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ABSTRACT: Inflammatory bowel disease, including Crohn’s disease and ulcerative colitis, poses an emerging threat as it
can lead to colorectal cancer, thrombosis, and other chronic conditions. The present study demonstrated the protective ef-
fects of peanut sprout extracts (PSEs) prepared from day 2 to day 7 of germination against lipopolysaccharide (LPS)-in-
duced epithelial barrier breakdown. Although the peanut sprout length increased in a time-dependent manner from day 1
to day 7, the extraction yields remained relatively consistent from day 2 to day 7. With regard to antioxidant activities, the
PSE from day 6 of germination exhibited the highest oxidative radical scavenging activity and total phenolic content. Sim-
ilarly, it showed remarkable anti-permeability effects in LPS-stimulated Caco-2 cells and suppressed the degradation and
dissociation of junctional markers (e.g., ZO-1 and E-cadherin) at cell-cell junctions. Collectively, these data demonstrate
that PSE from day 6 of germination can be used as a functional food resource to reduce inflammatory barrier dysfunction.
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INTRODUCTION

Inflammatory bowel disease (IBD) includes two main
chronic inflammatory disorders: Crohn’s disease and ul-
cerative colitis. Crohn’s disease can occur anywhere in
the gastrointestinal tract, but it typically affects the co-
lon and rectum with inflammation that can be patchy
and extend through the full thickness of the bowel wall.
By contrast, ulcerative colitis is limited to the colon and
rectum and is characterized by continuous inflammation
that is confined to the mucosal layer. IBD development
is believed to result from an immune response that is
improperly regulated, triggered by environmental factors,
and influenced by the gut microbiota, particularly in in-
dividuals with genetic susceptibility (Verstockt et al.,
2022). Collectively, these factors contribute to the global
prevalence of IBD, affecting an estimated 4.9 million peo-
ple worldwide (Wang et al., 2023). In addition, IBD is
closely associated with increasing mortality when com-
bined with other chronic diseases, including colorectal
cancer and mesenteric venous thrombosis (Wang et al.,

2024). Thus, IBD prevention strategies are urgently need-
ed (Naik Vietti et al., 2014; Ng et al., 2017).

Reactive oxygen species (ROS), including the super-
oxide anion (O,—), hydrogen peroxide (H>O,), and hy-
droxyl radical (-OH), are highly reactive oxygen-contain-
ing molecules. These compounds are natural byproducts
of cellular metabolism, particularly in the gastrointesti-
nal tract. They play vital roles in cellular signaling and
immune defense mechanisms. However, excessive ROS
production can overwhelm the body’s antioxidant de-
fenses, resulting in oxidative stress and tissue damage
(Iborra et al., 2011). The intestinal epithelial barrier,
which comprises a monolayer of epithelial cells, is pivotal
for maintaining gastrointestinal homeostasis by segregat-
ing the luminal contents from the underlying immune
cells within the lamina propria. In IBD, the loss of junc-
tional proteins, including ZO-1 and E-cadherin, can be
increased by exposing immune cells to antigens, leading
to the disruption of epithelial barrier function (Landy et
al., 2016). Several studies have established correlations
between elevated ROS levels and diminished antioxidant
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defenses with IBD pathogenesis (Jarmakiewicz-Czaja et
al., 2020; Jarmakiewicz-Czaja et al., 2023). Therefore, di-
etary antioxidants derived from natural sources and foods
may present a promising strategy for mitigating the on-
set of IBD (Jarmakiewicz-Czaja et al., 2020).

