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Abstract

Atopic dermatitis (AD) is a chronic inflammatory skin disorder characterized by epider-
mal barrier dysfunction and dysregulated immune responses, particularly an imbalance
between T helper type 1 (Thl) and type 2 (Th2) cytokines. Natural products with im-
munomodulatory activity have attracted increasing attention as potential strategies for
regulating allergic inflammation. In this study, we investigated the immunomodulatory
effects of bioprocessed black rice bran (BRB-F) and bioprocessed balloon flower root (BFR-
F). In vitro assays using human B cells, mast cells, and keratinocytes were conducted to
evaluate IgE production, mast cell degranulation, and epithelial inflammatory mediator
release. The efficacy of the BRB-F:BFR-F mixture was further evaluated in BALB/c mice
with 2,4-dinitrochlorobenzene (DNCB)/Dermatophagoides farinae extract (DFE)-induced
AD-like dermatitis. BRB-F and BFR-F suppressed IgE production, attenuated mast cell
degranulation and thymic stromal lymphopoietin (TSLP) release, and reduced keratinocyte-
derived inflammatory mediators (thymus and activation-regulated chemokine (TARC),
macrophage-derived chemokine (MDC), and IL-6). In mice, dietary supplementation with
the BRB-F:BFR-F mixture (10-80 mg/kg/day) dose-dependently improved clinical skin
lesions and histopathological changes, with serum IgE reduced by up to 87.1% at the
highest dose. The treatment significantly suppressed Th2 cytokine mRNA expression in
ear tissue (IL-4, IL-5, and IL-13) by 37.2%, 32.7%, and 34.0%, respectively, compared with
the positive control. In contrast, splenic Th1 cytokine mRNA expression (IL-2, IL-12, and
IEN-y) was partially restored by 37.1%, 22.5%, and 18.7%, respectively. These findings
indicate that BRB-F and BFR-F modulate multiple immune pathways and help restore
Th1/Th2 immune balance, suggesting their potential as functional materials for regulating
immune dysregulation associated with AD.

Keywords: atopic dermatitis; immune modulation; bioprocessed black rice bran; bioprocessed
balloon flower root; Th1/Th2 balance; regulatory T cells
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1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by re-
current eczematous lesions, intense pruritus, and substantial impairment of quality of
life [1]. The pathogenesis of AD is multifactorial and involves complex interactions among
genetic susceptibility, epidermal barrier dysfunction, gut microbial dysbiosis, and dys-
regulated immune responses [2,3]. Inmunologically, AD is marked by dominant type 2
immune activation, including elevated Th2 cytokines, enhanced IgE production, mast cell
degranulation, and aberrant keratinocyte-derived cytokine and chemokine signaling [1,4].
These immune abnormalities extend beyond the skin and are associated with systemic
immune alterations. They are also linked to multiple comorbid allergic and inflammatory
conditions [5]. AD is also one of the most common chronic inflammatory skin diseases
worldwide, affecting approximately 15-20% of children and 1-3% of adults [3]. The disease
most frequently develops during early childhood, although symptoms may persist into
adolescence and adulthood in a substantial proportion of patients.

Despite major advances in pharmacological therapies, including biologics targeting
IL-4 and IL-13 signaling pathways, long-term management of AD remains challenging [6].
Many patients experience incomplete disease control, treatment-related adverse effects,
or relapse after treatment discontinuation, underscoring the need for complementary
approaches that support immune homeostasis rather than single-pathway suppression [7].

Functional dietary materials have therefore gained increasing attention as adjunctive
strategies for chronic inflammatory disorders such as AD [8]. Conventional pharmacolog-
ical treatments may be limited by safety concerns during prolonged use, particularly in
pediatric and elderly populations [6,9]. In contrast, food-derived bioactive materials may
exert broad immunomodulatory effects while maintaining favorable safety profiles during
long-term administration [10].

Importantly, dietary components are capable of modulating multiple immune and ep-
ithelial targets relevant to AD pathophysiology, including B-cell-mediated IgE production,
mast cell activation, keratinocyte-derived cytokine release, and T-cell polarization [11,12].
Such multi-target immunomodulation is increasingly recognized as a desirable feature for
restoring immune balance in complex inflammatory diseases [8,13].

Black rice bran is a byproduct of rice milling that contains diverse bioactive com-
pounds, including polysaccharides, phenolic acids, and anthocyanins, which have been
reported to exhibit anti-inflammatory and antioxidant activities in experimental mod-
els [14]. Early work demonstrated that non-bioprocessed black rice bran can protect against
chemically induced inflammatory skin responses in mice, indicating that the raw material
itself possesses biologically relevant activity [15].

Building on this baseline activity, subsequent studies showed that black rice bran bio-
processed with shiitake (Lentinus edodes) mycelia yields preparations with reproducible bio-
logical effects across multiple experimental systems [16]. Bioprocessed black rice bran has
been reported to modulate systemic inflammatory challenges, including endotoxemia [16],
allergic asthma [17], metabolic inflammation [18], and immune checkpoint-associated anti-
tumor responses in vivo [19]. Collectively, these findings indicate that fermentation-driven
modification substantially alters the functional properties of black rice bran.

Mechanistically, the enhanced activity of bioprocessed black rice bran has been at-
tributed to enzymatic degradation of complex polysaccharide structures, release of bound
phenolic compounds, and generation of lower-molecular-weight bioactive fractions with
improved biological accessibility [20,21]. Thus, bioprocessing does not negate the intrinsic
activity of black rice bran but rather amplifies and stabilizes its functional performance
across experimental models.
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Balloon flower root (Platycodon grandiflorum) is an edible plant material containing mul-
tiple bioactive constituents, most notably triterpenoid saponins such as platycodin D and
platycodin D2, as well as polysaccharides. Experimental studies using non-bioprocessed ex-
tracts have demonstrated that P. grandiflorum-derived components exert anti-inflammatory
and immunomodulatory effects in a variety of cell-based and animal models [22-24]. These
activities have been linked to modulation of inflammatory cytokine production, oxidative
stress responses, endothelial function, and intracellular signaling pathways.

An important methodological consideration in the development of plant-derived func-
tional materials is whether and how bioprocessing enhances biological performance beyond
that observed for non-processed counterparts. Bioprocessing approaches, including micro-
bial fermentation and enzymatic treatment, have been shown to modify plant matrices by
reducing molecular complexity, increasing solubility, and generating bioactive derivatives
with improved functional accessibility [20,25]. Consistent with this concept, recent stud-
ies have reported that hydrolyzed and fermented Platycodon grandiflorum extracts exhibit
enhanced immunomodulatory activity through modulation of intracellular signaling path-
ways, including the MAPK and NF-«B signaling pathways [26]. For polysaccharide- and
saponin-rich materials, such processing may also enhance biological relevance by facilitat-
ing interaction with immune cells, modulating gut microbial metabolism, and improving
batch-to-batch reproducibility [21,25].

Atopic dermatitis involves coordinated dysregulation across multiple immune and
epithelial compartments, including B-cell-mediated IgE production, mast cell activation,
keratinocyte-derived cytokine release, and imbalance between Th2- and Thl-associated
immune responses [1,4]. Given this multifaceted pathology, functional materials that in-
fluence distinct but complementary immunological pathways may offer advantages over
single-component interventions. Evaluating bioprocessed black rice bran and balloon
flower root in combination therefore provides an opportunity to assess whether coordi-
nated modulation of multiple immune axes can be achieved within a single functional
formulation [8,13].

Accordingly, we hypothesized that coordinated modulation of B-cell IgE production,
mast cell activation, keratinocyte-derived inflammatory signaling, and Th1/Th2 imbalance
may contribute to the restoration of immune homeostasis in AD. Rather than targeting a
single cytokine pathway, such multi-axis immune engagement could provide a broader
regulatory effect in complex inflammatory conditions.

The present study was therefore designed to systematically evaluate the mechanistic
effects of bioprocessed black rice bran and balloon flower root, administered individually
and as a defined binary formulation, in established cellular systems and a murine model
of atopic dermatitis, with particular emphasis on IgE regulation, mast cell and epithelial
activation, Th1/Th2 polarization, and Treg-associated immune markers.

2. Results
2.1. Inhibitory Effects of BRB-F and BFR-F on IgE Production in Human U266.B1 Cells

To evaluate the ability of bioprocessed black rice bran (BRB-F) and bioprocessed
balloon flower root (BFR-F) extracts to suppress IgE production, assays were conducted
using the human B-cell line U266.B1. Both individual extracts and their combinations were
examined. Stimulation of U266.B1 cells with lipopolysaccharide (LPS) and interleukin-4
(IL-4) increased IgE secretion by more than 50-fold compared with unstimulated controls.
Treatment with the raw extracts, BRB and BFR, led to modest reductions in IgE production,
with BRB decreasing IgE levels by 18.1% and BFR by 10.7% relative to the positive control. In
contrast, the bioprocessed extracts BRB-F and BFR-F exhibited markedly stronger inhibitory
activity, each suppressing IgE production by approximately 60%. Combinations of BRB-F
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and BFR-F at different ratios (3:1, 1:1, and 1:3) resulted in inhibitory levels comparable
to those observed with each extract alone, with no significant differences among mixing
ratios (Table 1).

