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Abstract

Background/Objectives: Recently, concerns about age-related conditions, such as sar-
copenia and chronic inflammation, have increased owing to the global acceleration of
population aging. Notably, these conditions are interrelated and further exacerbate func-
tional decline in older adults. Therefore, this study aimed to evaluate the efficacy of a
novel bioactive compound, DuoX (a mixture of the postbiotic beLP1 and Cichorium inty-
bus L.), in alleviating muscle wasting and chronic inflammation. Specifically, the mixture
consisted of inulin-rich C. intybus L. root extract, known for its anti-inflammatory effects,
and beLP1, a postbiotic previously shown to exert anti-sarcopenic effects. Methods: To
assess the multifunctional effects of the DuoX, dexamethasone-induced sarcopenia models
(C2C12 myotubes and an in vivo rat model) and a lipopolysaccharide-stimulated RAW
264.7 macrophage inflammation model were established. Results: Pretreatment with DuoX
prevented the dexamethasone-induced reduction in myotube diameter and effectively
inhibited muscle degradation by downregulating the expression of atrogin-1 caused by
dexamethasone treatment. In rats with DEX-induced sarcopenia, DuoX prevented muscle
weight loss, grip strength reduction, and the upregulation of atrogin-1 expression in vivo.
In lipopolysaccharide-stimulated RAW 264.7 macrophages, DuoX significantly reduced
nitric oxide production and cyclooxygenase-2 protein expression and suppressed p38 and
ERK phosphorylation in the MAPK signaling pathway, thereby alleviating inflammatory
responses. Conclusions: DuoX holds promise as a dual-functional candidate with both
anti-sarcopenic and anti-inflammatory properties. Further preclinical and clinical studies
are required to validate its therapeutic efficacy and safety in humans, which may contribute
to the development of preventive strategies for healthy aging.

Keywords: aging; beLP1; Cichorium intybus L. root extract; inulin; inflammation; DuoX; rat
animal model; sarcopenia

1. Introduction
Over the past few decades, the increase in average life expectancy has led in older

adults to a rise in various age-related diseases, including sarcopenia, as well as a decline
in physical function [1,2]. Sarcopenia is a progressive systemic skeletal muscle disorder
characterized by a gradual loss of muscle mass and strength, which is closely associated
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with impaired physical function, increased hospitalization rates, and elevated mortality in
older populations [3–6].

Aging induces the accumulation of reactive oxygen species and mitochondrial damage,
resulting in oxidative stress and impaired energy metabolism, ultimately causing muscle
fiber atrophy and decreased muscle strength [7]. Additionally, aging is accompanied by
decreased synthesis and increased degradation of muscle proteins, with the ubiquitin-
proteasome system (UPS)-mediated breakdown via atrogin-1 playing a key role [8,9].

Inflammation serves as a defense response; however, chronic low-grade inflammation
termed “inflammaging” persists with aging, leading to tissue damage and an increased
risk of disease [10,11]. This phenomenon is explained by the antagonistic pleiotropy
theory, which suggests that beneficial inflammatory responses in youth become detrimental
during aging [10,12]. Inflammatory responses are primarily mediated through the mitogen-
activated protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) signaling pathways [13,14]. Notably, elevated levels of pro-inflammatory
cytokines have been linked to an increased risk of sarcopenia [15,16].

Dexamethasone (DEX), a synthetic glucocorticoid, is widely used in preclinical models
to induce sarcopenia due to its ability to suppress muscle protein synthesis and promote
proteolysis [17–19]. Lipopolysaccharide (LPS) is a representative pro-inflammatory agent
that activates NF-κB and MAPK pathways via the Toll-like receptor 4, leading to the
production of various inflammatory cytokines and mediators [20–25].

Postbiotics are defined as “preparations of inanimate microorganisms and/or their
components that confer health benefits to the host.” Owing to their lack of infection risk and
exemption from stringent regulatory requirements, postbiotics can be safely derived from a
wide variety of microorganisms [26–29]. Previous studies have investigated the effects of
postbiotics on sarcopenia [30–36]. Especially, the postbiotic strain Lactobacillus plantarum
beLP1, isolated from kimchi, has been shown in previous studies to exert anti-sarcopenic
effects by regulating the expression of MuRF1 and atrogin-1 through the AKT pathway [37].