Peanuts (Arachis hypogaea) are annual herbaceous plants
from the Fabaceae family and have been widely consumed
as food and salad ingredients in Asian countries. They are
rich in proteins, carbohydrates, fiber, fats, niacin, folic
acid, thiamine, arachidonic acid, flavonoids, magnesium,
and phosphorus (Kang et al., 2010). They are also known
for their bioactivities, including antioxidant properties,
cellular protective effects (Jo et al., 2012), antitumor ef-
fects (Park et al., 2020), and ototoxicity inhibitory effects
(Youn et al., 2017). Seed germination induces complex
biochemical changes, and the peanut sprouting process
produces leaves, stems, and roots that contain various
phytochemicals. The levels of these bioactive compounds
can vary depending on the germination time, culture con-
dition, and processing and extraction methods used (Kang
et al., 2010; Adhikari et al., 2018; Hong et al., 2020). Re-
cently, the mass production of peanut sprouts under con-
trolled conditions has become possible with the advance-
ment of smart farming systems (Bacco et al., 2019), and
these systems have expanded to the cultivation of sprout
vegetables, including peanut sprouts, radish, and wheat
(Sambo et al., 2019; Kim et al., 2022; Chang et al., 2023;
Peladarinos et al., 2023). Furthermore, crop byproducts
obtained from smart farms are being used in the devel-
opment of functional food ingredients and food process-
ing (Jeong et al.,, 2023). However, to the best of our
knowledge, no studies have investigated the impact of
germination time in peanut sprouts produced by a smart
farming system on IBD.

In the present study, we compared the antioxidant ac-
tivities and epithelial barrier protective properties of pea-
nut sprout extracts (PSEs) obtained at different germina-
tion times in order to identify the most effective germi-
nation time for PSE to alleviate oxidative stress and IBD.

MATERIALS AND METHODS

Materials

Peanuts were purchased from Daeseong Agricultural Co.,
and the peanut sprouts used in this study were provided
by Nanum Bio Co., Ltd. ZO-1, B-actin (sc-33725, sc-
69879, Santa Cruz), E-cadherin (ab231303, Abcam), and
Alexa Fluor anti-rabbit IgG and anti-mouse IgG (111-585-
003, 111-545-003, Jackson ImmunoResearch Inc.) were
purchased for this study. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), and Folin-Ciocalteu reagents were obtained
from Sigma-Aldrich. FITC-dextran (molecular weight: 10

kDa) was provided by MedChemExpress.

Preparation of peanut sprout extracts

Peanut sprout cultivation was automatically performed
in a low-carbon smart farming system using photovol-
taic-thermal (PVT) technology. The smart farming system
used in the present study was controlled and operated
via information and communication technology (ICT) in-
tegrated with PVT technology. Data from the incubator
were transmitted to mobile devices and computers for
monitoring and adjustments. The peanut sprout cultiva-
tion conditions were as follows: washed peanuts were
watered (36°C) for 60 s every 150 min from day 1 to day
3 and every 100 min from day 4 to day 7 using an over-
head irrigation system. The peanut sprouts that were
harvested daily from day 1 to day 7 were dried in a hot
air dryer (Hanil GNCO Co., Ltd.) at 60°C for 48 h. Sub-
sequently, the sprouts and roots were separated for use
in PSE. To prepare the extract, 2.5 g of dried and ground
peanut sprout roots, stems, and sprouts were immersed
in 50 mL of 70% ethanol and extracted by stirring at 170
rpm at room temperature for 2 h. The extract was fil-
tered and concentrated using a rotary vacuum evapo-
rator and then redissolved in dimethylsulfoxide to a con-
centration of 200 mg/mL for use in antioxidant and cell
experiments.

DPPH radical scavenging activity

The scavenging effect of PSEs on DPPH radicals was
measured using a modified version of Blois’ method
(Blois, 1958). Briefly, 50 uL of PSEs at a concentration
of 500 pug/mL and O to 100 uM of gallic acid standard
were reacted with 150 pL of 0.2 mM DPPH solution for
30 min. Then, the absorbance was measured at 517 nm
using an ultraviolet/visible (UV/VIS) spectrophotometer
(KLAB). The blank group was prepared by adding 100%
ethanol instead of PSEs. The results were expressed as
mM gallic acid equivalent (GAE) per gram of extract com-
pared with the standard substance.

ABTS radical scavenging activity

The ABTS radical scavenging ability of PSEs was assessed
using an adapted protocol from Biglari et al. (2008). To
prepare the ABTS solution, 7 mM ABTS was mixed with
2.45 mM potassium persulfate and then diluted 40 times
with distilled water. The absorbance was measured at
734 nm. When the value reached 0.700+0.01, it was used
in the experiment. A 50 pL aliquot of PSEs at a concen-
tration of 500 pug/mL and O to 100 pM of gallic acid
standard were dispensed into a 96-well plate and added
with 150 uL of ABTS radical solution. The mixture was
reacted in the dark for 10 min, and the absorbance was
measured at 734 nm using a UV/VIS spectrophotometer
(KLAB). The results were expressed as mM GAE per
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gram of extract compared with the standard curves.

