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Abstract

As an edible insect, the mealworm (Tenebrio molitor, TM) is recognized for its high protein
content and various bioactive compounds that are expected to have antioxidant and anti-
inflammatory properties. In swine production, enhancing endometrial receptivity and
promoting successful implantation are critical for increasing litter size. However, factors such
as inflammation caused by infection can sometimes hinder this process. The protective effects
of mealworm-defatted extract (TM-DF) on lipopolysaccharide (LPS)-induced endometrial
receptivity and implantation failure in swine have not yet been investigated. Therefore, we
established an LPS-induced inflammation model using porcine luminal epithelial (pLE) cells
obtained from early stage pregnant pigs, and investigated the protective effects of TM-DF
against implantation failure. TM-DF pre-treatment significantly restored pLE cell viability,
which was compromised by LPS exposure. TM-DF exhibited a strong protective effect by
mitigating the excessive production of reactive oxygen species (ROS) and preventing the loss
of mitochondrial membrane potential (MMP), maintaining mitochondrial integrity. In addition
to these antioxidant effects, TM-DF pre-treatment effectively attenuated the LPS-induced
upregulation of heat stress markers (HSP60, HSP70, and HSP90) and endoplasmic reticulum
(ER) stress proteins (GRP78 and PERK) and attenuated their expression to normal
physiological levels. TM-DF preserves the proliferative capacity of pLE cells by buffering
cellular stress responses and protecting mitochondrial function through its bioactive activity.
This study suggests that TM-DF is a promising therapeutic candidate for preventing LPS-

induced endometrial dysfunction and implantation failure in pigs.

Keywords: Edible insect, Tenebrio molitor, lipopolysaccharide (LPS), implantation, luminal

epithelial cell
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1. Introduction

Implantation is a critical process that determines reproductive efficiency and litter size in
pigs. Recent research using omics data has also proposed strategies to increase litter size in
pigs. This includes increasing litter size through cytokine supplementation (1) and studies
elucidating the mechanisms of receptivity formation through the analysis of endometrial
proteins during the implantation period (2). Endometrial receptivity is key to successful
implantation. In an omics study comparing embryo loss and successful pregnancies in pigs
using single-transcriptome profiling, implantation markers such as homeobox A10 (HOXA10),
insulin-like growth factor-binding protein 2 (IGFBP2), and leukemia inhibitory factor (LIF)
were reduced in cases of embryo loss. Immune homeostasis was disrupted, forming IL-1a
dominated pro-inflammatory microenvironments, and high levels of reactive oxygen species
(ROS) were observed (3). In farm environments, sows are exposed to various infectious and
inflammatory stimuli. This includes the bacterial endotoxin lipopolysaccharide (LPS), which
leads to endometrial inflammation, excessive oxidative stress, and structural damage. This
causes implantation failure and induces inflammatory preterm birth and miscarriage,
substantially reducing reproductive efficiency (4-6).

Similarly, research has been conducted on the use of feed additives containing bioactive
compounds that can enhance antioxidant and anti-inflammatory properties, and receptivity.
Melatonin prevents lipid accumulation in the uterus of sows at the cellular level and increases
endometrial receptivity by regulating the PI3K/AKT signaling pathway (7). Melatonin
improved endometrial receptivity and increases litter size in a mouse model (8). Fucoidan has
been proven effective in downregulating the iINOS/AP-1 signaling pathway, which, in turn,
diminishes NO levels in porcine peripheral blood mononuclear cells (9). These results provide
a strong rationale for ongoing research aimed at improving inflammatory preterm birth

outcomes using natural bioactive products.



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Edible insects (El) have been studied for their potential use in the food, feed, and biomedical
sectors owing to their low nutritional value and high protein production efficiency (10, 11). El
can provide high protein content (35-65%), unsaturated fatty acids, essential micronutrients,
and bioactive compounds (12). Owing to this potential, the global EI market is expected to
grow from approximately USD 3.2 billion in 2023 to USD 9.8 billion by 2030 (10). Among El,
Tenebrio molitor (TM) is widely used because of its suitability for large-scale production and
industrial processing (13). Recent studies have focused on the biological activity of TM. Yu et
al. (2016) found that TM extracts exert anti-inflammatory and antioxidant effects by
suppressing inflammatory mediators and scavenging free radicals (14).

