International Journal of

K

Molecular Sciences

Article

Immunomodulatory Potential of 6-Gingerol and 6-Shogaol in
Lactobacillus plantarum-Fermented Zingiber officinale Extract on
Murine Macrophages

Ji Eun Kim @, Kwang-Hyun Park 237, Jinny Park #*, Byeong Soo Kim 1*{J, Geun-Seop Kim !

and Dong Geon Hwang !

check for
updates

Academic Editor: Horyue Tan

Received: 21 January 2025
Revised: 21 February 2025
Accepted: 24 February 2025
Published: 27 February 2025

Citation: Kim, J.E.; Park, K.-H.; Park,
J.;Kim, B.S.; Kim, G.-S.; Hwang, D.G.
Immunomodulatory Potential of
6-Gingerol and 6-Shogaol in
Lactobacillus plantarum-Fermented
Zingiber officinale Extract on Murine
Macrophages. Int. J. Mol. Sci. 2025, 26,
2159. https://doi.org/10.3390/
ijms26052159

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Companion and Laboratory Animal and Science, and Leaders in INdustryuniversity
Cooperation 3.0 (LINC 3.0) Project by Ministry of Education, Kongju National University,

Yesan 32439, Republic of Korea; wldms990218@naver.com (J.E.K.); bluenature26@gmail.com (G.-S.K.)
Department of Emergency Medical Rescue, Nambu University, Gwangju 62271, Republic of Korea;
khpark@nambu.ac.kr

BioMedical Science Graduate Program (BMSGP), Chonnam National University,

Hwasun 58128, Republic of Korea

Department of Medical Oncology and Hematology, Ansan Hospital, Korea University College of Medicine,
Ansan 15355, Republic of Korea

*  Correspondence: jhagnes@hananet.net (J.P.); bskim@kongju.ac.kr (B.S.K.); Tel.: +82-31-492-5965 (J.P.);
+82-41-330-1523 (B.S.K.)

These authors contributed equally to this work.

Abstract: In this study, we aimed to investigate whether the physiological activity of
ethanol extracts of Zingiber officinale was improved after fermentation with Lactobacillus
plantarum strains KCTC 3108 (FLP8) and KCLO005 (FLP9). Total polyphenol and flavonoid
content was substantially increased after fermentation with FLP8 and FLP9 for 48 h and
24 h, respectively, compared with the unfermented control. The 6-gingerol content was
significantly increased in FLP9 after 24 h of fermentation, whereas in FLPS, it remained
comparable to pre-fermentation levels. The 6-shogaol content significantly increased in
FLP8 and FLP9 at 48 h and 24 h, respectively, compared with the pre-fermentation levels.
The anti-inflammatory effects were evaluated using RAW 264.7 cells stimulated with
lipopolysaccharides. The fermented product of FLP8 at 48 h and FLP9 at 24 h maintained
over 80% cell viability at a concentration of 200 ng/mL and significantly reduced nitric
oxide production compared to the lipopolysaccharide-stimulated control. Moreover, each
extract downregulated pro-inflammatory gene expression. Furthermore, the purified
6-gingerol and 6-shogaol, which were purchased as reference compounds, were included in
the fermentation extracts of FLP8 at 48 h and FLP9 at 24 h, and both inhibited cell migration
in a dose-dependent manner without any cytotoxicity. In conclusion, the fermentation of
Z. officinale with these L. plantarum strains enhanced its antioxidant and anti-inflammatory
activities, with significant increases in bioactive compound content.
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1. Introduction

Zingiber officinale, commonly known as ginger, is a perennial herbaceous plant belong-
ing to the Zingiberaceae family native to subtropical and tropical regions. It is widely
used as a spice owing to its unique flavor and aroma. The primary constituents of
Z. officinale include carbohydrates (50-70%), lipids (3-8%), phenolic compounds, and
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80-90% moisture [1]. Z. officinale is available in various forms, such as fresh and dried
materials, oleoresins, and essential oils, and is used for culinary, medicinal, and cosmetic
purposes [2]. It has been reported to possess various pharmacological activities, including
anti-inflammatory, antioxidant, and anti-tumor properties [3]. Key bioactive components,
such as zingiberene, y-cardinen, zingiberol, gingerol, shogaol, and paradol, have been
identified in Z. officinale. Among these, 6-gingerol is the predominant bioactive compound,
exhibiting anti-inflammatory, analgesic, antipyretic, and antioxidant activities [2,3]. The
dehydrated form of 6-gingerol, 6-shogaol, is known for its antimicrobial and antioxidant
properties and is reported to have higher anti-inflammatory and antioxidant effects than
6-gingerol [4,5].