In addition, plant extracts containing bioactive compounds such as polyphenols
and carotenoids are widely regarded as safe alternatives to synthetic agents, owing to
their well-established antioxidant and anti-inflammatory properties [27]. Among these,
Cichorium intybus L. (chicory) root is a natural source rich in inulin, a functional dietary
fiber officially recognized for its safety by the U.S. Food and Drug Administration (FDA)
in 2003. Inulin exerts significant antioxidant and anti-inflammatory effects within the
gut environment. In particular, inulin inhibits NF-κB activation, thereby reducing the
expression of the downstream inflammatory mediator gene of cyclooxygenase-2 (COX-
2), which consequently decreases the production of COX-2–dependent pro-inflammatory
prostaglandins [38].

Here, we aimed to evaluate the dual preventive potential of DuoX, a functional com-
pound combining the postbiotic strain L. plantarum isolated from kimchi and chicory root
extract. We assessed the preventive effects of DuoX against DEX-induced sarcopenia in
C2C12 myotubes and a rodent sarcopenia model, as well as against LPS-induced inflamma-
tory responses in a RAW 264.7 macrophage model, to elucidate the molecular mechanisms
underlying the anti-sarcopenic and anti-inflammatory effects of DuoX.

2. Materials and Methods
2.1. DuoX Formulation

DuoX is a composite bioactive formulation comprising the following components by
weight percentage: Heat-killed postbiotic beLP1 (8.32%), inulin derived from C. intybus L.
root extract (9.97%), Heat-killed postbiotic EF-2001 (3.34%), Heat-killed postbiotic beLP3
(1.64%), resistant maltodextrin (14.94%), α-brown rice powder (9.97%), mixed grain powder
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(9.97%), crystalline dextrose powder (4.98%), maltodextrin (4.98%), fructooligosaccharide
(16.94%), and fermented rice powder (14.95%). The postbiotic beLP1 used in this study
was provided by Bereum Co., Ltd. (Wonju, Republic of Korea), and the inulin derived
from C. intybus L. root extract was supplied by Beneo-Orafti S.A. (Tienen, Belgium). All
components were thoroughly blended to obtain a homogeneous powder mixture, which
was subsequently utilized in all experimental assays.

2.2. Establishment of the Cellular Sarcopenia and Inflammation Models

C2C12 mouse myoblasts were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS; Access Biologicals LLC, Vista, CA, USA) and 1% (v/v) penicillin-
streptomycin (Sigma-Aldrich). Cells were maintained at 37 ◦C in a humidified atmosphere
containing 5% CO2. For differentiation into myotubes, cells at approximately 90% conflu-
ency were transferred to a differentiation medium containing 2% horse serum (Thermo
Fisher Scientific Inc., Waltham, MA, USA) and 1% (v/v) penicillin-streptomycin (Sigma-
Aldrich) for 6 days, and the medium was replaced with fresh medium every 2 days. Stock
solutions of DuoX (10 mg/ml) and DEX (10mM) were prepared by diluting DuoX in dis-
tilled water (DW) and DEX in phosphate-buffered saline (PBS) prior to further dilution in
the differentiation or serum-free media used for the C2C12 myotube experiments. DuoX
diluted with the differentiation medium was added to the cells after 4 days of differentiation
at 100, 200, and 500 µg/mL. After 48 h of DuoX treatment, 100 µM DEX (Sigma-Aldrich)
diluted in serum-free medium was applied to the C2C12 myotubes to establish a C2C12
myotube atrophy model.

RAW 264.7 cells (ATCC) were cultured in low-glucose DMEM (Welgene, Inc.,
Gyeongsan, Republic of Korea) supplemented with 10% (v/v) FBS (Access Biologicals
LLC) and 1% (v/v) penicillin-streptomycin (Sigma-Aldrich). Cells were maintained at
37 ◦C in a humidified atmosphere containing 5% CO2. In this study, stock solutions of
DuoX and LPS (Sigma-Aldrich) were prepared separately, with DuoX dissolved in DW
and LPS dissolved in PBS. DuoX was further diluted in serum-free medium and used
to pretreat RAW 264.7 cells at varying concentrations (0, 125, 250, and 500 µg/mL) for
30 min, after which the cells were stimulated with 1 µg/mL LPS for 24 h to establish a RAW
264.7 macrophage inflammation model.