In this study, we focused on the bioactive properties of TM-DF, a defatted extract of TM
larvae. We conducted experiments using porcine uterine endometrial luminal epithelial (pLE)
cells to investigate its preventive effects against LPS-induced inflammatory endometritis. TM-
DF restored LPS-induced decreases in cell viability, increased the levels of reactive oxygen
species (ROS), and alleviated the impaired mitochondrial membrane potential (MMP). TM-
DF reduced the expression of heat shock proteins (HSPs), which are known intracellular stress
markers, and the expression of endoplasmic reticulum (ER) stress proteins. This demonstrated

that TM-DF has a protective effect against the LPS-mediated inflammatory environment.

2. Materials and Methods
2.1. Chemicals and Reagents

For defatting, n-hexane (96.0%; Cat. No. 4081-4110) were purchased from Daejung
Chemicals and Metals Co., Ltd. (Siheung, Gyeonggi-do, Korea). For the DPPH radical
scavenging assay, DPPH (2,2-diphenyl-1-picrylhydrazyl) (95.0%; Cat. No. 044150.MD) was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). For reducing power assay

iron (I11) chloride anhydrous (98.0%; Cat. No. 5022-1405) was purchased from Samchun
4
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Chemicals Co., Ltd. (Seoul, Korea). Potassium ferricyanide (Cat. No. 6574-4405) from
Daejung Chemicals & Metals Co., Ltd. (Siheung, Gyeonggi-do, Korea), and trichloroacetic
acid from Duksan Pure Chemicals Co., Ltd. (Ansan, Gyeonggi-do, Korea).
Lipopolysaccharides from Escherichia coli O55:B5 (Cat. No. L2880) were purchased from

Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of edible insect extract

Tenebrio molitor (TM) larvae was purchased from a commercial supplier (Cheongnyeon
mealworm, Daegu, Korea). The defatting process for edible insects was slightly modified from
the method described by Kim et al. (2022) (15). As described by Figure 1, Tenebrio molitor
(TM) larvae (50 g) were mixed with n-hexane (96%) at a ratio of 1:5 (w/v). The mixture was
stirred at 20 °C for 1 h to extract lipids. After extraction, the solvent phase was removed and
the extraction was repeated five times under the same conditions. The residual n-hexane was
evaporated overnight in a fume hood. The defatted TM larvae (TM-DF) were mixed with
distilled water at a ratio of 1:10 (w/v) and stirred at 60 °C for 24 h for aqueous extraction. This
step was repeated twice and the extracts were pooled. The combined extracts were filtered
through a filter paper, and the filtrate was concentrated using a rotary vacuum concentrator
(EYELA, Tokyo, Japan). The concentrate was freeze-dried (Bondiro, llshin, Seoul, Korea) to

obtain the TM-DF, which was stored in a desiccator until further analysis.

2.3. Measurement of 2,2-Diphenyl-1-Picryl-Hydrazyl (DPPH) radical scavenging activity
The DPPH radical scavenging assay was performed according to the method described by

Yong et al. (2023) (11). Each TM-DF sample was prepared at six concentrations (0.005, 0.05,

0.1,0.2,0.3,0.5, and 1 mg/mL). The sample was then mixed with DPPH radicals at a 1:1 ratio.

The solution was allowed to react at room temperature in the dark for 30 min. The absorbance
5
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of each supernatant was measured at 517 nm using a spectrophotometer (Varioskan Lux;
Thermo Fisher Scientific). Radical scavenging activity was calculated as a percentage using
the following equation:

DPPH radical scavenging activity (%) = (1 — [As/A.:]) X 100

Where A is the absorbance of the control and A, is the absorbance of the sample.

2.4. Measurement of reducing power of edible insect extract

Each TM-DF sample was prepared at six concentrations (0.005, 0.05, 0.1, 0.2, 0.3, 0.5,
and 1 mg/ml). Then, each sample (200 uL) was mixed with 0.05M phosphate buffer (500 pL;
pH 6.6) and 1% potassium ferricyanide (500 L), followed by incubation at 50 °C water bath
for 20 min. After cooling, 10% trichloroacetic acid solution (500 uL) was added, and the
mixture was centrifuged at 10,000 x g for 10 min (MICRO 17TR, Hanil Science Industrial Co.,
Incheon, Korea). The supernatants were mixed with distilled water (500 uL) and 0.1% ferric
chloride (100 pL), and the absorbance recorded at 700 nm using a spectrophotometer
(Varioskan Lux). Reducing power was calculated using the following equation:

Reducing power (%) = ([A;/A.] — 1) x 100

Where A, is the absorbance of the control and A, is the absorbance of the sample.

