROS-scavenging activity [31].
These data suggest that the ARW produced by a Hanumul Co., LTD water purifier has a
nongaseous antioxidant factor.

Next, we found that ARW reduces H2O2-induced oxidative damage in DLD1 by assess-
ing the MAPK signaling and catalase activity. Though this signaling might be proapoptotic
or antiapoptotic, we discovered pERK1/2 and pp38 were stimulated in DLD1 treated with
H2O2. The role of MAPK signaling during oxidative stress is still controversial. Some
studies have demonstrated that MAPK activation is necessary to rescue cells from oxidative
damage and that pharmacological inhibition of MAPK signaling enhances cytotoxicity
in H2O2-induced cells [32,33]. Other studies have shown opposite results, that blocking
MAPK signaling aids cell survival in the state of redox imbalance [34,35]. However, it is
widely acknowledged that antioxidants protect cells against oxidative damage by scav-
enging endogenous ROS. Like other antioxidant compounds, the ARW enables dilution
of the effect of H2O2 on activating MAPK signaling. In addition, we also showed that
catalase activity was stimulated in DLD1 upon H2O2 treatment but not in ARW groups.
Stimulated levels of catalase upon H2O2 treatment were also observed in several cell lines
and recovered by antioxidant treatment [36–38].

Furthermore, we evaluated the extent of H2O2-induced oxidative stress in the mito-
chondria and how ARW regulated this stress response. Oxidative phosphorylation in the
mitochondria is the primary generator of intracellular ROS. Depending on the magnitude
of oxidative stress, the ROS can be beneficial or damaging molecules in the cell. As a
result, numerous mechanisms in the cell, including the antioxidant system and autophagy,
meticulously keep ROS production under control [39]. Excessive ROS can compromise
mitochondrial function in intestinal epithelia and overwhelm the cytoprotective pathways,
resulting in apoptotic cell death and loss of the mucosal barrier [40]. We illustrated the
mechanism of action of ARW in protecting mitochondria from oxidative damage. Sev-
eral studies have shown H2O2-induced mitochondrial fragmentation on varieties of cell
lines [41–45]. Similar to other studies, we found that oxidative stress enhanced mitochon-
drial fragmentation by increasing DRP1 phosphorylation (S616) which can be rescued
by antioxidant treatment [46–49]. In addition, we found alterations in the L-OPA1 and
S-OPA1 ratio in H2O2-induced DLD1 that are restored by ARW treatment. OPA1 is es-
sential for the integrity of mitochondrial cristae, which house the electron transport chain
complexes required to sustain the electrochemical gradient, as well as for the reduction of
mitochondrial ROS levels [50]. Likewise, increased ROS levels cause shifts in mitochondrial
membrane potential [51]. We also detected mitochondrial membrane-potential depolariza-
tion in DLD1 following H2O2 treatment, which ARW partially restored. Endogenous and
exogenous antioxidants are known to maintain mitochondrial membrane potential during
oxidative stress. These antioxidants inhibit rapid mitochondrial membrane polarization
which is essential in the regulation of mitochondrial dynamics [52–55]. Taken together,
ARW preserves mitochondrial structural integrity to reduce mitochondrial dysfunction
during elevated oxidative stress.
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Lastly, we investigated the impact of ARW in stressed intestinal epithelial cells and
how it affects immunological function. Macrophages are distinguished by their plasticity
and heterogeneity, and they are functionally reprogrammed into polarized phenotypes
in response to various stimuli [56,57]. In view of this, we utilized murine macrophage
Raw 264.7 cell lines to examine immunological cadence following exposure to culture
supernatant of H2O2-induced DLD1. We postulated that oxidative stress in the gut induces
intestinal epithelial cells to release inflammatory cytokines, which influence immunological
responses in the host. As expected, we observed immunokine modulation in macrophages,
with levels of IL6, IL10, MCP-1, TNF-α, and RANTES much higher in Raw 264.7 cells
exposed to culture supernatant of H2O2-induced DLD1 compared to other groups. Ex-
cessive and unregulated production of chemokine/cytokines of macrophage and other
immune cells can result in acute and chronic inflammatory disorders. Elevated levels of
IL-6 and TNF-α in the gut would serve as prognostic markers as well as risk-stratification
tools for evaluating intestinal inflammation and barrier failure [58]. Increased expression
of the chemokines MCP-1 and RANTES are associated with Crohn’s disease and ulcera-
tive colitis [59–61]. These findings imply that oxidative stress in intestinal epithelial cells
can potentially trigger local and systemic inflammation by transforming macrophages
into an inflammatory phenotype. Overall, ARW suppresses macrophage production of
inflammatory chemokines/cytokines via resolving intestinal barrier dysfunction.
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