Fermentation is one of the oldest biotechnological processes used in food, medicine,
and cosmetics. Various microbial starters, including Lactobacillus spp., Bacillus spp., Pedio-
coccus spp., and Bifidobacterium spp., are used for fermentation [6]. The health benefits and
functional properties of fermented foods, such as kimchi, jang, and jeotgal, have been rec-
ognized globally [7]. Probiotics, which are beneficial microorganisms used in fermentation,
metabolize carbohydrates to produce bioactive substances and break down large molecules
into smaller molecules, thereby improving digestion and absorption. Fermentation also
enhances the flavor and aroma of foods, destroys toxic substances, improves digestibility,
and increases the nutritional value by producing essential vitamins [8-10]. Organic acids
produced by fermenting microorganisms inhibit the growth of spoilage bacteria, thereby
enhancing the shelf life and safety of fermented foods [6,7].

Probiotics, primarily Bifidobacterium spp. and Lactobacillus spp., are live microor-
ganisms that confer health benefits by maintaining or improving the gut microbial bal-
ance [11,12]. Lactic acid bacteria are Gram-positive, facultatively anaerobic bacteria that
offer various health benefits, including the regulation of gut flora, reduction in serum
cholesterol levels, and enhancement of the immune system [13]. These bacteria produce
organic acids, such as lactic, acetic, and propionic acids, during fermentation, lowering the
pH and secreting bacteriocins to inhibit foodborne pathogens and prevent spoilage [14].
They also exhibit antidiarrheal, cholesterol-lowering, anticancer, and immune-boosting
effects [15,16].

Inflammatory responses are mediated by the activation of macrophages, which recog-
nize lipopolysaccharides (LPSs) from bacterial cell walls through Toll-like receptor 4 (TLR4),
leading to the activation of nuclear factor-kB (NF-«kB) [17,18]. Activated macrophages
produce inflammatory cytokines, including tumor necrosis factor (TNF-«), interleukin
(IL)-6, and nitric oxide (NO) that contribute to various autoimmune diseases such as in-
flammatory bowel disease and rheumatoid arthritis [19,20]. The mitogen-activated protein
kinase (MAPK) pathway, which includes extracellular signal-regulated kinase, p38, and
c-Jun N-terminal kinase (JNK), is crucial for the regulation of pro-inflammatory cytokine
activation [21]. The activation of macrophages via LPS-TLR4 interaction results in the phos-
phorylation of MAPK, leading to the activation of activator protein 1 and NF-kB, thereby
inducing cytokine secretion [22,23]. Macrophages play a vital role in managing immune
responses by overproducing pro-inflammatory cytokines such as TNF-« [24-26]. Cytokines
produced by various cells, including macrophages and monocytes, are key regulators of
inflammatory and allergic reactions [27,28].

This study compared the antioxidant and anti-inflammatory effects of Z. officinale be-
fore and after fermentation with Lactobacillus plantarum KCTC 3108 (FLP8) and L. plantarum
KCLO005 (FLP9). The objective was to develop a natural antioxidant and anti-inflammatory
agent by maximizing these properties through fermentation.
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2. Results
2.1. Fermentation Results and Analysis of Total Polyphenol and Flavonoid Content

After fermentation of ZOE, the bacterial count (Log CFU/mL) of FLP8 increased from
5.34 £ 0.03 at 0 h to a peak of 8.17 & 0.04 at 24 h, then slightly decreased to 7.37 & 0.01 at
48 h. Similarly, the bacterial count of FLP9 increased from 5.55 £ 0.002 at 0 h to a peak
of 8.45 £ 0.01 at 24 h, followed by a slight decline to 7.29 £0.04 at 48 h (Figure 1A). The
pH of unfermented ZOE was 6.13 &£ 0.01, 6.11 & 0.01, and 6.09 £ 0.01 at 0, 24, and 48 h,
respectively. However, the pH of ZOE fermented with FLP8 and FLP9 markedly decreased
to 3.74 £ 0.01 and 3.62 + 0.01, respectively, at 24 h and showed no further significant
change at 48 h (Figure 1B). The final recovery rate of the ethanol extract after fermentation
with 100 g of ZOE was approximately 5.23% (freeze-dried powder, w/w).

A:r 9 « # — B 77 NS NS
E 8 * f FLP9 6 1
27
] 54
E . o o
3° 4
a 2]
23 —e—ginger
g, 2 1 —+FLP8
@
T, 1 -a-FLP9
8
@
o 0
0 24 48 0 24 48
Time of fermentation (h) Time of fermentation (h)

Figure 1. Growth profiles of FLP8 and FLP9 during Zingiber officinale extracts (ZOEs) fermentation
and changes in pH of the fermenting medium. For the fermentation of ZOE, FLP8 or FLP9 were
inoculated with 1% of FLPs Log CFU/mL changed during fermentation. Changes in (A) colony
forming units (CFU)/mL of FLP8- and FLP9-fermented ZOE and (B) pH of cultures were measured
at the times indicated. Data are represented as the mean + SD. * p < 0.001 and # p < 0.001 vs. zero
time group of each time point., N.S: Not significant, { p < 0.001 and t p < 0.001 vs. zero time group of
each time point FLP8 (48 h).