Total phenolic content

The total phenolic content (TPC) was measured using a
modified Folin-Ciocalteu method (Gao et al., 2000). A
mixture comprising 20 uL of PSEs, 100 pL of 0.2 N Folin-
Ciocalteu reagent, and 80 uL of 0.7 M sodium carbonate
was prepared in sequence and allowed to react at room
temperature for 2 h. The absorbance of the reaction mix-
ture was measured at 760 nm using a UV/VIS spectro-
photometer (KLAB). The results were expressed as mM
GAE per gram of extract based on a standard curve cal-
culated with gallic acid.

Caco-2 intestinal epithelial cell culture

The Caco-2 cells used in this study were obtained from
the American Type Culture Collection and cultured in
Dulbecco’s modified Eagle medium supplemented with
100 units/mL of Antibiotic-Antimycotic (Thermo Fisher
Scientific), nonessential amino acids (Sigma-Aldrich), and
10% fetal bovine serum (GenDEPOT). The cells were
maintained in a 37°C, 5% CO; incubator (Thermo Fisher
Scientific) and subcultured regularly.

Sulforhodamine B assay

To assess the cytotoxicity of PSEs, sulforhodamine B
(SRB) (Sigma-Aldrich) assay was conducted in this study.
SRB assay measures the total protein content in viable
cells by absorbance, which indicates the extent of cell
death. Caco-2 cells were diluted to a concentration of
4x10* cells/mL and dispensed into a 48-well tissue cul-
ture plate. After cell stabilization, PSEs from different
parts of the plant were added at concentrations ranging
from 0.0625 mg/mL to 1 mg/mL for 24 h. Then, 12%
trichloroacetic acid solution was added to fix viable cells,
which were then stained with 0.4% SRB dye. The SRB
dye was dissolved using 10 mM Tris buffer, and the ab-
sorbance was measured at 540 nm using a UV/VIS spec-
trophotometer (KLAB). The results were normalized by
the control group to determine the effect of PSEs on cell
proliferation.

Morphological analysis

Caco-2 cells, which were cultured in a CO, incubator to
form an intact monolayer, were treated with PSEs at a
concentration of 1 mg/mL and incubated for 24 h. Sub-
sequently, the morphological changes in the cells were
photographed using an optical microscope at 200X mag-
nification (Leica Microsystems).

FITC-dextran permeability

To measure the inhibitory effect of PSEs on lipopolysac-
charide (LPS)-induced intestinal permeability, a trans-
well insert culture system was used with FITC-dextran

(10 kDa). A total of 1x10° cells were seeded into the
upper compartment of the transwell and cultured for 21
days, and the medium was regularly changed every 2
days. Then, the cells were pretreated with PSEs at a con-
centration of 1 mg/mL for 2 h, followed by treatment
with 10 pg/mL of LPS and 1 pg/mL of FITC-dextran for
2 h. Permeabilized FITC-dextran levels were analyzed
using a fluorescence spectrometer (Molecular Devices
LLC) at an excitation wavelength of 490 nm and emis-
sion wavelength of 520 nm. Data were normalized by
the LPS-treated group to show the relative reduction of
permeabilized FITC-dextran.

Transepithelial electrical resistance analysis

To determine the inhibitory effects of PSEs on LPS-in-
duced barrier disruption, a transwell insert culture sys-
tem was used as described. Caco-2 cells were pretreated
with PSEs at a concentration of 1 mg/mL for 2 h and
then added with 10 pg/mL of LPS to induce damage to
the intestinal epithelial cell layer for 24 h. Subsequently,
the transepithelial electrical resistance (TEER) was mea-
sured using an EVOM3 resistance meter (WPI Inc.) by
placing one electrode in the upper chamber and another
electrode in the lower chamber of the transwell. The re-
sults were expressed in ohms (L) xcm®, and changes in
TEER values were quantified relative to the baseline val-
ues for each group.