2.3. Measurements of Myotube Diameters

For morphological analysis, C2C12 cells were stained using May–Grünwald and
Giemsa solutions (both Sigma-Aldrich). Before staining, cells were gently washed with
cold PBS, fixed in 100% methanol at −20 ◦C for 5 min, washed with PBS, and then dried
at room temperature (20–22 ◦C). Thereafter, the myotubes were incubated with May–
Grünwald solution at 21 ± 3 ◦C for 5 min, rinsed with PBS, and then stained with Giemsa
solution for 15 min under the same conditions. Stained cells were visualized under an
optical microscope (Nikon, Tokyo, Japan) at ×200 magnification. Myotube diameters were
quantified using the ImageJ software (64-bit Java 1.8.0.170; National Institutes of Health,
Bethesda, MD, USA) by measuring 100 myotubes randomly selected from at least ten
different viewing fields.

2.4. Animal Experiments

To confirm the in vitro findings, we designed an in vivo study using a rat model of DEX-
induced sarcopenia to evaluate the DuoX effects. Six-week-old male Sprague-Dawley rats
(average weight: 180 g) were obtained from DBL Korea, Inc. (Eumseong, Republic of Korea).
All animals were housed in a pathogen-free environment under controlled conditions (tem-
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perature, 23 ◦C; humidity, 50%; photoperiod, 12 h/12 h light/dark cycle) and provided with
standard rodent chow (RodFeed; DBL Inc., Eumseong, Republic of Korea) and sterilized water
ad libitum. After a 9-day acclimatization period, the rats were randomly divided into four
groups (n = 6 per group) using a simple randomization method to ensure unbiased group
allocation, and each rat was individually numbered, and group assignments were determined
by a random number generator. The groups were as follows: a normal group (NOR; received
oral DW and intraperitoneal injection of saline, without sarcopenia induction); a control
group (CON; received oral DW for 19 days and intraperitoneal injection of DEX diluted in
saline at 600 µg/kg from day 15 to day 19); low-dose DuoX group (L-DuoX; received oral
DuoX diluted in DW at 5000 µg/kg for 19 days along with DEX diluted in saline during the
final 5 days); and high-dose DuoX group (H-DuoX; received oral DuoX diluted in DW at
10,000 µg/kg for 19 days, along with DEX diluted in saline during the final 5 days). On the
final day, animals were euthanized via CO2 inhalation, and the gastrocnemius (GA), tibialis
anterior (TA), soleus (SOL), and plantaris (PLA) muscles were removed, weighed, and stored
at −80 ◦C for further analyses. All procedures involving animals were reviewed and approved
by the Institutional Animal Care and Use Committee of Yonsei University Mirae Campus
(Approval No. YWCI-202504-007-02).

2.5. Grip Strength Test

To evaluate the muscle function-preserving effects of DuoX, grip strength was mea-
sured using a grip strength meter (Jeongdo Bio & Plant Co., Seoul, Republic of Korea).
During the measurement, each rat was allowed to grasp the meter, and grip strength was
recorded while gently pulling the rat backward by the tail. The grip strength test was
conducted one day after the final treatment with DEX and DuoX, and each rat underwent
three measurements.

2.6. Nitric Oxide (NO) Assay

RAW 264.7 cells were seeded in 24-well plates and pretreated with DuoX diluted in
serum-free medium as described above. After 30 min, the cells were stimulated with LPS,
and the culture supernatants were collected and mixed with an equal volume of Griess
reagent. After incubating at room temperature (20–22 ◦C) for 10 min, absorbance was
measured at 540 nm using a FLx800 microplate reader (BioTek Instruments Inc., Winooski,
VT, USA). The nitrite concentration was calculated based on a sodium nitrite (NaNO2)
standard curve (0–50 µM).