Table 1. Inhibitory effect of IgE production in U266.B1 cells by combined ratios of BRB-F and BFR-F.

Treatment IgE Concentration (ng/mlL)
Vehicle 89+06°¢
Positive control
(10 pg/mL LPS + 5 ng/mL IL-4) 4827 £31.7°
********* 100 pg/mLBRB ~ 3968+306P
100 pg/mL BFR 4319 +254°P
100 pg/mL BRB-F 202.7 +15.24
100 pg/mL BFR-F 2054 +17.94
75 ug/mL BRB-F + 25 ug/mL BER-F (3:1) 204.3 +18.14
50 pg/mL BRB-F + 50 ug/mL BFR-F (1:1) 198.3 +10.34
25 pg/mL BRB-F + 75 pg/mL BFR-F (1:3) 209.6 +11.94

Data are shown as the mean + SD of three independent experiments. Values in each column with the same letter
are not significantly different between groups at p < 0.05.

These findings indicate that bioprocessing substantially enhances the capacity of black
rice bran and balloon flower root to suppress B-cell-mediated IgE production. The comparable
effects observed across different mixing ratios suggest that IgE regulation is primarily driven
by the intrinsic activity of each bioprocessed component rather than by ratio-dependent syn-
ergistic interaction. This early modulation of IgE production represents a potential upstream
mechanism for attenuating allergic effector responses in atopic dermatitis.

2.2. Degranulation Inhibitory Effects of BRB-F and BFR-F in RBL-2H3 Mast Cells

The inhibitory activity of bioprocessed black rice bran (BRB-F) and bioprocessed bal-
loon flower root (BFR-F) on mast cell degranulation was evaluated using the RBL-2H3
rat basophilic leukemia cell line. Both individual and combined treatments were tested
to determine their effects on 3-hexosaminidase release, a key marker of mast cell degran-
ulation. Stimulation with A23187 induced a strong degranulation response. Treatment
with the raw materials, BRB and BFR, reduced (-hexosaminidase release by 52.7% and
31.5%, respectively, compared with the positive control. BRB-F and BFR-F also inhibited
degranulation, decreasing (3-hexosaminidase release by 58.4% and 33.9%, respectively.
When BRB-F and BFR-F were combined at different mixing ratios, the degree of inhibition
was comparable to that produced by BRB-F alone, and no significant differences were
detected among the tested combinations (Table 2).

Table 2. Inhibitory effect of 3-hexosaminidase releases in RBL-2H3 cells by combined ratios of BRB-F
and BFR-E.

Treatment B-Hexosaminidase Release (%)
Vehicle 00+734
Positive control a
(10 uM Calcium ionophore A23187) 100£48
777777777 100 ug/mLBRB 473426
100 ug/mL BFR 685+ 19P
100 pg/mL BRB-F 416 +45°¢
100 pg/mL BFR-F 66.1 +3.1°
75 ng/mL BRB-F + 25 ug/mL BFR-F (3:1) 448 +35¢
50 pg/mL BRB-F + 50 ug/mL BFR-F (1:1) 441 4+41°¢
25 pg/mL BRB-F + 75 pg/mL BFR-F (1:3) 464 +2.7°¢

Data are shown as the mean + SD of three independent experiments. Values in each column with the same letter
are not significantly different between groups at p < 0.05.
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These results demonstrate that bioprocessed BRB-F retains strong inhibitory activity
against mast cell degranulation, a central effector event in allergic inflammation. The lack
of significant ratio-dependent differences among combined treatments suggests that mast
cell stabilization is primarily attributable to the dominant activity of BRB-F within the
formulation. Together with the suppression of IgE production observed in B cells, these
findings indicate that the formulation modulates both upstream antibody production and
downstream effector cell activation within the allergic response cascade.

2.3. Evaluation of BRB-F and BFR-F Inhibitory Effects on TSLP Production in HMC-1.2 Cells

The inhibitory effects of bioprocessed black rice bran (BRB-F) and bioprocessed balloon
flower root (BFR-F) on thymic stromal lymphopoietin (TSLP) production were examined
using the human mast cell line HMC-1.2. Both individual and combined treatments were
assessed to determine their relative efficacy. Stimulation with PMA and A23187 elevated
TSLP production by 2.3-fold compared with baseline. Treatment with the raw materials
BRB and BFR reduced TSLP levels by 34.5% and 18.9%, respectively. In contrast, treatment
with the bioprocessed forms resulted in greater suppression, with BRB-F reducing TSLP
production by 51.9% and BFR-F by 31.3% (Table 3). Combination treatments of BRB-F
and BFR-F showed that increasing the proportion of BRB-F produced slightly stronger
TSLP inhibition, although the degree of suppression was comparable among the tested
mixing ratios.

Table 3. Inhibitory effect of TSLP production in HMC-1 cells by combined ratios of BRB-F and BFR-F.

Treatment TSLP Production (pg/mL)
Vehicle 363+£24°¢
Positive control 8294+ 59a
(50 uM PMA + 1 pg/mL Calcium ionophore A23187) ) '
~  100pg/mLBRB ~ 668+£43°¢
100 pg/mL BFR 741 4+3.7P
100 pg/mL BRB-F 58.7 +3.6 4
100 pg/mL BFR-F 683 +£29¢
75 pg/mL BRB-F + 25 ug/mL BFR-F (3:1) 59.6 +£ 4.2
50 pg/mL BRB-F + 50 ug/mL BFR-F (1:1) 62.9 + 5.6 <
25 ug/mL BRB-F + 75 pug/mL BFR-F (1:3) 662 +5.1°¢

Data are shown as the mean =+ SD of three independent experiments. Values in each column with the same letter
are not significantly different between groups at p < 0.05.

TSLP is a key epithelial-derived alarmin that bridges innate and adaptive type 2
immune responses by promoting Th2 polarization and IgE-associated inflammation [1].
The stronger inhibitory activity of BRB-F compared with the raw material further supports
the role of bioprocessing in enhancing functional accessibility of immunoregulatory compo-
nents. Collectively, the suppression of TSLP production, together with the inhibition of IgE
secretion and mast cell degranulation, indicates coordinated modulation of early allergic
signaling pathways relevant to AD pathophysiology.

2.4. Inhibitory Effects of BRB-F and BFR-F on Cytokine and Chemokine Expression in HaCaT
Keratinocyte Cells

The inhibitory effects of bioprocessed black rice bran (BRB-F) and bioprocessed balloon
flower root (BFR-F) on cytokine and chemokine production were evaluated in human
HaCaT keratinocyte cells. Both individual and combined treatments were examined to
determine their relative efficacy. Stimulation with TNF-oc and IFN-y elevated the expression
of TARC, MDC, and IL-6 by 29-fold, 89-fold, and 17-fold, respectively. Treatment with
the raw materials BRB and BEFR significantly suppressed these induced levels, with BRB
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showing greater inhibitory activity than BFR by 1.7-fold for TARC, 2.2-fold for MDC, and
1.5-fold for IL-6. Among the bioprocessed materials, BFR-F exhibited higher inhibitory
potency than BRB-F, producing 1.5-fold, 1.2-fold, and 0.8-fold stronger suppression of
TARC, MDC, and IL-6, respectively. Combination treatments of BRB-F and BFR-F resulted
in inhibition levels comparable to those of the bioprocessed extracts alone (Table 4).

Table 4. Inhibitory effect of TARC, MDC, and IL-6 production in HaCaT cells by combined ratios of
BRB-F and BFER-E.

Cytokine and Chemokine Production (pg/mL)

Treatment
TARC MDC IL-6
Vehicle 12.0 £ 3.71 335 +14.3h 6.6+138
Positive control a a a
_(0ng/mLTNF-a/IFN-y) 275687 - B0SE 2097 AB7E277
100 pg/mL BRB 2180+ 165¢  1703.8 +134.7¢ 66.1 £39°¢
100 pg/mL BFR 268.14+13.6°  2421.1 +150.7P 81.4+26°
100 pg/mL BRB-F 130.2 + 6.4 4 9422 + 64.54 525+ 3.4 ¢
100 pg/mL BFR-F 30.1 £ 69N 600.1 + 59.6 & 614 +244d

75 pug/mL BRB-F +
25 ug/mL BFR-F (3:1)
50 pg/mL BRB-F +
50 pg/mL BFR-F (1:1)
25 ug/mL BRB-F +
75 ug/mL BFR-F (1:3)
Data are shown as the mean + SD of three independent experiments. Values in each column with the same letter
are not significantly different between groups at p < 0.05.