2.5. Cell culture methods

Porcine uterine endometrial luminal epithelial (pLE) cells were obtained from a day 12
pregnant gilt (16). pLE cells were cultured in DMEF/F-12 (1:1) medium (Cat No. SH30023.01;
Cytiva, USA) supplemented with 10% fetal bovine serum (FBS) (Cat No. SH30919.03; Cytiva),
1% Zell Shield (Cat No. 13-0050, Minerva, USA), and 0.1% insulin (Cat No. 15500, Sigma-

Aldrich). The cells were cultured in a 37 °C, 5% CO: incubator.
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2.6. MTT and BrdU assay for measurement of cell viability

To evaluate changes in cell viability and proliferation in response to TM-DF, or LPS treatment,
an MTT cell proliferation kit (Cat No. 11465007001, Roche, Indianapolis, IN, USA) and BrdU
cell proliferation kit (Cat No. 11647229001, Roche) were used. MTT assay defined the
proportion of metabolically active and live cells and BrdU assay quantified active DNA
synthesis and cell division over time. pLE cells were seeded into 96-well plates at a density of
3 x 103 cells/well. Upon reaching appropriate confluence, the cells were incubated in serum-
free medium for 24 h. The cells were treated with various concentrations of TM-DF (0, 1, 2, 5,
7.5 and 10 pg/mL) or LPS (0, 5, 10, 50, and 100 pug/mL) for 24-48 h. Proper reagents were
added following the manufacturer’s instructions, and the final optical density (OD) values were

measured.

2.7. Determination of cellular reactive oxygen species (ROS)

Intracellular reactive oxygen species (ROS) levels were measured by staining with 2°,7°-
dichlorofluorescein diacetate (DCF-DA, Sigma-Aldrich) for 30 min in a 37 °C incubator. This
was followed by treatment with TM-DF (5 pg/mL) and LPS (50 pg/mL) for 1 h. After treatment,
the cells were washed with PBS, resuspended, and their fluorescence was measured using a

flow cytometer. The results were evaluated using CytoExpert software.

2.8. Measurement of mitochondrial membrane potential (MMP)

Mitochondrial membrane potential (MMP) was determined using a JC-1 mitochondrial
membrane potential detection kit (Cat No. 30001, Biotium). After seeding pLE cells in 6-well
plates, the cells were pre-treated with TM-DF (5 pug/mL) for 2 h, followed by treatment with

LPS (50 pg/mL) for 48 h. The cells were harvested, washed with PBS, and resuspended for
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analysis. MMP was measured via flow cytometry, and evaluation was performed using

CytoExpert software.

2.9. Western blot analysis

Proteins were extracted from cells pretreated with TM-DF (5 pg/mL) for 2 h and then treated
with LPS (50 pg/mL) for 24 h. The concentrations of the extracted proteins were determined
using the Bradford assay with bovine serum albumin (BSA) as the standard. Equal amounts of
protein were separated using SDS-PAGE and transferred onto a nitrocellulose membrane. Each
membrane was blocked with 5% BSA-TBST and incubated overnight at 4 °C with primary
antibodies against HSP60 (Cat. No. 12165) and HSP70 (Cat. No. 4872) and HSP90 (Cat. No.
4877) and PERK (Cat. No. 3192) were purchased from Cell Signaling Technology (CST)
(Danvers, MA, USA), and GRP78 (Cat. No. sc-166490) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). The membranes were then washed thrice with TBST and
incubated with peroxidase-labeled goat anti-rabbit (Cat. No. 474-1506) and goat anti-mouse
(Cat. No. 474-1806) as secondary antibodies (KPL; Sera Care) at room temperature for 1 h.
Enhanced chemiluminescence (ECL) was applied to the membranes, and the bands were
visualized using an imaging system. GAPDH (Cat. No. 2118) from CST were used as internal
controls for protein quantification, and band intensities were measured using the Image Lab

software.