Immunofluorescence

Caco-2 cells were placed on an 8-well cell culture slide
(SPL Life Sciences Co., Ltd.) and incubated in a CO; in-
cubator until the cells were fully confluent. The cells
were pretreated with PSEs for 2 h and then treated with
LPS to induce inflammatory damage. After 24 h, the cells
were fixed with 4% paraformaldehyde and permeabilized
with 0.1% Triton-X. Next, ZO-1 (sc-33725) and E-cad-
herin (ab231303) diluted with 4% bovine serum albu-
min were added to the cells overnight at 4°C and then re-
acted with fluorescently labeled secondary antibodies
with Alexa-594 and Alexa-488. The stained cells were
observed under a Nikon A1 THUNDER confocal micro-
scope with a 40x immersion objective lens (Nikon). Im-
age quantification was performed using ImageJ software.

Western blot analysis

Caco-2 cells cultured as a monolayer were pretreated with
PSEs at a concentration of 1 mg/mL for 2 h, added with
10 pg/mL of LPS, and incubated in a CO, incubator for
24 h. After incubation, the cells were collected using a
scraper, and the proteins were extracted with 300 pL of
radioimmunoprecipitation assay buffer containing a pro-
teinase inhibitor cocktail. The protein concentrations
were normalized using a BCA protein assay kit. The pro-
tein samples were then subjected to 12% sodium do-
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decyl sulfate-polyacrylamide gel electrophoresis, and the
separated proteins were transferred onto a nitrocellulose
membrane. The membranes were incubated with primary
antibodies against ZO-1, E-cadherin, and B-actin and then
treated with the corresponding secondary antibodies ac-
cording to the manufacturer’s protocol. The protein
bands were detected using the ECL Western Blotting
Substrate Kit (Thermo Fisher Scientific).

Statistical analysis

Data were statistically analyzed using GraphPad Prism
software (GraphPad). Groups were independently com-
pared by Student’s t-test. The correlation coefficient was
measured using Pearson correlation analysis. Statistical
significance was indicated by P<0.05, P<0.005, and P<
0.001.

RESULTS

Effect of peanut germination time on sprout length and
extraction yield

The length and extraction yield of dried peanut sprouts
were analyzed for their potential use in the food indus-
try. The peanut sprout length increased in a time-depen-
dent manner during germination (Fig. 1A and 1B). After
4 days of germination, the sprout length rapidly increased
compared with that before 4 days. The peanut sprout
lengths on days 3, 5, and 7 were significantly longer than
those on days 2, 4, and 6, respectively. The extraction
yield, which is defined as the percentage of dried weight
in PSE compared with the initial weight of the dried pea-
nut sprouts, ranged from 45.73% to 52.53% between
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day 7 and day 2 of germination (Fig. 1A and 1C). Except
for PSEs obtained from day 1 of germination, the other
groups showed no statistical significance. The extraction
yield of PSE from day 1 of germination was only 11.73%,
which was considerably lower than that in other groups.
These results indicate that the extraction yield of PSE is
not affected by the germination time from day 2 to day
7. However, the optimal harvest time should be deter-
mined based on the bioactive effects, phenolic composi-
tions, and production costs.

Effect of PSEs on the antioxidant activities and TPC

To evaluate the impact of PSEs on the antioxidant activ-
ities and TPC, we assessed the ROS scavenging efficiency
using gallic acid as a reference compound. As shown in
Table 1, the PSEs obtained from day 2 to day 7 of germi-
nation demonstrated DPPH radical scavenging efficacy
ranging from 20.7 mM GAE/g to 62.9 mM GAE/g of
PSEs. The ABTS free radicals were also neutralized by
PSEs, with values ranging from 30.9 mM GAE/g to 45.1
mM GAE/g. The TPC in the PSEs ranged from 266.1
mM GAE/g to 445.1 mM GAE/g. Considering the radi-
cal scavenging properties and TPC, the highest anti-
oxidant activity in the PSEs was observed at 6 days of
germination.