The total polyphenol content of fermented ZOE was measured according to the
fermentation time of each strain for 48 h at 37 °C (Figure 2A). The initial total polyphenol
content in the ZOE prior to fermentation was 34.06 £ 0.15 mg/g. The total polyphenol
content for ZOE fermented with FLP8 decreased to 27.00 £ 0.30 mg/g at 24 h but increased
to 37.99 £ 0.38 mg/g at 48 h. After fermentation with FLP9, the polyphenol content
increased to 42.71 £ 1.08 mg/g at 24 h but decreased to 29.91 & 0.19 mg/g at 48 h. There
was a significant increase in the total polyphenol content in the 48 h FLP8 group (FLP8
(48 h)) and the 24 h FLP9 group (FLP9 (24 h)) compared to the pre-fermentation levels. The
total flavonoid content of fermented ZOE was also measured according to the fermentation
time of each strain for 48 h at 37 °C (Figure 2B). Prior to fermentation, the initial total
flavonoid content was 66.09 = 0.46 mg/g. The flavonoid content for ZOE fermented
with FLP8 decreased at 24 h compared to the pre-fermentation level, then increased to
73.20 & 0.46 mg/g at 48 h. Similarly, for strain FLP9, the flavonoid content increased to
77.94 + 3.56 mg/g at 24 h and decreased at 48 h. The 24 h FLP9 fermentation resulted in a
significant increase in the total flavonoid content compared to the pre-fermentation level.
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Figure 2. Effect on (A) total polyphenol and (B) flavonoid contents in ZOE fermented with FLP8 and
FLP9. Extracts were fermented for the indicated times with each strain and analyzed for contents as
described in the Materials and Methods Section. * p < 0.01 and ** p < 0.005 vs. ZOE control group;
#p <0.01, and ## p < 0.005 vs. ZOE control group.

2.2. Changes in 6-Gingerol and 6-Shogaol Content

High-performance liquid chromatography (HPLC) was used to determine changes in
6-gingerol (Figure 3A) and 6-shogaol (Figure 3B) content after fermentation, wherein the
difference between the two compounds arises from the presence or absence of a hydroxyl
group (OH) at the respective positions. The retention times for 6-gingerol (Figure 3C)
and 6-shogaol (Figure 3D) were 4.153 min and 9.213 min, respectively. The 6-gingerol
content increased significantly by 54.33% in the FLP9 (24 h) group compared to that before
fermentation and then decreased in the FLP9 (48 h) group to a level similar to that of the
unfermented ZOE. In the FLP8 groups, the 6-gingerol content remained similar to that
of the pre-fermented ZOE, and no significant changes were observed (Figure 3E). The
6-shogaol content significantly increased by 59.7% and 42.82% in the FLP8 (48 h) and FLP9
(24 h) groups, respectively, compared to that before fermentation (Figure 3F).

A B

6-gingerol 6-shogaol
O OH (0]
=
CHz(CH2)3CH3 CHa(CH2)3CH3
HO HO
OCH3; OCHs
std D Std

" 6-shogaol
6-gingerol =

Absorbance (AU)
Absorbance (AU)

0.000 iﬁ,r\ L |
P A T T
o Tine (aim) Re ine (ain)
70 #
= * o24H _ 4 o244
E’t) 60 o4sH gh 16 # masH
g) 50 _;: 14
) v 12
< G~
el ° 10 o
o & o
£ E30 8 E 3
£ g~
2 20 g ¢
g 3 4
5 10 £
O o] 2
0 0
ZOE FLP8 FLP9 7ZOE FLPS FLPY

Figure 3. Effect on 6-gingerol and 6-shogaol contents in ZOE fermented by FLP8 and FLP9. Chemical
structure of (A) 6-gingerol and (B) 6-shogaol. The representative standard peaks for each commercial
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standard compound for (C) 6-gingerol and (D) 6-shogaol were obtained. Differences in the levels of
(E) 6-gingerol and (F) 6-shogaol were analyzed at each time point. Statistical analysis was performed
using Student’s t-test, and data were obtained from three independent repetitions. * p < 0.001 vs.
ZOE control group. # p < 0.001 and ## p < 0.05 vs. ZOE control group.