2.7. Protein Extraction and Western Blotting

For in vitro analysis, differentiated C2C12 myotubes were pretreated with DuoX
diluted in differentiation medium for 48 h, followed by treatment with 100 µM DEX diluted
in serum-free medium for 24 h to induce muscle atrophy. Thereafter, cells seeded in 6-well
plates were lysed using PRO-PREP™ Protein Extraction Solution (iNtRON Biotechnology
Inc., Seongnam, Republic of Korea). Similarly, RAW 264.7 macrophages were pretreated
with DuoX diluted in serum-free medium for 30 min, followed by stimulation with LPS
for 24 h. Thereafter, the cells were lysed with PRO-PREP™ Protein Extraction Solution
(iNtRON Biotechnology Inc.) for protein analysis. In the in vivo experiment, GA muscles
were excised from each experimental group, flash-frozen in liquid nitrogen, and stored
at −80 ◦C until use. Before protein extraction, frozen tissues were homogenized in PRO-
PREP™ buffer (iNtRON Biotechnology Inc.) and centrifuged to remove cellular debris.
Thereafter, the resulting supernatants were collected for protein quantification. Protein
concentrations were determined using the Bradford assay (Bio-Rad, Hercules, CA, USA).
Thereafter, equal amounts of protein were separated via SDS-PAGE and transferred onto
membranes. After blocking with a blocking buffer, the membranes were incubated at
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−4 ◦C overnight with diluted primary antibodies (1:2500 dilution ratio) targeting atrogin-1
(ab168372, Abcam, Cambridge, UK), phosphorylated extracellular signal-regulated kinase
(p-ERK; #4377), ERK (#4695), p-p38 (#9211), p38 (#9212), COX-2 (#4842), and GAPDH
(#5174, all Cell Signaling Technology, Danvers, MA, USA). Thereafter, the membranes were
washed three times with TBS-T and incubated at 20–22 ◦C for 1 h with a diluted horseradish
peroxidase-conjugated secondary antibody (1:5000; anti-rabbit IgG, #7074, Cell Signaling
Technology, Boston, USA). After three washes, chemiluminescent signals were developed
using WestGlow™ PICO PLUS substrate (Biomax Inc., Guri, Republic of Korea). Imaging
was performed using a ChemiDoc™ Imaging System (Bio-Rad), and band intensities were
quantified using the ImageJ software. Protein expression levels were normalized to those
of GAPDH, p38, and ERK (internal control).

2.8. Statistical Analysis

All data analyses were performed using GraphPad Prism (Version 5.02; GraphPad
Software, Boston, MA, USA). Significant differences among groups were determined using
one-way analysis of variance, followed by Dunnett’s multiple comparison tests. Statistical
significance was set at p < 0.05, 0.01, 0.001. All experiments were conducted in triplicate.
Data are expressed as mean ± standard error.

3. Results
3.1. DuoX Increases the Dexamethasone-Induced Reduction in Myotube Diameter in C2C12 Cells

To evaluate the preventive effects of DuoX on DEX-induced sarcopenia, differentiated
C2C12 myotubes were pretreated with or without DuoX and treated with DEX. DEX
treatment significantly reduced the mean myotube diameter, indicating muscle wasting.
However, pretreatment with DuoX effectively prevented the DEX-induced decrease in
myotube diameter, suggesting its potential role in maintaining myotube integrity under
catabolic conditions (Figure 1).

Figure 1. Effects of DuoX on myotube diameter in dexamethasone (DEX)-induced C2C12 cells.
(A) Representative images of Giemsa-stained myotubes (scale bars: 20 µm). C2C12 cells were cul-
tured in horse serum-containing medium for 6 days to induce differentiation and were pretreated with
various concentrations of the DuoX starting on day 5. After differentiation, sarcopenia was induced by
treating the cells with DEX for 24 h. (B) Measurement of myotube diameters based on Giemsa-stained
images. Data are presented as mean ± standard error of mean (n = 100). ### p < 0.001 compared with
the DEX-untreated control, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the DEX-treated group.
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3.2. DuoX Decreases Atrogin-1 Protein Expression in Dexamethasone-Induced C2C12 Cells

To investigate the effects of DuoX on muscle protein degradation, the expression of
atrogin-1, a muscle-specific ubiquitin ligase, in C2C12 myotubes was examined. DEX
treatment markedly upregulated atrogin-1 expression, whereas pretreatment with DuoX
significantly downregulated its expression. Collectively, these results indicate that DuoX
prevents muscle protein degradation by modulating atrogin-1 expression in sarcopenic
conditions (Figure 2).

Figure 2. Effects of DuoX on atrogin-1 protein expression in dexamethasone (DEX)-induced C2C12
cells. C2C12 cells were cultured in horse serum-containing medium for 6 days to induce differentiation
and were pretreated with various concentrations of DuoX starting on day 5. After differentiation,
sarcopenia was induced by treating the cells with DEX for 24 h. Cell lysates were collected and
analyzed using western blotting to assess atrogin-1 expression. GAPDH was used as a loading
control. Data are presented as mean ± standard error of mean (n = 4). # p < 0.05 compared with the
DEX-untreated control, * p < 0.05, ** p < 0.01 compared with the DEX-treated group.

