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ABSTRACT: The inhibitory effect of Chrysanthemum indicum L. on adipocyte differentiation can be enhanced by lactic acid 
bacteria (LAB) fermentation. In this study, we assessed the cellulose resolution, C. indicum L. quantity, and fermentation 
time and process to verify the LAB selection and fermentation efficiency. In addition, the antioxidant activity, adipocyte 
signaling and differentiation, and hedgehog (Hh) signaling were investigated, and the changes in compounds before and 
after fermentation were determined by ultra-high performance liquid chromatography (UHPLC). All strains exhibited sat-
isfactory cellulose resolution. With 20% C. indicum L., fermentation was only effective up to 24 h. The results of the antioxi-
dant assays showed that the 2,2-diphenyl-1-picrylhydrazyl and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) radical 
scavenging capacities were higher in all fermentations than in unfermented C. indicum L. extract (CI). 3T3-L1 cell differ-
entiation signaling evaluation revealed that CI inhibited adipocyte differentiation by reducing peroxisome proliferator-ac-
tivated receptor-, CCAAT/enhancer binding protein-, and phosphorylated AMP-activated protein kinase activity in all 
fermentations. In the Hh signaling analysis, CI fermented with Lactococcus lactis KCTC 3115 significantly increased glioma- 
associated oncogene 1 (GLI1) activity by inhibiting patched 1 activity and activating smoothened (P<0.001). UHPLC quan-
titative analysis revealed elevated levels of luteolin and quercetin. Fermentation with C. indicum L. and L. lactis KCTC 3115 
activated GLI1, a transcription factor in the Hh signaling pathway, which enhanced the inhibition of adipocyte differ-
entiation, indicating its potential in anti-obesity treatment. However, the exact compounds affecting GLI1 activity require 
further elucidation in future studies.
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INTRODUCTION

Adipogenesis involves the differentiation of undifferenti-
ated progenitor cells into adipocytes. Adipocyte differen-
tiation is driven by proteins in the CCAAT/enhancer bind-
ing protein (C/EBP) family. This family comprises three 
member proteins: CCAAT/enhancer binding protein- 
(C/EBP), CCAAT/enhancer binding protein- (C/EBP), 
and CCAAT/enhancer binding protein- (C/EBP) (Jemai 
et al., 2020). In addition to the C/EBP proteins, several 
other transcription factors are involved in adipogenesis, 
including the nuclear hormone receptor peroxisome pro-
liferator-activated receptor (PPAR) and adipocyte determi-
nation and differentiation factor 1/sterol regulatory ele-
ment binding protein-1c, which is a member of the basic 

helix-loop-helix family (Moldes et al., 1999; Nerurkar et 
al., 2010). Increased expression of C/EBP and C/EBP 
induces early adipocyte differentiation and increases the 
expression of other factors, including peroxisome pro-
liferator-activated receptor- (PPAR). Upregulated PPAR 
induces C/EBP expression, which drives late adipocyte 
differentiation and contributes to intracellular fat accu-
mulation (Darlington et al., 1998; Rosen and MacDougald, 
2006). These transcription factors have therefore been 
the primary targets of adipogenesis inhibition studies 
using 3T3-L1 and 3T3-F442A cells (Rosen et al., 2002).

Hedgehog (Hh) signaling, first discovered in fruit flies, 
involves the transmission of signals from the cell mem-
brane to the nucleus. Hh signaling occurs during normal 
embryonic development in vertebrates and during tissue 
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and organ development in the body. Hh signaling is nor-
mally inactive in adult cells but becomes activated to 
heal and repair body tissues. Activated Hh signaling is 
crucial for maintaining somatic stem cells, pluripotent 
cells, and some epithelial cells, leading to cell regener-
ation in various tissues (Skoda et al., 2018). Adipocytes 
are also affected by Hh signaling, and there is growing 
interest in Hh signaling as a target for obesity treatment, 
as Hh signaling has been found to be able to reduce fat 
accumulation in 3T3-L1 cells (Cousin et al., 2007).

Three ligands are involved in Hh signaling: sonic hedge-
hog (SHh), Indian hedgehog, and desert hedgehog. SHh 
is the most common of these three. Hh signaling in-
volves the patched (PTCH) protein, a 12-transmembrane 
protein that binds ligands, and the smoothened (SMO) 
protein, a 7-transmembrane protein with G-protein re-
ceptors that act as signal transducers. PTCH has two iso-
forms: Patched 1 (PTCH1) and patched 2, and the for-
mer is critical in Hh signaling (Hu et al., 2015). When 
SMO is activated by PTCH1, it translocates glioma-asso-
ciated oncogene 1 (GLI1), glioma-associated oncogene 2 
(GLI2), and glioma-associated oncogene 3 (GLI3), which 
are cleaved from the suppressor of fusion (SUFU), into 
the cell nucleus to promote the transcription of target 
genes (Zhang et al., 2024). Among the three GLI pro-
teins, GLI1 appears to be a key mediator of Hh signaling 
(Zhou et al., 2022). Adipocyte progenitors maintain an 
activated state of Hh signaling, but when they differ-
entiate into adipocytes, Hh signaling switches to an in-
active state to regulate differentiation (Fan et al., 2018). 
Among the transcription factors involved in adipocyte 
differentiation, C/EBP and PPAR have been reported 
to be regulated by the GLI1 protein (Chen et al., 2018).