2.3. Endogenous Cytotoxicity and Inhibition of NO Production by Fermented ZOE in RAW
264.7 Cells

The cytotoxicity of the fermented products of FLP8 (48 h) and FLP9 (24 h) was evalu-
ated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
RAW 264.7 cells were treated with the FLP8 (48 h) and FLP9 (24 h) at concentrations of
100 and 200 pg/mL for 24 h. The results indicated that cell viability was maintained above
80% in all experimental groups, suggesting that the fermented products exhibited low
toxicity. Consequently, An FLP concentration of 200 pg/mL was selected for subsequent
experiments (Figure 4A). FLP8 (48 h) and FLP9 (24 h) exhibited relatively low toxicity, with
viability levels stabilized even at high concentrations in RAW 264.7 cells.
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Figure 4. Endogenous cytotoxicity (A) and inhibitory effects on nitric oxide (NO) production in
RAW 264.7 cells (B) by ZOE, FLP8 (48 h), and FLP9 (24 h). Cell viability was maintained above 80%,
indicating that FLP8 (48 h) and FLP9 (24 h) had low cytotoxicity. Typical LPS-induced NO production
was significantly reduced by FLP8 (48 h) and FLP9 (24 h) at a concentration of 200 ug/mL after 24 h
of incubation. NC: Normal control group. Statistical analysis was performed using Student’s ¢-test,
and data were obtained from three independent repetitions. * p < 0.001 vs. negative control group.
#p <0.005 and ## p < 0.001 vs. LPS only group.

NO production was measured in RAW 264.7 cells stimulated with LPS. LPS-induced
NO production was significantly reduced in the ZOE, FLP8 (48 h), and FLP9 (24 h) treatment
groups compared to that in the group treated with LPS alone (Figure 4B). The LPS-only
group produced 10.51 & 0.37 uM NO. By contrast, the NO production decreased by 91.77%
to 0.87 £ 0.12 uM in the group treated with the FLP8 (48 h). Similarly, the FLP9 (24 h) group
demonstrated a significant reduction in NO production compared to the unfermented ZOE
group. Treatment with ZOE also inhibited LPS-induced NO production; however, the
efficacy of FLP8 (48 h) and FLP9 (24 h) was greater.

2.4. Inhibitory Effect of Fermented ZOE on Inflammatory Cytokine Expression

Changes in the expression of iNOS, TNF-«, IL-6, and IL-13 were assessed using
RT-PCR (Figure 5A-D). In the LPS-only treatment group, gene expression of iNOS
(Figure 5A), TNF-o (Figure 5B), IL-6 (Figure 5C), and IL-13 (Figure 5D) was markedly
increased. However, treatment with ZOE, FLP8 (48 h), or FLP9 (24 h) for 24 h resulted
in significant suppression of iNOS, IL-6, and IL-13 expression compared to the LPS-only
group. Notably, the FLP8 (48 h) treatment significantly suppressed the mRNA levels of
iNOS, TNF-«, IL-6, and IL-13 compared to unfermented ZOE. The expression of TNF-«,
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a key mediator of the LPS response and an indicator of innate immune response activa-
tion, was downregulated by 43.1% and 23.9% in the FLP8 (48 h) and FLP9 (24 h) groups,
respectively, relative to the LPS-only treatment group. There was no significant difference
between the ZOE and LPS-only treatment groups. The FLP8 (48 h) group demonstrated
a pronounced inhibitory effect on the expression of inflammatory cytokines, exhibiting
superior anti-inflammatory properties compared with unfermented ZOE.

A o IS B .
0.9 025
£ o3 4 £ "
g 07 g_ 02
&g a.g ##
Z 206 *% g
< 805 *k < § 015 #
= =
g 504 oo £3 ol
g % 0.3 g E
202 £2Z005
£ 01 =
& 0 & 0
NC LPS LPS+ LPS+ LPS+ NC LPS LPS+ LPS+ LPS+
ZOE FLP8 FLP9 ZOE FLP8 FLP9
(48h) (24h) (48h) (24h)

C

1L-6

B-actin
- 09 L 08
S 08 207
ﬁ 0.7 :’3’ 0.6 t T
R £ E‘O.ﬁ 1
2305 < 8"
=3 o1 Sd04
% e Z =03
503 E3
2502 2E02
E ol E ol
~ 0 ~ 0
NC LPS  LPS+  LPS+  LPS+ NC LPS  LPS+  LPS+  LPS+
ZOE  FLPS  FLP9 ZOE  FLPS  FLP9
(4sh)  (24h) (4sh)  (24h)

Figure 5. Inhibitory effect of fermented ZOE on inflammatory cytokine expression. Cells were
stimulated by LPS in the presence or absence of ZOE, FLP8 (48 h), or FLP9 (24 h). The expression
of (A) iNOS, (B) TNF-«, (C) IL-6, and (D) IL-13 mRNA levels were determined by RT-PCR. mRNA
expression levels were quantified and statistically analyzed using Image] version 1.46 (NIH, Bethesda,
MD, USA). * p < 0.001 vs. normal control (NC) group and ** p < 0.01, *** p < 0.005 vs. LPS only group.
#p <0.05 vs. NC group and ## p < 0.01 vs. LPS only group. Statistical analysis was performed using
Student’s ¢-test, and data were obtained from three independent repetitions. Representative data
exhibiting typical characteristics are presented.  p < 0.001 vs. NC group and ] p < 0.005 vs. LPS
only group. t p < 0.001 vs. NC group. t1 p < 0.05 vs. LPS only group.