Effect of PSEs on Caco-2 cell viability

To evaluate the cytotoxicity of PSEs on intestinal epi-
thelial cells, we performed an SRB assay. Caco-2 intes-
tinal epithelial cells were treated with PSEs at concen-
trations ranging from 0.25 mg/mL to 2 mg/mL for 24 h.
The results showed that incubation with 1 mg/mL of
PSEs did not cause significant changes in cell morphol-
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Table 1. Antioxidant activity and total phenolic content of peanut sprout extracts

PSEs (mM GAE/qg)

2 days 3 days 4 days 5 days 6 days 7 days
DPPH radical scavenging activity 23.8+3.9 38.216.6 33.0£04 207133 62.9+3.1 40.4+30
ABTS radical scavenging activity 34.2+0.8 31.810.7 39.1+£05 30.9+0.7 45.1+£20 33.2£10
Total phenolic content 296.3+£15.8 266.1£14.0 390.9+8.3 306.2+£7.5 4451+27.7 309.2+£14.4

Values are presented as meanzSE.
PSE, peanut sprout extracts: GAE, gallic acid equivalent/g of PSEs: DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS, 2,2 -azino-bis(3-eth-
ylbenzothiazoline-6-sulfonic acid).
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Fig. 2. Effect of peanut sprout ex-
tracts (PSEs) on the growth of Caco-
2 intestinal epithelial cells. (A) Mor-
phological differences in Caco-2 cells
treated with 1 mg/mL of PSEs for
24 h. (B) Cell viability according to
treatment with PSEs at concentra-
tions ranging from 0.25 to 2.0 mg/mL.
Statistical significance was analyzed
by Student’s ¢-test and marked as
***pP<0.001 compared with the con-
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ogy or cytotoxic effects compared with the control group
(Fig. 2). Furthermore, no significant alterations were ob-
served in PSEs from day 2 to day 7 at a concentration of
1 mg/mL. These results indicate that 24-h exposure of
Caco-2 cells to 1 mg/mL of PSEs does not affect cell via-
bility and cytotoxicity.

Protective effect of PSEs against LPS-induced epithelial
barrier disruption

We next assessed whether treatment with PSEs could
protect against LPS-induced disruption of the Caco-2 epi-
thelial monolayer. We previously observed that LPS treat-
ment at 10 pg/mL reduced ZO-1 protein expression, a
key marker of tight junctions, in a time-dependent man-
ner, indicating damage to the epithelial junctions (data
not shown). The epithelial barrier function was evaluated
by measuring FITC-dextran permeability and TEER in
Caco-2 cell monolayers on transwells. Compared with

LPS-treated cells, permeabilized FITC-dextran levels were
significantly decreased by treatments with PSEs obtained
from day 4 to day 7 of germination (Fig. 3A). However,
PSEs obtained from day 2 and day 3 of germination did
not show a protective effect against inflammatory stimu-
lation.

To demonstrate the effect of PSEs on LPS-induced bar-
rier disruption in a time-dependent manner, the TEER
was measured in Caco-2 cells. LPS-stimulated Caco-2
cells showed a considerable reduction in electrical resis-
tance (£2/cm?) compared with the control group (Fig.
3B). However, pretreatment with PSEs for 2 h markedly
increased the electrical resistance compared with LPS
treatment. Notably, PSEs from day 4 to day 7 of germina-
tion showed the most significant protective effect against
LPS-induced TEER reduction, whereas those from day 2
and day 3 of germination did not significantly influence
the barrier function (Fig. 3B). These results suggest that
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Fig. 3. Effect of peanut sprout extracts (PSEs) on lipopolysaccharide (LPS)-induced intestinal barrier disruption. (A) Permeabilized
FITC-dextran levels in the Caco-2 cell monolayer. The monolayer permeability was identified by the leakage of the FITC-dextran
level through the Caco-2 monolayer on the transwell. The relative FITC-dextran intensity was normalized by the LPS group. (B)
Transepithelial electrical resistance levels in the Caco-2 cell monolayer. Monolayer permeability was identified by a reduction in
the TEER level (Q/cm?). Statistical significance was compared with the control group at #2<0.05 and with the LPS group at
***P<0.001, **P<0.005, and *P<0.05 using Student’s t-test (n=3). ns, not significant.

treatments with PSEs obtained from day 4 to day 7 of
germination effectively mitigated LPS-induced epithelial
barrier disruption.