974 +185¢ 892.4 + 80.4 de 502+ 1.0f
55.5+2.7f 791.7 +319¢ 519+ 12f

448 +4.18 7173 +£51.2f 55.0 +2.2¢

Keratinocyte-derived chemokines such as TARC and MDC are critical mediators of
Th2 cell recruitment and amplification of cutaneous type 2 inflammation [1]. The marked
suppression of these mediators by the bioprocessed extracts indicates effective modulation
of epithelial inflammatory signaling, a central component of AD pathophysiology. When
considered together with the inhibition of IgE production, mast cell degranulation, and
TSLP release, these findings demonstrate coordinated regulation of multiple early immune
and epithelial pathways involved in allergic inflammation.

Based on these coordinated effects observed in cellular systems, we next examined
whether oral administration of the BRB-F:BFR-F formulation modulates immune responses
and disease severity in an in vivo model of AD.

2.5. Anti-Atopic Effects of BRB-F and BFR-F in a Mouse Model of Atopic Dermatitis

The therapeutic effects of bioprocessed black rice bran (BRB-F) and bioprocessed
balloon flower root (BFR-F), administered individually or in combination, were evalu-
ated in a mouse model of atopic dermatitis (AD) induced by repeated exposure to 2,4-
dinitrochlorobenzene (DNCB) and DFE (Dermatophagoides farinae extract). Disease severity
was assessed by measuring ear thickness, serum IgE levels, and the expression of thymic
stromal lymphopoietin (TSLP), interleukin-33 (IL-33), and interleukin-31 (IL-31) in ear
tissue. In AD-induced mice, ear thickness, serum IgE, TSLP, IL-33, and IL-31 levels were
markedly elevated compared with normal controls. Treatment with the bioprocessed mate-
rials resulted in significantly greater reductions in these markers than their corresponding
raw forms. Among the individual treatments, BRB and BRB-F consistently produced
stronger inhibitory effects than BFR and BFR-F. Combination treatments of BRB-F and BFR-
F further reduced these biomarkers, with inhibitory efficacy increasing as the proportion of
BRB-F increased in the mixture. The greatest therapeutic effect was observed for the 3:1
BRB-F:BFR-F ratio (30 mg/kg BRB-F and 10 mg/kg BFR-F), which reduced ear thickness to
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84.5% of the control level, serum IgE to 82.4%, TSLP expression to 85.9%, IL-33 to 92.9%,
and IL-31 to 73.7% (Figure 1).
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Figure 1. Effect of the combined ratio of BRB-F and BFR-F on DNCB- and DFE-induced atopic
dermatitis. Atopic dermatitis was induced by DNCB (1%, 20 uL) and DFE (Dermatophagoides farinae
extract) ointment (100 mg/mL) applied weekly to the right ear for 5 weeks; one week after the initial
challenge, test samples were administered orally for 4 weeks. (A) Ear thickness was assessed using a
micrometer. (B) Serum level of IgE was measured using ELISA. (C) TSLP, (D) IL-33, and (E) IL-31
in ear skin were measured by ELISA. Groups: vehicle (-), negative control not stimulated with
DNCB and DFE; vehicle (+), DNCB- and DFE-stimulated positive control; BRB, black rice bran water
extracts (40 mg/kg body weight); BER, Balloon flower root water extract (40 mg/kg body weight);
BRB-F, bioprocessed black rice bran extract (40 mg/kg body weight); BFR-F, bioprocessed balloon
flower root extract (40 mg/kg body weight); BRB-F:BFR-F (3:1), bioprocessed black rice bran extract
(30 mg/kg body weight) and bioprocessed balloon flower root extract (10 mg/kg body weight); BRB-
F:BER-F (1:1), bioprocessed black rice bran extract (20 mg/kg body weight) and bioprocessed balloon
flower root extract (20 mg/kg body weight); BRB-F:BFR-F (1:3), bioprocessed black rice bran extract
(10 mg/kg body weight) and bioprocessed balloon flower root extract (30 mg/kg body weight).
Results are presented as mean =+ SD (1 = 10). Bars sharing a common letter are not significantly
different between groups at p < 0.05.
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These in vivo findings extend the cellular observations by demonstrating that oral ad-
ministration of the BRB-F:BFR-F formulation attenuates both local cutaneous inflammation
and systemic IgE-associated responses. The suppression of epithelial alarmins (TSLP, IL-33,
IL-31) in ear tissue is consistent with reduced Th2 amplification within the skin microenvi-
ronment, while the reduction in serum IgE mirrors the inhibition of B-cell IgE production
observed in vitro. The enhanced efficacy observed with increasing proportions of BRB-F
suggests that this component plays a dominant role in regulating early inflammatory and
type 2 immune pathways in the AD model.

2.6. Modulation of Th2 and Th1 Cytokine Expression by BRB-F and BFR-F in Atopic Dermatitis

Th2 cells are known to predominate in lesioned tissues following the induction of
atopic dermatitis (AD) [27]. To evaluate immune modulation in this model, the mRNA
expression levels of Th2 cytokines (IL-4, IL-5, and IL-13) were measured in ear tissue. AD
induction resulted in strong upregulation of these cytokines, exceeding a 5-fold increase
compared with normal, untreated mice. Administration of the bioprocessed extracts, either
alone or in combination, produced greater suppression of Th2 cytokine expression than the
corresponding raw materials. The most pronounced inhibitory effect was observed with
the 3:1 BRB-F:BFR-F combination, which reduced IL-4 mRNA to 48.8%, IL-5 to 49.1%, and
IL-13 to 49.7% of the AD-induced control (Table 5). To further examine T-cell-mediated
immune responses, expression levels of the Thl cytokines IL-2, IL-12, and IFN-y were
measured in spleen tissue. AD induction markedly decreased Thl cytokine expression.
Treatment with the bioprocessed materials, particularly the 3:1 BRB-F:BFR-F combination,
substantially restored Th1 cytokine levels, with recovery most notable for IL-2 (68.4% of
normal), followed by IL-12 (48.3% of normal) and IFN-y (76% of normal).

Table 5. Regulatory effect of Th1 and Th2 cytokines in atopic dermatitis-induced mice by combined
ratios of BRB-F and BFR-F.

Cytokine Production

Treatment Th2 Cytokine mRNA in Ear (Fold-Increase) Th1 Cytokine mRNA in Spleen (Fold-Increase)
IL-4 IL-5 IL-13 IL-2 IL-12 IFN-y
Vehicle 1+0.07f 14006 f 1+0.038 1+£0.062 14+£0.072 1+£0.092
__ Positivecontrol 54140467 _ 5934£041° 5694043 0750059 0620047 0710059
40 mg/kg BRB 503+037P 51340257  516+043P 07740079 065+0059 071 +0.069
40 mg/kg BFR 5.24 4+ 0.32b 525+029b  538+0392> 07440039 0.63 +0.02 4 0.72 +0.04 ¢
40 mg/kg BRB-F 3984031 40940299  421+033°9  0854004P°  0824+006P 077 4+0.03°¢
40 mg/kg BFR-F 427 +028°¢ 4554 0.28°¢ 449 £0.36 ¢ 0.81 +£0.05°¢ 0.8+£0.07 076 +0.06 ¢
40 né%ﬁflg: g{l‘?'F T 326+025° 351+022°  336+016f  094+007%®  088+008°  085+006°
40 Ir];gFQfl% 31311?'1: T 35540179 37240419  37+024% 0894008  086+005° 0824007
40 Hé%ﬁfl% glg-}? T 37140209 38640359 39440289  086+005° 0834003k  0.8+005b

Data are shown as the mean + SD of three independent experiments. Values in each column with the same letter
are not significantly different between groups at p < 0.05.

These results demonstrate that oral administration of the BRB-F:BFR-F formulation not
only suppresses cutaneous Th2-skewed inflammation but also promotes partial restoration
of Thl-associated cytokine expression in systemic lymphoid tissue. Such bidirectional
modulation suggests rebalancing of the Th1/Th2 axis rather than simple inhibition of type
2 responses. When considered together with the attenuation of IgE production, mast cell
activation, and epithelial alarmin expression, these findings support coordinated regulation
of both local and systemic immune pathways in the AD model.
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2.7. Effects of BRB-F and BFR-F on IL-10 Cytokine Expression in Atopic Dermatitis

Previous studies have reported that IL-10 can be induced during Th2-dominant in-
flammatory responses associated with atopic dermatitis [28]. To evaluate this mechanism,
IL-10 mRNA and protein expression levels were measured in ear tissue. AD induction
resulted in an approximately threefold increase in both IL-10 mRNA and protein expression
compared with normal, untreated mice. Administration of the bioprocessed materials
produced greater inhibition of IL-10 expression than their raw counterparts. Among the
treatment groups, the combination of BRB-F and BFR-F at a 3:1 ratio yielded the strongest
effect, reducing IL-10 mRNA expression by 87.2% and protein expression by 70.9% relative
to the AD-induced group (Figure 2).
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Figure 2. Effects of the combined ratio of BRB-F and BFR-F on the IL-10 expression. The IL-10 in
ears was measured by RT-PCR intensity (A) and ELISA (B), shown for atopic dermatitis. Results
are presented as mean + SD (n = 10). Bars sharing a common letter are not significantly different
between groups at p < 0.05.