2.5. Effects of 6-Gingerol and 6-Shogaol on Cell Migration in RAW 264.7 Cells

For the experimental assessment of the immunomodulatory potential of guaranteed
6-gingerol and 6-shogaol compounds which are present in the ZOE, FLPS8 (48 h), and
FLP9(24 h). This approach allowed for accurate quantification and direct evaluation of
their effects on macrophage activity, providing a controlled setting to explore their role in
immune modulation. To accurately assess the biological activity, we used commercially
available purified 6-gingerol and 6-shogaol, thereby eliminating the potential interference
of other compounds that could have been present in the fermented extracts. This approach
minimizes the risk of inaccurate functional evaluation and provides a clearer understanding
of the specific contributions of these compounds to the observed effects. The results
demonstrated that both 6-gingerol and 6-shogaol significantly reduced the production of
pro-inflammatory cytokines, including iNOS, TNF-¢, IL-6, and IL-13, in LPS-stimulated
RAW 264.7 cells. The cytotoxicity of 6-gingerol and 6-shogaol was evaluated by culturing
RAW 264.7 cells with various concentrations of these compounds (1.25-80 ug/mL) for 20 h.
Both compounds exhibited low cytotoxicity across the tested concentrations (Figure 6A,B).
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Furthermore, treatment with 6-gingerol (Figure 6C) and 6-shogaol (Figure 6D) resulted
in a dose-dependent inhibition of cell migration. Fluorescence staining with anti-CD45
antibody and subsequent quantification of migrated cells revealed a significant reduction
in migration for both compounds in a dose-dependent manner, compared to the LPS-
only group. These findings suggest that 6-gingerol and 6-shogaol, components of the
fermented Zingiber officinale extract, modulate macrophage responses and may contribute
to the regulation of inflammatory processes.
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Figure 6. Endogenous cytotoxicity of 6-gingerol and 6-shogaol and effects on LPS-induced RAW
264.7 cells migration. Cells (5 x 10° cells/mL) were cultured with different concentrations of
(A) 6-gingerol and (B) 6-Shogaol (1.25-80 pg/mL) for 20 h. The cell viability was determined by MTT
assay. Transwell migration assay of RAW 264.7 cells activated with LPS. Dose-dependent effect of
different concentrations of (C) 6-gingerol and (D) 6-shogaol on RAW 264.7 cell migration was assessed
using transwell migration assays over 20 h. Migrated and attached cells on the coverslip in the lower
chamber were stained with anti-CD45-FITC. The upper panel shows representative fluorescence-
positive cells (indicated as CD45-positive cells), and the lower panel presents the statistical analysis.
Magnification = x200. Scale bar = 100 pm. * p < 0.05, ** p < 0.01, # p < 0.01 and ## p < 0.005 vs.
normal control goup. I p <0.01 and t p < 0.01 vs. normal control group. I p < 0.05, 119 p < 0.005,
11 p <0.05 and 1t p < 0.001 vs. LPS only group.

3. Discussion

Recent advances in the development of functional foods have increasingly focused
on harnessing the inherent properties of plants. Microbial fermentation is a highly effec-
tive method for breaking down organic compounds in plants, thereby enhancing nutrient
absorption [29,30]. Z. officinale is known for its significant role as a natural antioxidant
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in various food products [31]. The key compounds of Z. officinale, gingerol, and shogaol
exhibit antioxidative, anti-inflammatory, anticancer, and anti-ulcer properties [32]. Many
studies have categorized the chemical composition of Z. officinale. Particularly, 194 volatile
oils, 85 gingerols, and 28 diarylheptanoid compounds have been classified [33], and the
detailed mechanisms of specific compounds have been evaluated by molecular docking and
dynamic studies in vitro [34]. Further advancements in new cultivation techniques, indus-
trial applications, phytochemical constituent analysis, and investigation of the biological
activities of Zingiber spp. are required [35].