2.10. Statistical analysis

All the data were subjected to analysis of variance (ANOVA) using the general linear model
(PROC-GLM) of SAS software (SAS Institute, Cary, NC, USA) to determine whether there
were significant differences in cell viability, proliferation, intracellular ROS levels, MMP, and

protein expression in pLE cells in response to treatment. Statistically significant p-value are
8



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

represented as asterisks (*) between the control and the LPS- or TM-DF groups (*p < 0.05, **
p <0.01, and *** p < 0.001). Crosshatches (#) indicate differences between the LPS-sole and

LPS with TM-DF pre-treatment groups (*p < 0.05, *# p < 0.01, and **# p < 0.001).

3. Results
3.1. Antioxidant activities of TM-DF (Tenebrio molitor defatted extracts)

The DPPH radical scavenging activity and reducing power of TM-DF increased
progressively with increasing concentration (0—-1 mg/mL) (Figure 2A-B). A strong linear
relationship was observed between the TM-DF concentration and DPPH scavenging activity
(Rz2 = 0.9978) and reducing power (R? = 0.9991), indicating a concentration-dependent
antioxidant response. At 1 mg/mL of TM-DF, the DPPH scavenging activity and reducing

power were 70.55 + 0.23% and 93.96 * 2.21%, respectively.

3.2. Impact of TM-DF and LPS on viability of porcine luminal epithelial cells (pLE)

To evaluate the effect of TM-DF on cellular viability of pLE cells, we treated them with
TM-DF at various concentrations of 0, 1, 2, 5, 7.5, and 10 ug/mL for 24 h. The viability of pLE
cells were significantly increased to 122.2% and 115.1% compared to control by 5 and 7.5
ug/mL of TM-DF extract, respectively. Meanwhile, 10 ug/mL of TM-DF extract rather
decreased viability of pLE cells to 84.9% (Figure 3A). Among these, 5 ug/mL of TM-DF,
which increased cell viability by approximately 22.2%, was selected as the optimal treatment
condition for further study. Subsequently, pLE cells were challenged with various
concentrations of LPS (0, 5, 10, 50, and 100 pug/mL) for 48 h to determine whether it affected
cellular proliferation. From 10 to 100 ug/mL of LPS critically reduced cellular proliferation to

82.4% to 88.3% in pLE cells (Figure 3B). 50 pug/mL of LPS were selected as inflammation-
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induced cell model for subsequent studies aimed at elucidating the underlying mechanisms.

This appears to reliably induce short-term inflammatory responses and cytotoxicity.

3.3 TM-DF extracts prevent LPS-induced cell death in pLE cells

We next investigated whether the TM-DF extract had a cytoprotective effect on LPS-induced
proliferation of pLE cells. For this, pLE cells was pre-treated with TM-DF (5 ug/mL) for 2 h,
followed by exposure to LPS (50 ug/mL) for 48 h. We confirmed that pre-treatment with TM-
DF significantly restored cellular proliferation up to 112.4% compared to the control, which
had been reduced to 82.3% by LPS (Figure 3C). These findings confirm that TM-DF has a

cytoprotective effect against LPS in pLE cells.

3.4. TM-DF extracts alleviate LPS-induced oxidative stress and mitochondrial dysfunction
in pLE cells

To investigate whether the preventive cytoprotective effect of TM-DF was associated with
the maintenance of intracellular homeostasis, changes in intracellular ROS levels and
mitochondrial membrane permeability were evaluated. LPS-sole treatment increased ROS
generation to 125.4% of the control group in pLE cells. Meanwhile, TM-DF sole treatment
rather decreased ROS levels to 83.6% (Figure 4A). Following TM-DF pre-treatment, the LPS-
treated group exhibited a protective effect against oxidative stress similar to normal levels. This
resulted in an approximately 35.8% decrease in ROS production compared to the LPS-only
treatment group in the pLE cells (Figure 4A).

The relative loss ratio of MMP was elevated by more than 2-fold in LPS-treated cells
compared to that in vehicle-treated cells (Figure 4B). LPS-induced mitochondrial membrane
permeabilization in pLE cells was restored to normal levels by pre-treatment with TM-DF

(Figure 4B). These findings suggest that TM-DF exerts cytoprotective effects on the porcine
10
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luminal endometrium by preventing LPS-induced ROS accumulation and MMP loss.