3.3. DuoX Prevents Muscle Weight Loss in a Rat Model of Dexamethasone-Induced Sarcopenia

To evaluate the protective effect of DuoX against muscle mass loss in vivo, rats were
pretreated with or without the mixture and treated with DEX. At the end of the experimental
period, the GA, TA, SOL, and PLA muscles were weighed. DEX significantly reduced GA,
TA, and PLA muscle weights compared with those in the control group. However, treatment
with DuoX prevented DEX-induced decrease in the weights of the muscles, indicating that
DuoX may alleviate catabolic stress-induced muscle atrophy in vivo (Figure 3).

3.4. DuoX Improves Grip Strength in the Rat Model of Dexamethasone-Induced Sarcopenia

To assess the functional impact of DuoX on muscle strength, grip strength tests were
performed on rats with DEX-induced muscle atrophy. DEX treatment significantly de-
creased forelimb grip strength compared with that in the control group. However, oral
administration of DuoX before and during the DEX treatment period ameliorated the
decline in grip strength. Overall, these results suggest that DuoX not only preserves muscle
mass but also improves muscle function (Figure 4).
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Figure 3. Effects of DuoX on muscle weights in the rats model of dexamethasone (DEX)-induced
sarcopenia. Rats were treated with DEX to induce muscle atrophy and were orally administered
DuoX at the indicated doses before and during DEX treatment. After the treatment period, the
weights of the gastrocnemius, tibialis anterior, soleus, and plantaris muscles were measured. Data
are presented as mean ± standard error of mean (n = 6 per group). ### p < 0.001 compared with the
DEX-untreated control (NOR); * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the DEX-treated
group (CON). NOR, normal group; CON, control group; L-DuoX, low-dose DuoX group; H-DuoX,
high-dose DuoX group.

Figure 4. Effects of DuoX on grip strength in the rats model of dexamethasone (DEX)-induced sarcopenia.
Rats were treated with DEX to induce sarcopenia and were orally administered DuoX before and during
DEX administration at the indicated doses. Grip strength was measured after DEX treatment. Data
are presented as mean ± standard error of mean (n = 6 per group). ### p < 0.001 compared with the
DEX-untreated control (NOR); *** p < 0.001 compared with the DEX-treated group (CON). NOR,
normal group; CON, control group; L-DuoX, low-dose DuoX group; H-DuoX, high-dose DuoX group.

3.5. DuoX Decreases Atrogin-1 Protein Expression in the Rat Model of
Dexamethasone-Induced Sarcopenia

To explore the molecular mechanism underlying the anti-sarcopenic effects of DuoX
in vivo, the expression of atrogin-1 in skeletal muscle tissues was analyzed. DEX-treated
rats showed elevated atrogin-1 levels in their skeletal muscles compared with those in the
control group. However, oral administration of DuoX significantly suppressed the DEX-
induced increase in atrogin-1 levels in skeletal muscles. Collectively, these results suggest
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that DuoX prevents muscle protein degradation by downregulating atrogin-1 expression
(Figure 5).

Figure 5. Effects of DuoX on atrogin-1 protein expression in the rats model of dexamethasone (DEX)-
induced sarcopenia. Muscle tissues were removed from rats treated with DEX and DuoX. atrogin-1
protein levels were analyzed using western blotting with GAPDH as a loading control. Data are
presented as mean ± standard error of mean (n = 3). ## p < 0.01 compared with the DEX-untreated
control (NOR); *** p < 0.001 compared with the DEX-treated group (CON). NOR, normal group; CON,
control group; L-DuoX, low-dose DuoX group; H-DuoX, high-dose DuoX group.

3.6. DuoX Decreases NO Production in LPS-Induced RAW 264.7 Cells

To assess the anti-inflammatory activity of DuoX, NO production was measured in
LPS-stimulated RAW 264.7 macrophages. LPS treatment significantly increased NO levels
in macrophages compared to those in the control group. However, pretreatment with DuoX
markedly reduced NO production compared to that in the DEX-induced group, indicating
that DuoX may suppress macrophage-mediated inflammatory responses (Figure 6).