In this study, we fermented ZOE with FLP8 and FLP9 and evaluated the antioxidative
and anti-inflammatory effects of the fermentation products at various times. The fermenta-
tion conditions for FLP8 and FLP9 were optimized at different culture times (24 h and 48 h)
and validated using well-known biological markers, including total polyphenols and total
flavonoids [36,37]. Additionally, antioxidative effects of the fermentation were measured
using DPPH and ABTS radical scavenging assays; however, no significant changes were
observed between each experimental group, suggesting that these methods may not cap-
ture the subtle changes in antioxidative activity resulting from fermentation. We quantified
the content of the functional, active components of Z. officinale, 6-gingerol, and 6-shogaol
using HPLC and observed that both increased but at different times in fermentation. Some
studies have suggested that fermentation conditions and microbial strains have a significant
effect on the levels of these compounds [38,39], such as the manufacturing, processing, and
storage of Z. officinale raw materials owing to dehydration and retroaldol reactions [40,41].
FLP8 and FLP9 showed relatively low cytotoxicity (>80% viability) at high concentrations
(200 pg/mL), and the lowest NO production was recorded for FLP8 (48 h) and FLP9 (24 h).
Maintenance of cell viability above 80% supports the conclusion that these materials are less
cytotoxic. A potential explanation for this low toxicity may be that the endogenous native
compounds in ZOE are transformed into less toxic forms. Therefore, specific fermentation
of ZOE by each probiotic might enhance its regulatory effects against infection-related
immune responses through the elevation of functional compound content. However, this
may not guarantee effects on various human disorders owing to the presence of other
components in pre- or post-processed materials.

FLPS8 (48 h) and FLP9 (24 h) reduced the expression of LPS-induced inflammatory
cytokine genes, including iNOS, TNF-q, IL-6, and IL-1§3; suggesting that 6-gingerol or other
compounds may inhibit the expression of iNOS and ROS through PKC-aand NF-«B [42].
FLP8 (48 h) reduced the phosphorylation of p44 and JNK in the MAPK signaling pathway,
as well as the phosphorylation of p65 and IkB in the NF-«B signaling pathway. This finding
is consistent with other studies demonstrating the inhibition of NF-«B, MAPK, and PI3K-
Akt signaling pathways, thereby suppressing inflammation [43]. Additionally, 6-gingerol
or 6-shogaol have been shown to exhibit anti-inflammatory effects [32,44,45]. The findings
of this study highlight the immunomodulatory effects of 6-gingerol and 6-shogaol, key
bioactive compounds present in fermented ZOE.

To enhance the interpretation of the immunomodulatory effects observed in our
study, it is essential to consider the contributions of other bioactive compounds in the
fermented ZOE, along with their chromatographic profiles. Previous studies have used
chromatographic techniques such as HPLC and GC-MS to identify and quantify bioactive
compounds in ginger [2,46-48], including gingerol, shogaol, paradol, and zingerone [4,5,39].
For instance, HPLC analysis has shown specific retention times for 6-gingerol (4.153 min)
and 6-shogaol (9.213 min), which correlate with their bioactivity. These profiles provide
insight into the composition of the extract and changes during fermentation. Chromato-
graphic data indicate that fermentation can alter the levels of compounds like 6-gingerol and
6-shogaol, which increase during fermentation and contribute to enhanced anti-
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inflammatory effects. GC-MS profiles have also revealed changes in the concentration
of volatile oils and diarylheptanoids [33,48] associated with anti-inflammatory activity.
These findings underscore the dynamic nature of fermentation, influencing the final bioac-
tivity of the extract. Therefore, it is important to consider chromatographic profiles and
the variations in these compounds to fully understand the immunomodulatory effects of
fermented Z. officinale.

The observed reduction in pro-inflammatory cytokine expression, including iNOS,
TNF-«, IL-6, and IL-1f3, suggests that these compounds play a significant role in attenuating
macrophage-mediated inflammatory responses. Notably, both 6-gingerol and 6-shogaol
demonstrated low cytotoxicity across a wide concentration range and exhibited a dose-
dependent inhibition of macrophage migration while showing the potential to regulate
immune cell mobility during inflammation. These results collectively suggest that the
fermentation process not only enhances the bioavailability of 6-gingerol and 6-shogaol
but also amplifies their biological activity. Consequently, the immunomodulatory effects
observed in this study are largely attributable to these bioactive components within the
fermented extract, positioning them as promising candidates for managing inflammatory
conditions [49-51].

Our study suggests that FLP8 (48 h) and FLP9 (24 h) fermentation of ZOE enhanced
anti-inflammatory functions compared to the unfermented form. This improvement can be
attributed to the fermentation process, which appears to increase the bioavailability of active
compounds, including 6-shogaol and 6-gingerol. These findings also indicate that microbial
fermentation improves the functional properties of ZOE components. Therefore, fermented
products are promising natural functional food ingredients with potential applications in
the management of inflammation-related conditions. However, our study lacked in vivo
experiments to confirm the anti-inflammatory effects observed in vitro. Additionally,
the precise mechanisms by which fermentation enhances the bioavailability of active
compounds remain unclear; therefore, further investigation is required using various
disease models.