3.5. TM-DF extracts regulate LPS-induced heat-stress and ER-stress signaling pathway in
pLE cells

To evaluate the cytoprotective effect of TM-DF at the protein level, the expression of heat
shock proteins (HSP) and ER stress markers was assessed using western blot analysis. In pLE
cells, LPS significantly upregulated the expression of HSP60, HSP70, and HSP90 by
approximately 1.46-fold, 1.52-fold, and 1.43-fold, respectively (Figure 5A-C). However, TM-
DF pre-treatment did not result in any change compared with the control group (Figure 5A-C).
Rather, pre-treatment with TM-DF alleviated upregulated-HSPs proteins to the normal levels,
which were induced by LPS (Figure 5A—-C). The expression of the ER stress marker proteins
GRP78 and PERK also increased 1.62- and 1.41-fold, respectively, in the LPS-only group
(Figure 5D-E). TM-DF pre-treatment restored these upregulated GRP78 and PERK
expressions to normal levels in pLE cells (Figure 5D-E). These results demonstrate that TM-

DF suppresses the LPS-induced overexpression of HSPs and ER stress-related proteins.

4. Discussion

Recent studies have highlighted TM larvae as an alternative protein source and a
functional feed ingredient with nutritional and metabolic regulatory properties. TM larvae
contain high-quality crude protein with a well-balanced, indispensable amino acid profile and
high digestibility. This supports efficient protein use in monogastric animals (17-19).
Mealworms are rich in unsaturated fatty acids, chitin-derived polysaccharides, and bioactive
compounds, including antimicrobial peptides (AMPs), polyphenols, and bioactive peptides.
These are associated with immune modulation, metabolic regulation, and antioxidant activity

(20-23). Dietary supplementation of TM larvae or their processed products, for example,
11
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defatted or hydrolyzed forms, improve growth performance, nutrient digestibility, and nitrogen
use in monogastric animals (21, 24-26). Improved crude protein digestibility, reduced blood
urea nitrogen, and increased insulin-like growth factor-1 (IGF-1) have been reported in
weaning pigs. This indicates enhanced amino acid utilization and systemic metabolic responses
(27). Hydrolyzed mealworm products enhance the digestibility of crude proteins and are
indispensable amino acids in growing pigs (28). Insect-derived AMPs exhibit antimicrobial
activity by disrupting bacterial membranes and interacting with LPS. This may contribute to
modulation of immune responses and alterations of intestinal microbial populations (29, 30).
These properties suggest a potential role for insect-derived components in the regulation of
endotoxin-induced inflammatory responses. Processing strategies such as defatting and
hydrolysis may enhance the bioavailability of functional peptides and improve their antioxidant

and anti-inflammatory activities (22, 31).

DPPH is a chemically stable radical widely used to assess radical-scavenging activity
and antioxidant capacity. Quenching of DPPH radicals occurs primarily through hydrogen
atom donation (He) from antioxidant compounds, resulting in a measurable decrease in radical
intensity. Reducing power is commonly used to assess antioxidant potential, as it reflects the
electron-donating ability of a sample. Although not all reductants function as antioxidants,
compounds with strong reducing capacities are generally associated with enhanced antioxidant
activities (32). Therefore, higher DPPH radical scavenging activity and reducing power
indicate a greater antioxidant capacity. The results shown in Figure 2 are consistent with those
of previous reports, indicating that edible insects possess various antioxidant activities.
According to Yong et al. (2023), ethanolic extracts from TM larvae exhibited DPPH and 2,2'-
azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS) radical-scavenging activity, reducing

power, and metal-chelating ability (11). They also proposed that the antioxidant potential of

12
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TM larval ethanol extracts could be attributed to their phenolic compounds, which were
measured at 16.38 = 0.50 mg/mL. In a similar context, the 20% ethanol-treated TM larvae
protein showed ABTS radical-scavenging activity (approximately 38%) and provided the
strongest protection against HO2-induced oxidative stress in Vero cells relative to the untreated
protein (approximately 34%) (33). Therefore, T. molitor may be a promising source of
functional compounds with antioxidant properties. TM larva-derived extracts function as
bioactive regulators under metabolic and inflammatory stress conditions. Our findings
demonstrate that the attenuation of LPS-induced stress responses and the modulation of cell
proliferation in pLE cells are consistent with the functional characteristics of TM larva-derived

extracts.