Although IL-10 is generally recognized as a regulatory cytokine, elevated IL-10 levels
have also been reported in Th2-dominant inflammatory environments, where its role may
reflect compensatory or dysregulated immune responses [28]. The reduction in IL-10 ex-
pression observed in the present study likely reflects normalization of exaggerated cytokine
signaling rather than suppression of protective regulatory pathways. When interpreted
alongside the restoration of Th1l-associated cytokines and the modulation of epithelial and
IgE-related responses, these findings suggest reorganization of the inflammatory milieu
toward a more balanced immune state rather than unidirectional immune suppression.
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2.8. Effects of BRB-F and BFR-F on Galectin-9 Expression and Treg Activation in Atopic Dermatitis

Galectin-9 plays a key role in immune regulation and has been reported to promote
Treg-associated responses and modulate Th1/Th2 immune balance [29]. To evaluate
whether BRB-F and BFR-F modulate this pathway, serum galectin-9 levels were measured
in mice treated with the extracts individually or in combination. Mice with induced atopic
dermatitis exhibited a substantial increase in serum galectin-9 levels (78.59 + 5.58 pg/mL),
approximately 3.3-fold higher than those in normal controls (23.67 £ 1.73 pg/mL). Admin-
istration of BRB-F and BFR-F further elevated serum galectin-9 levels, and no significant
differences were observed between single-agent and combination treatments (Figure 3).
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Figure 3. Effects of the combined ratio of BRB-F and BFR-F on the galectin-9 expression. Galectin-9 in
serum was measured by ELISA. Results are presented as mean + SD (n = 10). Bars sharing a common
letter are not significantly different between groups at p < 0.05.

Galectin-9 is recognized as an immunoregulatory molecule capable of promoting
Treg-associated responses and modulating Th1/Th2 balance [29]. The further elevation of
galectin-9 following administration of the bioprocessed extracts may reflect reinforcement of
regulatory signaling pathways within the inflammatory environment. Notably, this increase
occurred alongside suppression of Th2 cytokines and partial restoration of Thl-associated
responses, suggesting that enhanced galectin-9 expression contributes to coordinated
immune rebalancing rather than generalized immune activation. The comparable responses
observed between single-agent and combination treatments further indicate that regulatory
pathway engagement represents a shared property of the bioprocessed materials.

2.9. Evaluation of Dose-Dependent Effects of BRB-F and BFR-F Mixture on Atopic Dermatitis

To identify the optimal dosage for suppressing atopic dermatitis (AD), the biopro-
cessed black rice bran (BRB-F) and bioprocessed balloon flower root (BFR-F) mixture was
evaluated at the previously determined optimal ratio of 3:1 (30 mg/kg BRB-F and 10 mg/kg
BFR-F). Mice were administered daily oral doses of 10, 20, 40, and 80 mg/kg of the mixture
following AD induction with DFE and DNCB. Disease severity was evaluated by measuring
ear thickness, serum IgE levels, and the expression of TSLP, IL-33, and IL-31 in ear tissue.
All biomarkers were significantly elevated in AD-induced mice compared with normal
controls. Treatment with the BRB-F:BFR-F mixture produced dose-dependent suppression
of AD symptoms. The highest dose (80 mg/kg) reduced ear thickness by 75%, serum IgE
by 87.1%, TSLP by 82.9%, IL-33 by 95.4%, and IL-31 by 72.4% relative to the AD control
(Figure 4). When compared with a reference group receiving 60 mg/kg y-linolenic acid
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(GLA), the 20 mg/kg BRB-F:BFR-F treatment produced comparable or greater inhibition
across multiple biomarkers.
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Figure 4. Dose-dependent effects of BRB-F and BFR-F (3:1) on DNCB- and DFE-induced atopic
dermatitis. (A) Ear thickness was assessed using a micrometer. (B) Serum level of IgE was measured
using ELISA. (C) TSLP, (D) IL-33 and (E) IL-31 in ear skin were measured by ELISA. Groups: vehicle (-),
negative control not stimulated with DNCB and DFE; vehicle (+), DNCB- and DFE-stimulated positive
control; 10 mg/kg, 3 bioprocessed black rice bran extract + 1 bioprocessed balloon flower root extract
(10 mg/kg body weight); 20 mg/kg, 3 bioprocessed black rice bran extract + 1 bioprocessed balloon
flower root extract (20 mg/kg body weight); 40 mg/kg, 3 bioprocessed black rice bran extract + 1
bioprocessed balloon flower root extract (40 mg/kg body weight); 80 mg/kg, 3 bioprocessed black rice
bran extract + 1 bioprocessed balloon flower root extract (80 mg/kg body weight); GLA 60 mg/kg,
v-linolenic acid (GLA, 60 mg/kg body weight). Results are presented as mean =+ SD (n = 10). Bars
sharing a common letter are not significantly different between groups at p < 0.05.

The clear dose-dependent attenuation of both clinical and immunological markers
further supports the functional robustness of the BRB-F:BFR-F formulation in modulating
AD-associated inflammation. The parallel suppression of epithelial alarmins and systemic
IgE across increasing doses suggests consistent regulation of early allergic signaling path-
ways. Notably, the comparable or superior efficacy observed relative to y-linolenic acid
indicates that the multi-target immune modulation achieved by this formulation may
provide broader regulatory effects than single-pathway nutritional interventions.
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2.10. Regulation of Th1/Th2 Immune Response by BRB-F and BFR-F Mixture

To evaluate the effects of the BRB-F and BFR-F mixture on Th1/Th2 immune regulation
in atopic dermatitis (AD), mRNA expression levels of key cytokines were measured in
mice. Th2 cytokines (IL-4, IL-5, and IL-13) were analyzed in lesional ear tissue, while
Th1 cytokines (IL-2, IL-12, and IFN-y) were quantified in spleen tissue using RT-PCR.
AD induction resulted in a marked elevation of Th2 cytokine expression, with IL-4, IL-5,
and IL-13 increasing more than fivefold compared with normal mice. Treatment with the
BRB-F:BFR-F mixture produced dose-dependent suppression of Th2 cytokine expression,
with the strongest effect observed at the highest dose (80 mg/kg), reducing IL-4, IL-5,
and IL-13 by 45.3%, 39.2%, and 41.1%, respectively. AD induction also caused significant
reductions in the expression of Thl-associated cytokines in the spleen. Administration of
the BRB-F:BFR-F mixture resulted in dose-dependent restoration of Th1 cytokine levels,
with the highest dose (80 mg/kg) increasing IL-2 to 60.5% of normal, IL-12 to 55.2%, and
IFN-y to 56% (Table 6). The 20 mg/kg dose of the BRB-F:BFR-F mixture produced levels of
cytokine suppression and recovery comparable to those observed in the reference group
treated with 60 mg/kg y-linolenic acid (GLA).

Table 6. Dose-dependent effects of BRB-F and BFR-F (3:1) on Th1 and Th2 cytokines.

Cytokine Production
Treatment Th2 Cytokine mRNA in Ear (Fold-Increase) Th1 Cytokine mRNA in Spleen (Fold-Increase)
1L-4 IL-5 IL-13 IL-2 IL-12 IFN-y
Vehicle 1+0.064 1+0.079 140.064 1+0.032 1+0.062 140.052
Positive 559+0482  603+051* 57940522  0.624+0.02°¢ 071+£005¢ 0.7540.05°¢
10mg/kg  5.13+0.382" 54840532 5294+048P 06540059 073+£006¢  0.77 £0.03°¢
20 mg/kg 4834+041% 5124+050° 5054041 072+0049 076+0.07¢  0.80 £ 0.05b¢
40 mg/kg 377+£031¢  419+040¢  4.06+032°¢ 081+005> 0834006 0.86+0.06"
80 mg/kg 3514+028°¢ 406+035° 382+031¢ 085+006° 0874+007° 0.89+0.05P
GLA 493+036° 534+041% 516+049P 06940069 075+008° 078 £0.07°€

Data are shown as the mean + SD of three independent experiments. Values in each column with the same letter
are not significantly different between groups at p < 0.05.