This study suggests that fermenting ZOE with FLP8 and FLP9 enhances the total
polyphenol and flavonoid content, antioxidative potential, and expression of inflammatory
cytokine genes compared to unfermented materials. This reflects the broader impact of
fermentation on the bioactive properties of the extract. Interestingly, FLP8 (48 h) and
FLP9 (24 h) consistently exhibited superior antioxidant and anti-inflammatory properties.
The FLPS8 (48 h) and FLP9 (24 h) fermentation of ZOE exhibited anti-inflammatory effects
through the inhibition of MAPK and NF-«B signaling phosphorylation, suggesting their
potential utility in the prevention and treatment of inflammatory diseases. This study
highlights the potential of fermented ZOE as a natural functional food ingredient and
provides a valuable foundation for future research and clinical applications.

4. Materials and Methods
4.1. Materials and Reagents

Z. officinale was harvested from Yesan-eup (Yesan-gun, Chungcheongnam-do, Republic
of Korea), and the rhizome peels were meticulously removed. L. plantarum KCTC 3108
(FLP8) was obtained from the Biological Resource Center of the Korea Research Institute of
Bioscience and Biotechnology (KCTC, KRIBB, Daejeon, Republic of Korea). The L. plantarum
KCLO005 (FLP9) strain was selected from the distributed strains for its high antioxidant
activity [52]. All strains were cultured in Lactobacilli MRS broth (MRS, Difco, Detroit, MI,
USA) at 37 °C for 24 h. Post-cultivation, the bacterial cultures were stored with 15% glycerol
at —70 °C for future use.
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4.2. Fermentation and Extraction

The raw Z. officinale solids were incorporated to obtain a 20% (w/v) concentration,
homogenized with ice-cold distilled water using a laboratory blender (Waring Laboratory
Science, Stamford, CT, USA). The Z. officinale mixture was filtered through a 100-mesh filter
(Millipore, Burlington, MA, USA) under aseptic conditions at room temperature. FLP8
and FLP9 were pre-cultured in MRS broth (Difco, Detroit, MI, USA) at 37 °C for 24 h.
For fermentation, the ZOE was inoculated with pre-cultured FLP8 or FLP9, each adjusted
to a McFarland standard of 0.5, at a concentration of 1% (v/v), then further incubated
statically at 37 °C for 48 h in dark conditions. Samples of fermented ZOE were collected
at 0, 24, and 48 h to measure the CFU of the bacteria and pH. The samples were diluted
in peptone water and inoculated onto MRS agar plates, followed by incubation at 37 °C
for 24 h before measuring the CFU. The pH of the fermentation samples was measured
using a pH meter. The remaining samples were subsequently stored at —70 °C for further
analysis. For extraction, 100 g of the fermented ZOE sample slurry was mixed with 1 L
of 95% (v/v) ethanol and sonicated for 2 h. The extracted fermented material was then
concentrated using a rotary evaporator (Hanil Scientifics, Seoul, Republic of Korea). The
resulting freeze-dried powder was stored at —80 °C and filtered through a 0.45 um filter
(Millipore, Burlington, MA, USA) prior to use.

4.3. Measurements of Total Polyphenol and Flavonoid Content

Non-flavonoid and flavonoid compounds containing total polyphenols [53,54] and
flavonoids [53,55] in FLP8- and FLP9-fermented ZOE were measured using a methanolic
solution of gallic acid and quercetin as standards. For the total polyphenol assay, 500 pnL
of Folin-Ciocalteu’s phenol reagent was added to each sample and incubated at room
temperature for 3 min. Subsequently, 400 pL of 1 M Na;CO3; was added and further
incubated for 1 h at room temperature. For the total flavonoids assay, 300 pL of 1 M NaNO,
was added to each sample and incubated at room temperature for 5 min. Subsequently,
300 pL of 10% AICIl; was added and further incubated for 6 min at room temperature
before adding 2 mL of 1 N NaOH and 1.9 mL of distilled water and incubating the mixture
in the dark for 15 min. Absorbance was then measured at 750 nm and 510 nm for the
total polyphenol and total flavonoid assays, respectively, using a microplate reader (Biotek,
Seoul, Republic of Korea).

4.4. Analysis of 6-Gingerol and 6-Shogaol Contents

The 6-gingerol and 6-shogaol contents in the ZOE were analyzed using HPLC. The
concentrated fermented extract was dissolved in methanol at a concentration of 0.4 g/mL
and subjected to ultrasonic extraction for 1 h. 6-gingerol and 6-shogaol were quantified
using standard calibration curves prepared under the conditions listed in Table 1.

Table 1. Instrumental operating conditions for high-performance liquid chromatography (HPLC).

Items Condition
Instrument Hitachi HPLC Primaide (Hitachi, Tokyo, Japan)
Column Brownlee choice C18 (4.6 x 150 mm, 5 um)
Column oven 30°C
Detector UV detector
Absorbance 282 nm
Flow rate 1.0 mL/min
Mobile phase Isocratic (MeOH:D.W. = 80:20)

Injection volume 10 uL.
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4.5. Cell Culture and Cytotoxicity Assay

RAW 264.7 murine macrophage cells were purchased from the Korean Cell Line Bank
(KCLB, Seoul, Republic of Korea). The cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA)
and 1% antibiotic-antimycotic (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °Cin a
5% CO, atmosphere.