Figure 6. Effects of DuoX on nitric oxide (NO) production in lipopolysaccharide (LPS)-induced RAW
264.7 cells. RAW 264.7 cells were seeded in 24-well plates and pretreated with DuoX for 30 min,
followed by stimulation with LPS for 24 h. Data are represented as the mean ± standard error of
mean (n = 4). ### p < 0.001 compared with the LPS-untreated control; * p < 0.05, ** p < 0.01 compared
with the LPS-treated group.
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3.7. DuoX Decreases COX-2 Protein Expression and MAPK Pathway Phosphorylation in
LPS-Induced RAW 264.7 Cells

To further investigate the anti-inflammatory mechanisms of DuoX, COX-2 expression
and MAPK phosphorylation in LPS-stimulated RAW 264.7 cells were examined. LPS
significantly increased COX-2 protein expression and p38 and ERK phosphorylation in
these cells compared to those in the untreated group. However, pretreatment with DuoX
effectively suppressed LPS-induced upregulation of COX-2 protein expression and p38 and
ERK phosphorylation. Overall, these results suggest that DuoX exerts its anti-inflammatory
effects by regulating COX-2 expression and inhibiting the upstream signaling pathway
MAPK (p38 and ERK), thereby blocking key molecular pathways involved in inflammatory
responses (Figure 7).

Figure 7. Effects of DuoX on cyclooxygenase-2 (COX-2) protein expression and mitogen-activated
protein kinase (MAPK) pathway phosphorylation in lipopolysaccharide (LPS)-induced RAW 264.7 cells.
RAW 264.7 cells were pretreated with DuoX for 30 min, followed by stimulation with LPS for 24 h. Total
cell lysates were collected and analyzed to assess COX-2 protein expression (A) and the phosphorylation
levels of p38 (B) and ERK (C) using western blotting, with GAPDH, total p38, and total ERK as loading
controls. Data for p-p38 (n = 4) and COX-2 and p-ERK (n = 3) are presented as mean ± standard error of
mean. # p < 0.05, ### p < 0.001 compared with the LPS-untreated control; * p < 0.05, ** p < 0.01 compared
with the LPS-treated group.

4. Discussion
This study focused on two major pathological processes associated with aging: sar-

copenia and inflammation. During aging, muscle protein synthesis decreases while protein
degradation increases, with the UPS–mediated by atrogin-1 serving as a key system of
protein breakdown. Aging-associated inflammatory responses are primarily mediated by
the MAPK and NF-κB signaling pathways [13,14]. Based on these molecular mechanisms,
this study aimed to evaluate the muscle-protective and anti-inflammatory effects of DuoX.

DuoX is a novel dual-functional compound composed of L. plantarum beLP1, a post-
biotic strain isolated from kimchi, and a plant-derived extract from the root of C. intybus
L., which is rich in inulin. Previous studies have reported the anti-sarcopenic potential of
beLP1, and inulin is a functional dietary fiber recognized by the U.S. FDA for its safety, and
has been shown to exert antioxidant and anti-inflammatory effects in the gut [33].

In vitro, DuoX significantly inhibited the DEX-induced reduction in myotube diameter
in C2C12 cells. Notably, morphological alterations induced by DEX were markedly restored
in the high-dose DuoX group, with myotube diameter recovering to levels equivalent to
those in the control group (Figure 1). The muscle-protective effects of DuoX were also
confirmed in vivo. In DuoX-treated rats, the DEX-induced reductions in individual muscle
weights—including the GA, TA, SOL, and PLA—were significantly attenuated (Figure 3).
Additionally, DuoX prevented the decline in grip strength caused by DEX (Figure 4),
suggesting its potential to alleviate DEX-induced muscle dysfunction. At the molecular
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level, the DEX-induced upregulation of atrogin-1 was suppressed by DuoX pretreatment in
both the in vitro C2C12 cell model and the in vivo rat model (Figures 2 and 5), indicating
that DuoX protects against muscle degradation by inhibiting the UPS pathway. Based
on previous studies reporting that atrogin-1 expression sensitively reflects the degree of
sarcopenia, this study selected atrogin-1 as a representative marker of anti-sarcopenic
effects and focused on analyzing its expression changes [8,39].