The dose-dependent suppression of Th2 cytokines in lesional tissue, coupled with
restoration of Thl-associated cytokine expression in the spleen, further supports the capac-
ity of the BRB-F:BFR-F formulation to rebalance systemic immune responses in AD. Rather
than exerting unidirectional immunosuppression, the formulation appears to normalize
Th1/Th2 polarization in a graded manner across increasing doses. The comparable efficacy
observed at 20 mg/kg relative to y-linolenic acid highlights the potential of multi-target
immune modulation to achieve regulatory effects at moderate dosing levels.

2.11. Inhibitory Effects of BRB-F and BFR-F Mixture on IL-10 Expression in Atopic
Dermatitis-Induced Mice

Measurements of IL-10 mRNA and protein expression in ear tissue revealed significant
overexpression of IL-10 in mice with induced atopic dermatitis. Administration of the
BRB-F:BFR-F mixture produced dose-dependent suppression of IL-10 expression. The
highest dietary dose (80 mg/kg) resulted in the greatest inhibition, reducing IL-10 mRNA
by 90.9% and IL-10 protein by 85.2% relative to the AD-induced control (Figure 5). A
comparative analysis with y-linolenic acid (GLA) showed that the 20 mg/kg BRB-F:BFR-F
treatment produced stronger IL-10 inhibitory activity than 60 mg/kg GLA.
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Figure 5. Dose-dependent effects of BRB-F and BFR-F (3:1) on the IL-10 expression. The IL-10 in
ears was measured by RT-PCR intensity (A) and ELISA (B), shown for atopic dermatitis. Results

are presented as mean + SD (n = 10). Bars sharing a common letter are not significantly different
between groups at p < 0.05.

The graded reduction in IL-10 expression across increasing doses is consistent with nor-
malization of exaggerated cytokine signaling in the AD microenvironment. Although IL-10
is commonly regarded as an anti-inflammatory mediator, its elevated expression in Th2-
dominant inflammatory settings may reflect dysregulated immune feedback. The strong
dose-dependent modulation observed with the BRB-F:BFR-F mixture, together with restora-
tion of Thl-associated cytokines and enhanced galectin-9 expression, suggests coordinated
immune reorganization rather than indiscriminate suppression of regulatory pathways.

2.12. Dose-Dependent Effects of BRB-F and BFR-F Mixture on Galectin-9 Expression

To assess the regulatory effects of the BRB-F:BFR-F mixture on galectin-9 expres-
sion, serum galectin-9 levels were measured in mice with induced atopic dermatitis (AD).
ELISA analysis showed that AD induction resulted in a substantial elevation of serum
galectin-9 (61.2 £ 5.4 pg/mL), approximately 3.6-fold higher than that of normal control
mice (16.8 £ 2.2 pg/mL) (Figure 6). Administration of the BRB-F:BFR-F mixture produced
a dose-dependent increase in galectin-9 expression, yielding 1.4-, 1.5-, 1.8-, and 1.9-fold
increases in serum galectin-9 levels at incremental doses. When compared with y-linolenic
acid (GLA), the 10 mg/kg dose of the mixture exhibited comparable stimulatory activity to
60 mg/kg GLA, while higher doses surpassed the effect of GLA.

https://doi.org/10.3390/ijms27062691


https://doi.org/10.3390/ijms27062691

Int. J. Mol. Sci. 2026, 27, 2691

14 of 25

140

=5 a

(S

B 120 _T_ T

€ 100 b b 1 L b

& 1 T

7} T i

£ 80 T L

c Cc

() T

‘w604

2 1

g

g 404

o

2]

£ 20{ 9

°

(7]

w 0

© + ) J O

© © © NS N\
& & & & )
Vehicle N D & &

Figure 6. Dose-dependent effects of BRB-F and BFR-F (3:1) on the galectin-9 expression. Galectin-9 in
serum was measured by ELISA. Results are presented as mean + SD (1 = 10). Bars sharing a common
letter are not significantly different between groups at p < 0.05.

The progressive elevation of galectin-9 across increasing doses further supports activa-
tion of regulatory immune pathways by the BRB-F:BFR-F formulation. Although galectin-9
was elevated in AD-induced mice, the additional increase observed following treatment
may reflect reinforcement of regulatory signaling within an inflammatory milieu. Impor-
tantly, this dose-dependent augmentation occurred alongside suppression of Th2 cytokines
and partial restoration of Thl-associated responses, suggesting coordinated immune re-
balancing rather than isolated pathway activation. The superior response at higher doses
compared with y-linolenic acid further highlights the broad immunomodulatory capacity
of the formulation.

2.13. Histopathological Analysis of Ear Skin in Atopic Dermatitis Mice

Histological examination of normal mice showed a thin epidermis composed of one
to two cell layers, with minimal desquamation of the stratum corneum. In contrast, mice
with induced atopic dermatitis (AD) displayed marked epidermal thickening characterized
by multiple cell layers, increased numbers of blood vessels, sebaceous glands, hair folli-
cles, and muscle bundles. The granular layer contained abundant keratohyalin granules,
and the stratum corneum appeared uneven with extensive desquamation throughout the
tissue [30,31]. Dietary administration of the BRB-F:BFR-F mixture at doses of 10, 20, 40,
and 80 mg/kg produced dose-dependent improvements in these pathological alterations.
Treatment resulted in progressive thinning of the epidermis relative to AD-induced mice,
along with reduced granular layer thickness. The stratum corneum became more con-
tinuous and uniform, with minor areas of partial desquamation remaining. The most
substantial alleviation of epidermal hyperplasia, inflammatory cell infiltration, and stra-
tum corneum exfoliation occurred at the highest dose (80 mg/kg) (Figure 7). The group
receiving 60 mg/kg y-linolenic acid (GLA) exhibited ear tissue morphology comparable to
that of the group treated with 20 mg/kg of the BRB-F:BFR-F mixture.

Collectively, the histopathological improvements observed in treated mice corroborate
the biochemical and immunological findings, demonstrating that oral administration of
the BRB-F:BFR-F formulation leads to coordinated attenuation of epidermal hyperplasia,
inflammatory infiltration, and structural disruption of the skin barrier. These tissue-level
changes are consistent with modulation of early allergic signaling, Th1/Th2 rebalanc-
ing, and regulatory pathway engagement, reinforcing the concept of multi-axis immune
regulation in the AD model.
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Figure 7. Histopathological analysis of ear skin in mice with atopic dermatitis using H&E staining.
Ear tissues from AD BALB/c mice were fixed with 10% (v/v) paraformaldehyde. The fixed tissues
were sectioned to 4 um, followed by staining with hematoxylin and eosin (H&E) and light microscopy
(magnification, x40). Representative H&E-stained images of ear skin lesions from each group at
week 5 are shown. The black line indicates ear thickness and epidermal thickness (hyperplasia). The
red arrow indicates hyperkeratosis. The black arrows indicate exfoliating keratinocytes.

3. Discussion

The present study demonstrates that bioprocessing substantially enhances the anti-
atopic activities of both black rice bran and balloon flower root. Although the raw materials
exhibited inherent but limited suppression of IgE synthesis, fermentation markedly am-
plified their bioactivity, consistent with previous reports that bioconversion improves the
physiological functions and bioavailability of BRB-derived polysaccharides [16,17]. The
similar degrees of inhibition produced by different BRB-F:BFR-F mixing ratios suggest that
enhanced activity primarily reflects intrinsic properties of each extract rather than synergis-
tic interactions, although the potential for synergy under alternative dosing conditions can-
not be excluded. These observations further support the concept that fermentation-driven
structural modification enhances the accessibility and functional potency of plant-derived
immunoregulatory components.
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Both raw and bioprocessed extracts were also capable of suppressing mast cell de-
granulation. The greater inhibition achieved with BRB and BRB-F compared with BFR and
BFR-F indicates that mast cell-modulating constituents are more abundant or potent in
black rice bran, which is consistent with previous observations that BRB-derived bioactives
modulate mast cell-associated inflammatory signaling [15,17]. These results suggest that
anti-degranulation activity relies largely on functional components already present in the
raw materials rather than bioactive factors newly generated by fermentation.

In keratinocytes, bioprocessing enhanced suppression of pro-inflammatory cytokines
and chemokines, mirroring the trends observed in IgE synthesis and mast cell activation.
The stronger anti-inflammatory effect of BER-F relative to BRB-F indicates that balloon
flower root contains constituents that more strongly target keratinocyte-mediated inflam-
mation, consistent with the known pharmacological activities of platycodin-containing
extracts [32]. The lack of synergistic or additive effects across BRB-F:BFR-F mixing ra-
tios suggests that the two materials act through complementary but largely independent
biochemical pathways in this context.