LPS is a component of the outer membrane of the cell wall in Escherichia coli. It is
released during bacterial death or proliferation, and is a highly toxic bacterial endotoxin. LPS
causes a decline in reproductive performance in livestock. LPS exposure in lactating dairy cows
reduced the conception rate by approximately 30% (34). In swine, repeated administration of
LPS to sows significantly decreased daily feed intake and milk yield, resulting in a 0.32 kg
reduction in the daily weight gain of their piglets (35). Co-infections with various pathogens,
including chlamydiosis, PRRS, and PCV2, along with associated inflammatory damage, are
the major causes of reproductive disorders in sows (36). To elucidate the molecular
mechanisms underlying LPS-induced reproductive failure and to explore preventive strategies,
we used an in vitro model by challenging pLE cells with LPS to induce an inflammatory and

oxidative stress environment within the reproductive tract.

Here, pre-treatment with TM-DF successfully restored the LPS-induced inhibition of
cell proliferation in pLE cells. Reduced cell viability caused by LPS (50 pug/mL) in porcine

mammary epithelial cells was recovered by selenium yeast (37). In porcine intestinal epithelial
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cells, LPS treatment reduced cell viability and induced ROS accumulation; however, these
effects were alleviated by luteolin, a natural flavonoid (38). Similarly, there are numerous
previous studies showing that LPS-induced inflammatory conditions are alleviated when
treated with various natural products or extracts (39, 40). We confirmed that TM-DF
significantly mitigated LPS-induced elevation of intracellular ROS and loss of MMP in pLE
cells. Excessive intracellular ROS accumulation induces lipid peroxidation of the
mitochondrial membrane, leading to the collapse of MMP and, ultimately, a decline in cell
proliferation (41). Importantly, such oxidative stress and mitochondrial dysfunction are known
to severely compromise endometrial receptivity by disrupting cellular energy metabolism and
normal physiological signaling required for successful embryo implantation in humans (42).
These findings suggest that TM-DF not only protects cellular viability but also has the potential
to preserve the functional receptivity of pLE cells against LPS-induced ROS accumulation and

MMP depolarization.

To further elucidate the cytoprotective mechanisms of TM-DF, the expression levels of HSPs
and ER stress-related proteins were evaluated. HSPs are essential molecular chaperones that
respond to heat stress and prevent protein denaturation and facilitate proper folding under
external stimuli, such as oxidative stress. When LPS binds to the TLR4 receptor on the cell
surface, it elevates ROS levels and triggers an inflammatory response, leading to oxidative
damage and the misfolding of intracellular proteins, which in turn upregulates the expression
of chaperone proteins such as HSP70 and HSP90 (43). This prevents cell damage and
promoting survival (44, 45). ER stress occurs when the accumulation of unfolded proteins
within the cell reaches toxic levels (46). The UPR is activated to ensure cell survival during
ER stress, the unfolded protein response (UPR) is activated, with GRP78 and PERK as key

initiators (47). In resting cells, GRP78 resides in the ER lumen and inhibits UPR sensors such

14
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as PERK, IRE1 and ATF6, by binding to them. However, when unfolded proteins increase
owing to ER stress, GRP78 preferentially binds to these proteins. This releases sensors such as
PERK to initiate the UPR (48). PERK is activated via autophosphorylation, inducing elF2a
activation and ATF4 transcription to transmit survival signals (49). Under cellular stress,
HSP70, an ER-resident chaperone, collaborates with the ER stress marker, GRP78, to bind to
unfolded proteins, releasing PERK/IRE1/ATF6 sensors and promoting early UPR activation
(50). HSP90 functions in tandem with HSP70 in the cytosol to alleviate ER stress (51). HSP60
is primarily localized within the mitochondria. Here, it protects mitochondrial proteins under
oxidative stress, defends against MMP depolarization, and blocks apoptotic pathways (52).
Thus, the HSP and ER stress defense mechanisms act as an integrated cellular protection system
rather than separate pathways. This is supported by a previous report in porcine granulosa cells,
where LPS was shown to increase HSP70 expression (53). Our results demonstrated that TM-
DF pre-treatment effectively suppressed the expression of HSP and ER stress-related proteins
induced by LPS. Itis well established that an increased expression of HSP and ER stress-related
proteins—which are involved in maintaining protein homeostasis—when induced by stressors
such as LPS, leads to cell death and disrupts the normal embryo-receptive environment (54).
In particular, it is well established that the excessive expression of HSPs and severe ER stress
can induce fibrosis in various tissues, including the lungs and liver (55, 56). The accumulation
of cellular stress and fibrosis within the endometrial tissue can disrupt decidualization—a
process essential for implantation—and significantly impair endometrial receptivity (57).
Taken together, TM-DF protects porcine endometrial cells by preventing LPS-triggered heat
shock and ER stress signaling cascades, thereby potentially contributing to enhanced

endometrial receptivity.