Effect of PSEs on the levels of proteins involved in tight
and adherens junctions

Maintaining a stable epithelium in the intestine relies on
tight and adherens junctions, which are supported by
Z0O-1 and E-cadherin proteins at cell-cell junctions. To
identify the localization of ZO-1 and E-cadherin, we
stained confluent cells with antibodies against ZO-1 (red)
and E-cadherin (green) (Fig. 4A). The control cells dis-

played an intact and linear arrangement of ZO-1 at cell-
cell junctions. However, LPS treatment reduced the total
ZO-1 level and its distribution at the plasma membrane,
even under fully confluent conditions (Fig. 4A and 5A).
The LPS-induced breakdown of the ZO-1 protein was sig-
nificantly suppressed by pretreatment with PSEs from
day 4 to day 7 of germination (Fig. 4B). Moreover, the
total ZO-1 levels were significantly preserved in groups
treated with PSE from day 6 to day 7 of germination
compared with LPS-treated cells (Fig. 5B). Although LPS
treatment notably decreased E-cadherin fluorescence at
the cell junctions, only PSEs from day 6 of germination
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Fig. 4. Effect of peanut sprout ex-
tracts (PSEs) on lipopolysaccharide
(LPS)-induced junctional damage.
(A) Immunostaining for Z0-1 (red)
and E-cadherin (green). White ar-
rows indicate the abnormal mor-
phological shapes of Z0-1 at cell-cell
junctions. (B) Fluorescence intensity
in Z0-1 and E-cadherin. Caco-2 cells
were pretreated with PSEs and stim-
ulated with LPS for 24 h. Statistical
significance was compared with the
control group at #£<0.05 and with
the LPS group at **~<0.005 and
*P<0.05 using Student’s #-test (n=3).
ns, not significant.

maintained a substantial amount of E-cadherin under  in LPS-stimulated Caco-2 cells. These results indicate
LPS-stimulatory conditions (Fig. 4B). Furthermore, the  that PSEs from later germination stages (days 6-7) are
total E-cadherin protein level was significantly affected = more effective in mitigating the LPS-induced degradation
by LPS for 24 h, whereas PSEs from day 6 to day 7 of  of ZO-1 and E-cadherin compared with those from ear-
germination significantly upregulated E-cadherin levels  lier stages.
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Fig. 5. Effect of peanut sprout extracts (PSEs) on ZO-1 and E-cadherin protein expression. (A) Protein band against Z0-1 and
E-cadherin. (B) Relative protein levels normalized by the control group. Caco-2 cells were pretreated with PSEs and stimulated
with lipopolysaccharide (LPS) for 24 h. The protein expression was determined using Western blot analysis and quantified by p-actin.
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(n=3). ns, not significant.

Correlation between the TPC, DPPH, ABTS, TEER,
FITC-dextran permeability, and ZO-1 and E-cadherin
levels in PSEs

The Pearson correlation coefficient measures the strength
and direction of the linear relationship between two da-
tasets, with values ranging from —1 to 1. A positive val-
ue indicates that as one variable increases, the other
tends to increase as well, whereas a negative value sug-
gests that an increase in one variable is associated with a
decrease in the other (Sedgwick, 2012). To explore the
relationship between the TPC and antioxidant activities
of PSE, as well as its protective effects on the epithelial
barrier, we performed Pearson’s correlation analysis and
visualized the results in a heatmap (Fig. 6). The TPC
showed positive correlations with DPPH, TEER (12 and
24 h), ZO-1 (fluorescence, protein expression), and E-
cadherin (fluorescence, protein expression) while exhibit-
ing negative correlations with ABTS, TEER (1 and 3 h),
and FITC-dextran permeability. Moreover, the DPPH rad-
ical scavenging activity displayed similar correlations to
those of TPC with TEER, FITC-dextran permeability, and
Z0O-1 and E-cadherin levels. Notably, the correlations
between TPC-DPPH, TPC-ZO-1 (fluorescence), DPPH-E-
cadherin (fluorescence), and DPPH-ZO-1 (protein) were
statistically significant (P<0.05). These results suggest
that the TPC of PSE influences its antioxidant activity
and protective effects against LPS-induced epithelial bar-

rier disruption.