In vivo, bioprocessing significantly enhanced the ability of both materials to attenuate
AD pathology. Notably, efficacy increased progressively with the proportion of BRB-F in the
formulation, supporting the interpretation that BRB-derived constituents make dominant
contributions to moderating AD-associated immune dysregulation. This interpretation
aligns with earlier reports demonstrating protective effects of BRB-derived bioactive com-
pounds against allergic and inflammatory disorders [15,17]. The concomitant reductions in
IgE, TSLP, IL-33 and IL-31 suggest action across multiple inflammatory axes rather than
suppression of a single inflammatory pathway [33].

The BRB-F:BFR-F formulation modulated adaptive immunity in a bidirectional man-
ner by attenuating Th2-dominant inflammation in lesional skin while restoring systemic
Th1 cytokine expression. A similar pattern—where normalization of Th1 responses accom-
panies suppression of Th2 hyperactivation—has been reported in experimental models of
AD treated with immunomodulatory natural products, supporting the concept of coordi-
nated immune rebalancing rather than isolated pathway inhibition. These results indicate
that the formulation restores immune balance rather than solely inhibiting inflammatory
drivers [34].

Importantly, although IL-10 is generally considered an anti-inflammatory cytokine,
elevated IL-10 levels have also been reported in patients with atopic dermatitis and other
chronic allergic inflammatory conditions [4]. Such increases are thought to reflect a compen-
satory regulatory response to persistent immune activation rather than effective resolution
of inflammation.

Bioprocessing also enhanced the ability of both extracts to inhibit IL-10 overexpression
in vivo. Since dysregulated IL-10 secretion in Th2-dominant inflammatory environments
has been associated with impaired Thl-mediated responses in AD [28], modulation of
IL-10 expression may contribute to restoration of immune balance in this model. Likewise,
induction of circulating galectin-9—an immunoregulatory factor associated with Treg acti-
vation and attenuation of Th2-dominant inflammation [29]—may represent an additional
component of the therapeutic mechanism. Together, these findings suggest that BRB-F and
BFR-F act through coordinated regulation of B-cell-, mast cell-, keratinocyte-, Th2-, Th1-
and Treg-associated pathways, contributing both to immune rebalancing and improved
tissue-level pathology.

Importantly, substantial therapeutic activity was observed even at relatively low doses.
The 20 mg/kg treatment produced comparable or superior inhibitory activity relative to
60 mg/kg y-linolenic acid, in agreement with previous findings showing that functional
food-derived bioactive ingredients can serve as effective adjuncts in the management of
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AD [15,35-37]. Although the highest dose (80 mg/kg) yielded the strongest effects, the
robust response at intermediate doses suggests that clinically meaningful benefits may be
achievable without maximal exposure.

Collectively, the present findings support a model in which the BRB-F:BFR-F formula-
tion exerts distributed regulation across multiple immune compartments, including early
allergic effector mechanisms, epithelial inflammatory signaling, adaptive Th1/Th2 polariza-
tion, and regulatory immune pathways. Rather than functioning as a single-target inhibitor,
the formulation appears to promote coordinated immune reorganization, consistent with
the complex, multi-factorial pathogenesis of AD [38]. This systems-level regulatory profile
may be particularly relevant in chronic inflammatory diseases characterized by immune
heterogeneity and compartmental cross-talk.

This study has several limitations. First, all experiments were conducted using murine
and in vitro experimental models, and therefore the observed effects are confined to pre-
clinical systems. Second, although the present work demonstrates enhanced biological
activity following bioprocessing, the specific bioactive molecules and fermentation-driven
chemical transformations responsible for the observed immunomodulatory effects remain
incompletely characterized. The chemical characteristics of BRB-F used in this study have
been partially described in our previous work [17], in which y-oryzanol was identified
and quantified by HPLC analysis (4.11 mg/g) and the carbohydrate composition of the
polysaccharide fraction was also examined. These previously reported compositional
analyses support the reproducibility and chemical basis of the bioprocessed material used
in the present study. However, comparable detailed characterization of BFR-F and direct
compositional comparison of both bioprocessed materials within the present formulation
have not yet been completed. In addition, because the extracts were administered through
dietary supplementation under ad libitum feeding conditions, individual variation in food
intake may have influenced the exact amount of extract consumed by each animal. Ongo-
ing studies are focused on identifying the major immunologically active constituents of
BFR-F and elucidating how bioprocessing alters the chemical profiles of both BRB-F and
BFR-F. Such efforts will be essential for mechanistic understanding and for optimizing the
formulation of this binary functional material. Because multiple intracellular signaling
pathways may contribute to the observed immunomodulatory effects, future studies will
investigate key signaling cascades, including NF-«B, MAPK, and JAK-STAT pathways, to
further clarify the molecular mechanisms underlying the activity of this formulation.

4. Materials and Methods
4.1. Materials

An ointment containing DFE (Biostir, Hyogo, Japan) and DNCB (Sigma Chemical
Co., St. Louis, MO, USA) was used as the antigen and hapten, respectively, for inducing
AD-like skin lesions. Unless otherwise specified, all other reagents were obtained from
Sigma (St. Louis, MO, USA). DNCB was dissolved in a solution of olive oil and acetone at a
ratio of 3:1. The ELISA kit was purchased from R&D Systems (Minneapolis, MN, USA).

4.2. Preparation of Bioprocessed Black Rice Bran and Bioprocessed Balloon Flower Root

Black rice bran was obtained from JARM Agricultural Corporation (Jindo, Republic
of Korea), and balloon flower root (Platycodon grandiflorum) was obtained from Chungbuk
Yakcho Agricultural Cooperative (Jecheon Herb, Jecheon, Republic of Korea). The materials
were commercially cultivated products and were not collected from the wild. Plant mate-
rials were obtained from certified commercial suppliers and identified based on supplier
documentation and standard botanical references.

https://doi.org/10.3390/ijms27062691


https://doi.org/10.3390/ijms27062691

Int. J. Mol. Sci. 2026, 27, 2691

18 of 25

Bioprocessed (fermented) black rice bran (BRB-F) and bioprocessed (fermented) bal-
loon flower root (BFR-F) were prepared according to previously reported methods [18].
Lentinus edodes mycelia were selected as the fermentation microorganism because fungal
fermentation has been reported to enhance the release of bioactive compounds from plant
matrices and improve the biological activity of plant-derived materials. Amylase was
included to facilitate degradation of complex carbohydrate components and improve the
accessibility of bioactive constituents during the bioprocessing process. Lentinus edodes
mycelia grown on potato dextrose agar (PDA) were inoculated into 50 mL of liquid medium
and incubated in 250 mL Erlenmeyer flasks at 28 °C for 5 days on a rotary shaker (120 rpm).
The resulting pre-cultured mycelia were then used to inoculate the main liquid culture,
which contained either black rice bran (100 g/L) or balloon flower root (100 g/L).

For enzymatic pretreatment, the culture was treated with amylase at 60 °C for 60 min.
Fermentation proceeded in a 5 L fermenter (working volume 3 L) at 28 °C and 150 rpm
with a 10% inoculum. After 3 days, the culture mass was subjected to additional enzy-
matic treatment using amylase and a mixed enzyme preparation to degrade particulate
carbohydrate-rich material.

The culture was adjusted to pH 6.0 with HCI and subsequently sterilized in an au-
toclave. The main culture process was initiated by adding a cell-wall-degrading enzyme
mixture containing cellulase, hemicellulase, pectinase, glucanase, mannose, and arabinase
at 50 °C for 60 min. Following enzymatic treatment, the cultures were extracted with hot
water at 90 °C for 1 h and then lyophilized to obtain the final solid bioprocessed materials.

4.3. U266.B1 Cell Culture and Measurement of IgE Production

These in vitro assays were selected to evaluate complementary mechanisms involved
in allergic inflammation, including IgE production by B cells, mast cell degranulation,
epithelial cytokine signaling, and keratinocyte-derived inflammatory mediators. In all
in vitro experiments, untreated cells served as negative controls, while appropriate stim-
ulation controls were used depending on the specific assay conditions. Measurement
of IgE production using a B cell line was performed according to previously described
methods [17]. The U266.B1 human multiple myeloma B lymphocyte cell line was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). These cells were
cultured in a modified RPMI1640 medium, supplemented with 10 mM HEPES, 2 mM
L-glutamine, 1 mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, and
15% heat-inactivated fetal bovine serum (FBS). Penicillin (100 U/mL) and streptomycin
(100 mg/mL) were also included in the medium to prevent bacterial contamination. The
cells were maintained at 37 °C in a humidified atmosphere containing 5% CO,. The culture
medium was replaced every three days, ensuring optimal conditions until the cells reached
maximal density. To evaluate changes in IgE production, U266.B1 cells were seeded in
96-well plates at a density of 1 x 10° cells per well in a total volume of 200 pL and incubated
for 24 h. The cells were then stimulated with 10 pg/mL lipopolysaccharide (LPS), 5 ng/mL
human IL-4, and the respective samples for an additional 72 h. After incubation, the super-
natant was collected and transferred to centrifuge tubes. The samples were centrifuged at
12,000 rpm for 10 min to separate the culture supernatants. IgE levels in the supernatants
were quantified using an ELISA kit (Cat. No. BMS2097, Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s protocol. The detection range of the assay was 7.8-500 ng/mL
according to the manufacturer’s specifications. The absorbance of the reaction mixture was
measured at 450 nm using a microplate reader (VersaMax, Molecular Devices Corp., San
Jose, CA, USA).
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4.4. RBL-2H3 Cell Culture and Measurement of B-Hexosaminidase Release