The anti-inflammatory effects were primarily evaluated using an in vitro model with
RAW 264.7 macrophages. In these cells, DuoX significantly inhibited LPS-induced NO
production (Figure 6). Moreover, western blot analysis revealed that DuoX pretreatment
suppressed the LPS-induced expression of COX-2, a key marker of inflammation (Figure 7A).
Phosphorylation of the MAPK pathway components p38 and ERK were also inhibited by
DuoX (Figure 7B,C), providing molecular evidence for its anti-inflammatory effects. How-
ever, verification of the anti-inflammatory effects of DuoX in in vivo sarcopenia models
remains a subject for future research, and such evaluations are planned to be conducted in
upcoming studies.

Notably, p38 inhibition reduces the production of key pro-inflammatory cytokines such
as TNF-α, IL-1β, and IL-6, independently of the NF-κB signaling pathway and suppresses
NF-κB p65 K310 acetylation, directly inhibiting transcriptional activity. ERK inhibition
further enhances anti-inflammatory effects by downregulating COX-2 expression [13,40].
However, the current study did not directly assess the NF-κB signaling pathway, indicating
a need for further investigation. Future studies should expand these findings by analyzing
additional muscle atrophy-related factors, such as FOXO3a, MuRF1, and AKT, and evalu-
ating in detail the involvement of the NF-κB pathway to better elucidate DuoX-induced
mechanism of action.

This study employed DuoX, a complex compound primarily composed of beLP1
and inulin, both previously reported to exhibit anti-sarcopenic and anti-inflammatory
effects. The results of our study confirmed that DuoX exerts both anti-sarcopenic and anti-
inflammatory activities (Figure 8). However, as DuoX consists of more than ten components,
it is challenging to delineate the individual contributions of each ingredient. Therefore,
future studies should include comparative experiments with single components such as
beLP1 or inulin alone to clarify their individual effects and possible synergistic interactions
in the combined formulation.

Moreover, this study primarily focused on evaluating the anti-sarcopenic and anti-
inflammatory effects of DuoX and did not include analyses of gut microbiota com-
position or metabolomics. Given the importance of postbiotics and inulin in mod-
ulating the intestinal microbial environment, future research should incorporate mi-
crobiological and metabolomic analyses to comprehensively elucidate DuoX-activated
mechanisms [41–44]. Additionally, further evaluation of bioavailability, long-term safety,
and metabolic fate is necessary for the clinical application of DuoX as a preventive func-
tional food or therapeutic agent.

Even when considering these various limitations, this study experimentally confirmed
that DuoX holds potential as a dual-functional compound capable of simultaneously mod-
ulating aging-related sarcopenia and inflammation, underscoring its clinical significance.
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Figure 8. Schematic diagram of the anti-sarcopenic and anti-inflammatory effects of DuoX on
dexamethasone (DEX)-induced sarcopenia in a rat model and lipopolysaccharide (LPS)-induced
inflammation in RAW 264.7 cells.

5. Conclusions
This study evaluated the dual preventive effects of DuoX, a complex functional com-

pound combining the kimchi-derived postbiotic strain L. plantarum beLP1 and C. intybus L.
root extract rich in inulin, on sarcopenia and inflammation. DuoX significantly alleviated
DEX-induced muscle atrophy and functional decline in C2C12 myotubes and a rodent
sarcopenia model, and it was confirmed to inhibit the activation of the UPS, a protein
degradation pathway, by downregulating atrogin-1 expression. Additionally, in the RAW
264.7 macrophage model, DuoX exhibited anti-inflammatory effects by inhibiting NO
production, COX-2 expression, and phosphorylation of MAPK signaling pathway elements
(p38 and ERK) induced by LPS stimulation.

The study findings are meaningful in that they experimentally confirm DuoX as a
complex functional compound capable of simultaneously regulating muscle atrophy and
inflammation related to aging in both cellular and animal models. However, since DuoX
is a mixture composed of multiple agents, it is necessary to elucidate the contribution of
each component’s effects, and further evaluation of the molecular mechanisms related to
inflammation is needed to gain a more detailed understanding of the anti-inflammatory
pathways activated by DuoX. Therefore, the results of this study demonstrate that DuoX is a
promising complex functional compound capable of concurrently alleviating aging-related
muscle atrophy and inflammation. The study findings provide important foundational
data for future clinical application research.
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