DISCUSSION

In the present study, we found that PSEs derived from
different germination time points can suppress oxidative
stress and LPS-induced epithelial barrier dysfunction.
Notably, the higher antioxidant effect and TPC of PSEs
was correlated with a protective effect against LPS-in-
duced monolayer disruption in Caco-2 cells.

Peanut sprout germination was precisely controlled
through ICT and monitoring within a low-carbon smart
farming system utilizing PVT technology. The analysis
results showed that the peanut sprout lengths increased
over time under controlled conditions. Notably, the pea-
nut sprout length observed on day 5 of germination in-
creased by 181.7% compared with that at day 4 of ger-
mination, suggesting that the optimal harvest time might
be after 5 days of germination. These data were partly
consistent with the gradual increase in the TPC and an-
tioxidant activities of PSEs during germination (Fig. 1B).
Interestingly, they peaked on day 6 of germination, and
their values started to decline on day 7 (Table 1). Accord-
ing to a previous study, 7 days of peanut sprout germi-
nation using the manual system resulted in an average
sprout length of 19.7+3 cm (Pae et al., 2011), and 9 days
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Fig. 6. Correlation heatmap of TPC, DPPH, ABTS, TEER, FITC-permeability, and Z0O-1 and E-cadherin levels in peanut sprout extracts.
Pearson’s correlation coefficients were used for the analysis. Red indicates a positive correlation, whereas blue indicates a negative
correlation. Statistical significance is denoted by */P<0.05 and **/~<0.01. TPC, total phenolic content: DPPH, 2,2-diphenyl-1-picrylhy-
drazyl; ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); TEER, transepithelial electrical resistance; FITC-Perm, FITC-

dextran-permeability; fluoresc, fluorescence.

of germination yielded a TPC ranging from 9.4 mg GAE/g
to 22.4 mg GAE/g (Kang et al., 2010). In the present
study, we found that the peanut sprout length on day 6
of germination was 10.46 cm after drying, and the TPC
was 75.65 mg GAE/g. Although further systematic re-
search is needed to fully understand the benefits of pea-
nut sprout germination under smart farming systems,
our findings suggest that smart farming systems can en-
hance the phenolic contents of peanut sprouts compared
with traditional methods. Furthermore, Limmongkon et
al. (2017) reported that the antioxidant activity, TPC,
and resveratrol content in peanut sprouts peaked at 3
days of germination and began to decrease after 4 days
(Limmongkon et al., 2017). Similarly, peak levels of phe-
nolics, flavonoids, vitamin C, and anthocyanins were ob-
served at 6 days of germination and then started to de-
crease in some cultivars of peanut sprouts harvested in
China (Zhou et al., 2021). These results imply that dif-
ferent cultivars, incubation conditions, and pretreatments
in peanut sprouts affect the phenolic content and anti-
oxidant potential. Considering the antioxidant and phe-
nolic compounds of peanut sprouts produced using smart
farm technology, 6 days of germination is an appropriate
and suitable time point for harvest.

In inflammatory disorders such as IBD, chronic inflam-
mation is a key contributor to disease exacerbation, re-
sulting in increased intestinal permeability and carcino-