Measurement of 3-hexosaminidase release using a mast cell line was performed
according to previously described methods [17]. The RBL-2H3 rat basophilic leukemia
mast cell line, obtained from ATCC, was cultured in a modified Dulbecco’s Modified
Eagle Medium (DMEM). The medium was supplemented with 10 mM HEPES, 2 mM L-
glutamine, 1 mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, and 10%
heat-inactivated fetal bovine serum (FBS). To prevent bacterial contamination, penicillin
(100 U/mL) and streptomycin (100 mg/mL) were added. The cells were maintained at 37 °C
in a humidified incubator containing 5% CO,. The culture medium was replaced every 2 to
3 days, allowing the cells to proliferate until maximal density was achieved. To assess [3-
hexosaminidase activity, RBL-2H3 cells were seeded in 96-well plates at a density of 1 x 10°
cells per well in a total volume of 200 puL and incubated for 24 h. Each well received 200 puL
of Tyrode buffer (137 mM NaCl, 2.7 mM KCl, 1.8 mM CaCly, 1.1 mM MgCl,, 11.9 mM
NaHCO3, 0.4 mM NaH,POy, and 5.6 mM glucose, pH 7.2), along with the test samples, and
was incubated for 15 min. After incubation, the extracts were removed by washing with
Tyrode buffer. To stimulate the cells, calcium ionophore A23187 (10 uM) dissolved in Tyrode
buffer was added for 20 min. Following stimulation, 50 uL of the supernatant containing
released 3-hexosaminidase was collected from each well. The collected supernatant was
mixed with an equal volume of p-nitrophenyl-N-acetyl-3-glucosaminide solution (1 mM,
pH 5.2) and incubated for 1 h at room temperature. The reaction was stopped by adding
sodium carbonate buffer (67 mM, pH 10.2). The absorbance of the final mixture was
measured at 405 nm using a microplate reader (VersaMax, Molecular Devices Corp., CA,
USA), providing quantitative data on 3-hexosaminidase release.

4.5. HMC-1.2 Cell Culture and Measurement of TSLP Production

Measurement of TSLP production was performed according to the method of Moon
and Kim [39] with slight modifications. The HMC-1.2 human mast cell line, obtained from
ATCC, was cultured using a modified Iscove’s Modified Dulbecco’s Medium (IMDM).
The culture medium was supplemented with 10 mM HEPES, 2 mM L-glutamine, 1 mM
sodium pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, and 10% heat-inactivated
fetal bovine serum (FBS). To prevent bacterial contamination, penicillin (100 U/mL) and
streptomycin (100 mg/mL) were also included in the medium. The cells were maintained
at 37 °C in a humidified atmosphere containing 5% CO;. The culture medium was replaced
every 2 to 3 days to support cell proliferation until maximal density was reached. To assess
changes in thymic stromal lymphopoietin (TSLP) production, HMC-1.2 cells were plated
in 96-well plates at a density of 5 x 10° cells per well in a total volume of 200 pL and
incubated for 24 h. The samples to be tested were then added to each well, followed by
a 2 h incubation period. Afterward, HMC-1.2 cells were stimulated with 50 uM phorbol
12-myristate 13-acetate (PMA) and 1 ug/mL calcium ionophore A23187 for 7 h to induce
TSLP production. Following stimulation, the supernatant from each well was collected
and transferred into centrifuge tubes. The samples were centrifuged at 12,000 rpm for
10 min to separate the culture supernatants. The TSLP levels in the supernatants were
then measured using a specific ELISA kit (Cat. No. EHTSLP, Invitrogen) according to
the manufacturer’s instructions. The detection range of the assay was 3.28-800 pg/mL
according to the manufacturer’s specifications. The absorbance of the final reaction mixture
was read at 450 nm using a microplate reader (VersaMax, Molecular Devices Corp., CA,
USA), providing quantitative data on TSLP production.
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4.6. HaCaT Cell Culture and Measurement of TARC, MDC, and IL-6 Production

Measurement of TARC, MDC, and IL-6 production using a keratinocyte cell line was
performed according to the method of Park et al. [40] with slight modification. The HaCaT
human keratinocyte cell line, obtained from the American Type Culture Collection (ATCC),
was cultured using a modified Dulbecco’s Modified Eagle Medium (DMEM). The growth
medium was supplemented with 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyru-
vate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, and 10% heat-inactivated fetal bovine
serum (FBS). To prevent bacterial contamination, penicillin (100 U/mL) and streptomycin
(100 mg/mL) were also added to the medium. The HaCaT cells were maintained at 37 °C
in a humidified incubator containing 5% CO,. The culture medium was replaced every
two to three days, supporting cell proliferation until maximal density was reached. For the
assessment of chemokine and cytokine production, HaCaT cells were seeded into 48-well
plates at a density of 4 x 10° cells per well in a total volume of 400 pL and incubated for 24 h.
After the initial incubation, the cells were further cultured for 24 h in serum-free DMEM.
Test samples were then added to each well, and the cells were incubated for an additional
24 h. Following this treatment, HaCaT cells were stimulated with 10 ng/mL of TNF-o
and IFN-y for 24 h to induce the production of the target proteins. After stimulation, the
culture supernatants were collected and transferred to centrifuge tubes. The samples were
centrifuged at 12,000 rpm for 10 min to separate the supernatants. The concentrations of thy-
mus and activation-regulated chemokine (TARC), macrophage-derived chemokine (MDC),
and interleukin-6 (IL-6) in the supernatants were measured using specific ELISA kits (Cat.
No. SDN00, DMDO00, D6050; R&D Systems) according to the manufacturer’s protocols.
The detection ranges of the assays were 31.2-2000 pg/mL for TARC, 125-4000 pg/mL for
MDC, and 3.12-300 pg/mL for IL-6 according to the manufacturers’ specifications. The
absorbance of the final reaction mixtures was determined at 450 nm using a microplate
reader (VersaMax, Molecular Devices Corp., CA, USA), providing quantitative data for
TARC, MDC, and IL-6 production.

4.7. Mice

Pathogen-free female BALB/c mice (6 weeks old, 18-20 g) were obtained from Koatech
(Pyeongtaek, Republic of Korea). Upon arrival, the mice were housed in stainless-steel
cages and maintained under a controlled environment featuring a 12 h light/dark cycle.
The room temperature was kept at 23 °C with a margin of £3 °C, and the relative humidity
was regulated to 50 & 10%. For the purpose of acclimation, the mice were provided with
unrestricted access to pelletized standard commercial chow diet (Cat. No. 5L79, Orient Bio
Inc., Seongnam, Republic of Korea) and tap water for one week. No injectable anesthetic
agents were used in this study. All animals were euthanized by carbon dioxide (CO,) inhala-
tion in accordance with institutional animal care and use guidelines. All animal procedures
were approved by the Institutional Animal Care and Use Committee of the Chuncheon
Bioindustry Foundation (CBF IACUC no. 2025-054; approval date: 16 September 2025) and
were conducted in accordance with relevant guidelines and regulations.