The endogenous cytotoxicity of ZOE on RAW 264.7 cells was assessed using the
MTT assay [56]. Cells were seeded in a 96-well plate at a density of 5 x 10° cells/mL
in DMEM and incubated at 37 °C in a 5% CO, incubator for 24 h. The cells were then
treated with fermented ZOE and incubated for a further 24 h. After the MTT assay, the
resulting formazan crystals were dissolved in dimethyl sulfoxide (Daejung, Seoul, Republic
of Korea), and the absorbance was measured at 570 nm.

4.6. Nitrite Assay

Cells were seeded in a 96-well plate at a density of 5 x 10° cells/mL and incubated for
24 h. The medium was then removed, and the cells were washed thrice with phosphate-
buffered saline (PBS). Fresh, ice-cold DMEM containing ZOE was then added and further
incubated for 12 h. The medium was then removed, and the negative control group received
only DMEM, whereas the other groups were treated with DMEM containing 100 ng/mL
LPS. After 12 h of incubation, 200 pL of the supernatant was centrifuged at 3000 rpm for
2 min at 4 °C. Then, 100 pL of the supernatant was transferred to a new 96-well plate, and
Griess reagent (Sigma, St. Louis, MO, USA) was added. The mixture was incubated at
room temperature for 30 min, and the absorbance was measured at 548 nm (Biotek, Seoul,
Republic of Korea).

4.7. RNA Extraction and RT-PCR

Cells were seeded in 6-well plates (SPL, Seoul, Republic of Korea) at a density of
3 x 10° cells/mL and incubated for 24 h. After incubation, the cells were treated with a
fresh, ice-cold medium containing the appropriate sample. The negative control group
was treated with fresh medium, whereas the test groups were treated with 100 ng/mL
LPS-containing medium and incubated for 12 h.

Cells were washed twice in 1 mL ice-cold PBS before transferring to a 1.8 mL mi-
crocentrifuge tube and centrifuging at 2000 rpm for 3 min. The pellet was resuspended
in 1 mL TRIzol reagent (Sigma, St. Louis, MO, USA) and centrifuged at 12,395 rpm for
3 min. Total RNA was extracted and quantified using a spectrophotometer (Biotek, Seoul,
Republic of Korea). For cDNA synthesis, 1 pg of RNA was reverse-transcribed using
a cDNA synthesis kit (Thermo Fisher Scientific, USA), according to the manufacturer’s
instructions. The primers used for PCR are listed in Table 2. Electrophoresis was performed
on a 1.2% agarose gel at 100 V for 20 min.
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Table 2. Specific primer sequences were used for RT-PCR.

Genes Primer Sequences (5’ to 3')
F: TCTTTGACGCTCGGAACTGT

iNOS R: CCATGATGGTCACATTCTGC
N F: CACAAGATGCTGGGACAGTGA

R: TCCTTGATGGTGGTGCATGA

e F: AGTTGCCTTCTTGGGACTGA

R: CAGAATTGCCATTGCACAAC

1 F: GACCTTCCAGGATGAGGACA

p R: AGCTCATATGGGTCCGACAG

actin F: CCTGAACCCTAAGGCCAACC

R: CAGCTGTGGTGGTGAAGCTG

4.8. In Vitro Migration Assay

Chemotactic migration of RAW 264.7 cells was analyzed using a modified Transwell™
assay with cell culture membrane inserts with 8 um pore size (Merck KGaA, Darmstadlt,
Germany) in 24 well plates. A total of 2 x 10° cells were placed with experimental materials
(LPS, 6-gingerol or 6-shogaol) in 0.5% FBS-DMEM in the upper chamber, while the culture
medium in the lower compartment contained 10% FBS-DMEM with a sterilized 12 mm
glass coverslip (Thermo Fisher Scientific Inc., MA, USA). After 20 h, non-migratory cells on
top of the membrane chamber were removed, and the coverslips in the lower compartment
were fixed with methanol for 10 s [57]. The transmigrated and attached cells on the coverslip
were stained with Goat anti-CD45 antibody (AF114, R&D Systems, Minnneapolis, MN,
USA) and anti-Goat IgG-FITC conjugates secondary antibody (Advanced Biochemicals Inc.,
Jeonju, Republic of Korea). For each mounted coverslip, 4-6 random fields were observed
using an inverted Nikon Eclipse TE 2000-E confocal microscope system (Nikon, Tokyo,
Japan), and the number of positively stained cells was counted [49-51].

4.9. Statistical Analysis

The experimental data were expressed as mean =+ standard deviations (SD). Statistical
analysis was performed using Student’s t-test, and a p value of <0.05 was considered
statistically significant.
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