genesis. Elevated gut permeability and epithelial barrier
impairment are usually associated with upregulated lev-
els of pro-inflammatory cytokines, including tumor ne-
crosis factor, interleukin-6, and interferon-y, which are
produced by immune cells near the intestine (Semin et
al., 2021). In the present study, we evaluated the pro-
tective effect of PSEs on IBD using an LPS-stimulatory
inflammation model in intestinal epithelial cells. Treat-
ment with 1 mg/mL of PSEs did not induce significant
cytotoxicity in intestinal epithelial cells for 24 h. However,
pretreatment with PSEs markedly suppressed the FITC-
dextran leakage and maintained the TEER in an epi-
thelial cell monolayer model for 1 to 24 h. Notably, PSEs
obtained from day 4 to day 7 of germination showed a
significant barrier protective effect compared with LPS-
treated cells for 2 to 24 h (Fig. 3). Interestingly, PSEs
obtained from day 3 of germination considerably sup-
pressed the LPS-induced reduction of TEER at 3 h (Fig.
3B). These findings partly support the hypothesis that
the specific phenolic compositions in PSEs are more im-
portant than the TPC in mitigating LPS-induced epithelial
permeability (Table 1). Although further investigations
are required to identify the predominant phenolic com-
pound in PSEs that is related to the anti-permeability ac-
tivities, these results suggest that the PSEs harvested
from day 4 to day 7 of germination show strong anti-per-
meability activities in LPS-stimulated epithelial cells.
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Toll-like receptor 4 (TLR4) is a plasma membrane re-
ceptor that recognizes bacterial and viral stimuli, activat-
ing the innate immune system (Hayashi and Nakase,
2022). LPS is known as a major ligand that stimulates
TLR4 in intestinal epithelial cells (Caco-2) (Latorre et al.,
2014). The activation of TLR4 with LPS immediately ini-
tiates downstream signaling, including the recruitment
of Myd88, phosphorylation of IKK-B, and nuclear trans-
location of NF-«B protein, followed by the production of
pro-inflammatory cytokines (Latorre et al., 2014). In the
intestinal epithelium, ZO-1 and E-cadherin proteins di-
rectly form tight and adherens junctions between epithe-
lial cells, which primarily suppress the leakage of hazard-
ous chemicals, macronutrients, and pathogens into the
extracellular area and blood vessels (Semin et al., 2021).
Thus, the expression and localization of ZO-1 and E-cad-
herins are essential regulators in IBD. In the present
study, treatment with PSEs significantly improved their
localization at cell-cell junctions and recovered their ex-
pressions compared with LPS-treated cells. In particular,
PSE obtained from day 6 of germination showed the
highest levels of ZO-1 and E-cadherin at the plasma
membrane of Caco-2 cells (Fig. 4). Similarly, significant
differences in ZO-1 protein expression were observed in
PSEs from day 6 and day 7 of germination compared
with the LPS group (Fig. 5). Several studies have reported
that various phenolic compounds with antioxidant po-
tential are promising therapeutic options for IBD, both
in combination with classic medication or as indepen-
dent treatments (Dzigbowska-Grabias et al., 2021). He et
al. (2020) revealed that ferulic acid promotes AKT path-
way activation, maintaining ZO-1 proteins and tight
junctions in LPS-treated Caco-2 cells. Similarly, Suzuki
and Hara (2009) showed that quercetin enhances barrier
function by maintaining ZO-1 in Caco-2 cells. Interest-
ingly, treatment with caffeic acid and p-coumaric acid
markedly suppressed LPS-induced barrier dysfunction,
resulting in ROS inhibition in Caco-2 cells (Song et al.,
2022). The protection of the ZO-1 protein at cell-cell
junctions was primarily attributed to caffeic acid in LPS-
treated Caco-2 cells (Song et al., 2022). These findings
are consistent with those observed in the present study,
which showed improved TEER in PSEs obtained from
day 4 to day 7 of germination. In particular, PSE obtained
from day 6 of germination showed an anti-permeability
effect in LPS-stimulated Caco-2 cells with notably pre-
served ZO-1 and E-cadherin levels and the highest TPC
and antioxidant activity compared with other PSEs. These
results indicate that the protective effect of PSEs on LPS-
induced barrier disruption is dependent on their pheno-
lic contents and specific composition.

The present study demonstrated that PSEs produced
within smart farming systems contributed to IBD pre-
vention by maintaining and localizing ZO-1 and E-cad-

herin at cell-cell junctions. Notably, PSEs obtained from
day 6 of germination exhibited the highest antioxidant
activity and TPC and preserved protein levels, as well as
barrier function in LPS-stimulated Caco-2 cells. Although
further research is needed to clarify the role of the major
bioactive compounds in the anti-permeability effect of
PSEs, these findings suggest that PSEs could be used as
a functional food ingredient to alleviate IBD symptoms.
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