4.8. DFE- and DNCB-Induced Allergic Dermatitis (AD) in Ear Skin

Allergic dermatitis-like lesions were induced in the ear skin of female BALB/c mice,
following a modified protocol based on Choi et al. [15] and Hwang et al. [24]. The ex-
tract doses used in the present study were selected based on preliminary experiments
and previously reported studies evaluating the biological activity of bioprocessed black
rice bran and related plant-derived materials in murine models. The selected dose range
allowed evaluation of both efficacy and dose-dependent responses without causing ad-
verse effects in animals. Female mice were used to maintain consistency with previously

https:/ /doi.org/10.3390/ijms27062691


https://doi.org/10.3390/ijms27062691

Int. J. Mol. Sci. 2026, 27, 2691

21 of 25

Day 1

reported murine models of atopic dermatitis and to reduce variability associated with
sex-dependent immunological responses. The experimental procedure is illustrated in
Figure 8. Two in vivo experiments were conducted in this study: (1) evaluation of the
effects of individual extracts and their mixtures at different ratios, and (2) evaluation of
the dose-dependent effects of the selected BRB-F:BFR-F formulation. The mice were ran-
domly assigned to nine distinct groups (1 = 10 per group): vehicle control; positive control
(DFE/DNCB plus vehicle); DFE/DNCB plus black rice bran (BRB, 40 mg/kg); DFE/DNCB
plus balloon flower root (BFR, 40 mg/kg); DFE/DNCB plus bioprocessed black rice bran
(BRB-F, 40 mg/kg); DFE/DNCB plus bioprocessed balloon flower root (BFR-F, 40 mg/kg);
and DFE/DNCB plus bioprocessed product mixtures in ratios of 3 BRB-F:1 BFR-F, 1 BRB-F:1
BER-F, and 1 BRB-F:3 BFR-F (all at 40 mg/kg). To initiate the dermatitis model, each mouse
received a topical application of 20 puL of 1% DNCB dissolved in an olive oil/acetone
solution (3:1 ratio) to both the front and back of right ear. This was followed three days later
by an application of DFE ointment (100 mg/mL). The combined DFE/DNCB exposure was
repeated once weekly for five consecutive weeks. Successful induction of atopic dermatitis
was confirmed by the appearance of characteristic clinical signs, including erythema and
ear swelling, together with elevated serum IgE levels and histopathological changes such
as epidermal thickening and inflammatory cell infiltration. One week after the initial
challenge with DNCB and DFE, the mice began receiving the respective test samples admin-
istered orally by mixing the extracts with the diet for a total duration of four weeks, rather
than by forced oral gavage. Daily food intake of the mice was monitored throughout the
experimental period, and the average consumption was approximately 3 g per day. Based
on this measured intake and the body weight of the animals, the experimental diets were
formulated to provide the intended dose levels (mg/kg body weight). Food and water
were supplied ad libitum during the study. At the end of the study period, all mice were
sacrificed by CO; inhalation, 24 h after the final treatment (day 33), to evaluate the atopic
dermatitis-suppressive effects of bioprocessed black rice bran and bioprocessed balloon
flower root. Following blood collection, the ears and spleen of each mouse were excised for
subsequent histological analysis and ELISA assessment.

Test samples dietary administration (8 ~ 33 days)

1 1 1 1 T t

1% DNCB 20 pL Sacrifice

t t t 1 1

100 mg/mL DFE

Figure 8. Induction of atopic dermatitis. Schematic diagram of the atopic dermatitis induction
protocol. A total of 20 pL of 1% DNCB in olive oil/acetone (3:1) was applied to the front/back of
the right ear (10 puL to each side) on Day 1, and 3 days later 100 mg/mL of DFE was applied to the
same ear, with these treatments repeated weekly for five total treatments. One week after the initial
challenge, test samples were administered orally for four weeks. Mice were sacrificed on Day 33, 24 h
after the final treatment.

4.9. Measurement of Ear Thickness and Cytokines from Ear Tissue

After the mice were sacrificed, ear thickness was determined using a dial thickness
gauge (Mitutoyo Corporation, Kanagawa, Japan) to quantitatively assess swelling. Ear
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tissues were homogenized in a phosphate buffer (pH 7) containing 0.4 M NaCl, 0.05%
Tween-20, 0.5% bovine serum albumin (BSA), 0.1 mM phenylmethylsulfonyl fluoride
(PMSEF), and 10 mM ethylenediaminetetraacetic acid (EDTA). The resulting homogenates
were then subjected to microcentrifugation at 14,000 x g for 15 min at 4 °C to recover the
supernatant, which contains the soluble cytokines. The concentrations of TSLP, IL-33,
IL-31, and IL-10 in the ear tissue supernatants were subsequently measured using ELISA
kits (R&D Systems, Minneapolis, MN, USA, and Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturers’ instructions. The detection ranges of the assays
were 7.8-500 pg/mL for TSLP, 15.6-1000 pg/mL for IL-33, 15.6-1000 pg/mL for IL-31, and
15.6-1000 pg/mL for IL-10 according to the manufacturers’ specifications.

4.10. ELISA Measurement of Cytokine Levels in Serum

Blood samples were obtained from the sacrificed mice via cardiac puncture. Following
collection, the samples were placed upright and allowed to rest for 30 min at 4 °C to facilitate
clot formation of the red blood cells. Subsequently, the blood samples were centrifuged at
2000x g for 30 min at 4 °C using a Micro 17R centrifuge (Hanil Science, Incheon, Republic
of Korea). The resulting supernatants were carefully collected and stored at —70 °C until
further analysis. To quantify the levels of serum IgE and galectin-9, ELISA kits (R&D
Systems, Minneapolis, MN, USA) were used according to the manufacturer’s instructions.
The detection ranges of the assays were 6.25-400 ng/mL for IgE and 7.813-500 pg/mL for
galectin-9 according to the manufacturers’ specifications.

4.11. RNA Isolation

Total RNA was extracted from biopsy specimens or mononuclear cells utilizing the
protocol established by Chomczynski and Sacchi [41], with minor modifications tailored
for this study. To achieve efficient cell lysis from tissue samples, forty consecutive cryostat
sections, each 5 uM thick, were immersed in a buffer containing 4 M guanidinium isothio-
cyanate. Following the RNA extraction process, the isolated samples underwent treatment
with DNase 1 (Promega Corp., Madison, WI, USA) for 30 min at 37 °C to eliminate any
residual DNA. RNA purity and concentration were assessed by measuring the absorbance
at 260 and 280 nm using a spectrophotometer, and samples with an A260/A280 ratio
between 1.8 and 2.0 were considered acceptable for subsequent analysis. Throughout all
enzymatic procedures involving RNA, an RNase inhibitor (Boehringer Mannheim Corp.,
Indianapolis, IN, USA) was consistently included to protect the integrity of the RNA.

4.12. Real-Time Polymerase Chain Reaction (qRT-PCR)

Quantitative real-time PCR (qRT-PCR) was performed using a Thermal Cycler Dice
TP850 (Takarabio Inc., Shiga, Japan) in accordance with the manufacturer’s protocol. The
reaction setup involved combining 2 puL of cDNA (containing 100 ng), 1 uL of a primer
solution (sense and antisense, 0.4 uM each), 12.5 uL of SYBR Premix Ex Taq (Takarabio
Inc.), and 9.5 uL of distilled water (dHO), resulting in a total reaction volume of 25 uL
per tube. The amplification protocol consisted of an initial denaturation step of 10 s at
95 °C, followed by 40 cycles comprising 5 s at 95 °C and 30 s at 60 °C. This was succeeded
by additional steps: 15 s at 95 °C, 30 s at 60 °C, and a final 15 s at 95 °C. Quantification
and normalization of mRNA expression levels were conducted using the TP850 software
(version 5.11) provided by the manufacturer. Gene-specific primer sets used for qRT-PCR
were commercially predesigned and purchased from OriGene Technologies Inc. (Rockville,
MD, USA), and the primer information is summarized in Table 7. This ensured accurate
assessment of gene expression in the analyzed samples.
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Table 7. Commercially predesigned primer sets used for qRT-PCR analysis.

Gene Supplier Catalog No.
IL-4 OriGene Technologies MP206793
IL-5 OriGene Technologies MP206796

IL-13 OriGene Technologies MP206748
IL-2 OriGene Technologies MP206769

IL-12 OriGene Technologies MP206746

IFN-y OriGene Technologies MP206683

IL-10 OriGene Technologies MP206737

GAPDH OriGene Technologies MP205604

4.13. Statistical Analysis

Results are expressed as the mean £ SD of three independent experiments. Significant
differences between means were determined by one-way ANOVA followed by Duncan’s
multiple range test using the Statistical Analysis System (SAS version 9.4, SAS Institute
Inc., Cary, NC, USA). Prior to parametric statistical analysis, the data were examined to
confirm approximate normal distribution. p < 0.05 was regarded as significant. Percent
reductions were calculated using values obtained by subtracting the mean value obtained
with vehicle from the mean values obtained using the positive control treatment and the
experimental treatment.

5. Conclusions

The present study demonstrates that oral administration of a bioprocessed black rice
bran (BRB-F) and balloon flower root (BFR-F) formulation attenuates atopic dermatitis-
associated pathology in a murine model through coordinated modulation of multiple
immune pathways. Dose-dependent suppression of epithelial alarmins, Th2-associated
cytokines, and IgE production, together with partial restoration of Thl responses and
reinforcement of galectin-9-associated regulatory signaling, supports a model of multi-axis
immune rebalancing rather than single-pathway inhibition.

These findings highlight the potential of fermentation-enhanced plant-derived materi-
als to exert distributed immunomodulatory effects across early allergic signaling, adaptive
immune polarization, and tissue-level inflammatory responses. Although the precise bioac-
tive constituents responsible for these effects remain to be fully characterized—particularly
in the case of bioprocessed balloon flower root—the present results provide mechanis-
tic preclinical evidence supporting further investigation of this binary formulation as a
multi-target immunoregulatory strategy for AD.
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