5. Conclusion
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In this study, we elucidated the protective effects of defatted Tenebrio molitor (TM-DF) larval
extract against LPS-induced cellular stress in porcine luminal epithelial (pLE) cells. Our
findings validated the intrinsic antioxidant capacity and reducing power of TM-DF. We
confirmed pre-treatment of TM-DF effectively restored pLE cell proliferation, which was
suppressed by LPS. LPS maintains mitochondrial function and prevents excessive ROS
production at the cellular level. These robust protective effects were also verified in
intracellular signaling pathways: suppressed activation of heat stress and ER stress following
TM-DF pre-treatment.

Although the current in vitro model has limitations in demonstrating the complexities of the
implantation process, this study is important because it preemptively verifies the molecular
efficacy of TM-DF, supporting its potential for industrial applications as a functional resource.
These results provide a fundamental molecular basis for the use of TM-DF as a potential

therapeutic agent to alleviate inflammation-induced reproductive challenges.
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Figure 1. Schematic diagram of the preparation process of defatted Tenebrio molitor larvae

extract (TM-DF).
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Figure 2. Antioxidant activity of TM-DF. [A] DPPH radical scavenging activity of TM-DF
at different concentrations (0—-1 mg/mL). These scavenging activities were quantified and
presented as the absorbance values corresponding to the degree to which DPPH, a purple free
radical, was reduced to a yellow color. The image below shows the color changes at different
concentrations. [B] Reducing power of TM-DF at different concentrations (0-1 mg/mL). The
ferrocyanide reduced by TM-DF reacted with FeCls to form Prussian blue, and this was

measured by absorbance.

22



552

553

554

555

556

557

558

[A] [B]
140 - EX3 * 120 -
120 4 —_ T |
z I T ) 100 - *k * *%k
< 100 - — ] * 5
> S 80
= 80 4 fud
S £ 60 -
> 60 - s
] o p
O 40 4 = 40
QQ
20 - © 204
0 T T T 0 T T
0 1 2 5 7.5 10 0 5 10 50 100
i
[C]
*
120 -
< 100 - T
s dekk
S 804 =
o
2 60
E
S 40
3
© 20
0 T T T
LPS - + - +
TM-DF - - + +

Figure 3. The viability and proliferation changes of pLE cells in response to TM-DF or
LPS treatment in pLE cells. [A] Cellular viability of pLE cells in response to TM-DF in dose-
dependent manners (0, 1, 2, 5, 7.5 and 10 pug/mL) for 24 h. [B] Proliferation of pLE cells in
response to LPS (0, 5, 10, 50, and 100 ug/mL) for 48 h. [C] Proliferation of pLE cells in
response to LPS (50 ug/mL) for 48 h with or without pre-treatment of TM-DF (5 pug/mL) for 2

h.
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Figure 5. Alleviative effect of TM-DF on LPS-induced heat stress and ER stress on pLE
cells. [A—E] The relative protein expressions of HSP60 [A], HSP70 [B], HSP90 [C], GRP78
[D], and PERK [E] were analyzed following treatment with LPS (50 ug/mL) for 24 h with or
without pre-treatment of TM-DF (5 pg/mL) for 2 h. GAPDH protein were used to normalize
the expressions of targeted proteins. The immunoblot intensity were analyzed using ImageLab

Software.
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Figure 6. Schematic illustration of the mechanism underlying the alleviation of LPS-induced

intracellular stress in pLE cells by TM-DF pre-treatment.

[A] [B]
120 140 -
gmo g 120 -
§ 80 § 100 -
e 80 -
QL 60 K]
- - 60
=] [=]
g 40 S 40
S 20 S 201
D T T 0 A
0 5 10 0 5 10 50 100
TM-DF (ug/mL) LPS (ng/mL)

Supplementary Figure 1. Changes in pLE cell proliferation following treatment with TM-
DF or LPS. [A] Proliferation of pLE cells in response to TM-DF (0, 5, 10 ug/mL) for 48 h. [B]

Proliferation of pLE cells in response to LPS (0, 5, 10, 50, 100 pg/mL) for 24 h.
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