In our previous anti-obesity study, we reported that en-
zymatically treated Chrysanthemum indicum L. extract (CI) 
reduced the expression and serum levels of the adipo-
genesis-related transcription factors, PPAR and C/EBP, 
in high-fat diet (HFD)-induced obese mice (Lee et al., 
2019). The phenolic compounds of C. indicum L. were 
found to contain >190 chemical constituents. These in-
cluded luteolin, apigenin, acacetin, and isoquercetin, 
which have anti-obesity, antimicrobial, immune-boosting, 
antioxidant, anticancer, and anti-inflammatory proper-
ties (Shao et al., 2020).

Lactococcus lactis is an anaerobic, gram-positive bacte-
rium that can survive at a low pH and reaches the intes-
tine in an active form. It can also modulate immune and 
inflammatory signaling by enhancing macrophage activ-
ity (Song et al., 2017). A recent study showed that L. lac-
tis inhibited 3T3-L1 cell differentiation by 67%, de-
creased the body weight and fat mass of HFD-induced 
mice, and regulated the expression of fatty acid synthase 
and PPAR (Jeong et al., 2023). Although research into 
adipocyte differentiation via C. indicum L. and lactic acid 

bacteria (LAB) has been conducted, few studies have in-
vestigated how increasing the inhibitory effect of fer-
mentation affects adipocyte differentiation using Hh sig-
naling as the main target.

In this study, therefore, we selected the optimal fer-
mentation LAB to enhance the inhibitory effect of C. in-
dicum L. on adipocyte differentiation, identified the asso-
ciation between adipocyte differentiation transcription 
factors and Hh signaling, and elucidated the mechanism 
underlying the inhibitory effect of the activity of the GLI 
protein, one of the main targets of Hh signaling, on adi-
pocyte differentiation.

MATERIALS AND METHODS

Strain determination and enzyme solution preparation
The Korean Collection for Type Cultures (KCTC) of five 
LAB strains (Lactobacillus rhamnosus KCTC 3237, Lactococ-
cus lactis KCTC 3115, Lactobacillus paracasei KCTC 3074, 
Lactobacillus casei KCTC 3109, and Lactobacillus plantarum 
KCTC 3107) were used in the experiments. For cellulose 
degradation assessment, the procured LAB were inocu-
lated into carboxymethyl cellulose (CMC) medium and 
cultivated for 24 h at 30°C to determine the growth 
(measured at OD600) and the change in pH. The enzyme 
solution was prepared by inoculating the strain at a con-
centration of 1×109 CFU/mL into MRS broth (10% v/v) 
and incubating the culture at 30°C for 10 h. After cen-
trifugation at 3,000 g, the supernatant was used as the 
enzyme solution.

Measuring the carboxymethyl cellulose (CMC) resolution
For the degradation measurements, the levels of carbox-
ymethyl cellulase (CMCase) and filter paper hydrolase 
(FPase) were measured. The CMCase measurements were 
performed by mixing 2% CMC with the enzyme solution 
in a 1:9 (v/v) ratio, followed by incubation at 30°C for 4 
h. The quantity of sugar produced during the reaction 
was measured using the 3,5-dinitrosalicylic acid (DNS) 
method (Miller, 1959). In brief, the sample was mixed 
with DNS solution in a 1:4 (v/v) ratio and then heated 
for 5 min in a water bath at 90°C. After cooling, the ab-
sorbance was measured at 540 nm. The enzyme activity 
was expressed as the amount of glucose produced by 1 
mg of sample in 1 min, correlating to 1 unit. The FPase 
measurement was performed by mixing the enzyme sol-
ution with filter paper (No. 1, Whatman, Inc.) in a 1:5 
(v/w) ratio. Then the same steps described above for 
CMCase measurement were followed.

Identification and fermentation of bacterial growth 
according to the quantity of added C. indicum L. extract
Korean C. indicum L. was purchased from Dongyang 
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Oriental Herbal Medicine, and only the petals were used 
in this experiment. The extraction and fermented prod-
uct preparation processes were conducted by applying 
the methods described by Choi et al. (2020). To deter-
mine the presence or absence of fermentation depending 
on the concentration of C. indicum L., different propor-
tions of C. indicum L. (5%, 10%, 20%, and 40%; v/w) 
were added to 500 mL of 70% ethyl alcohol and the ex-
traction was allowed to proceed for 48 h. The extract 
(CI) was filtered through a circular 300-mm filter paper 
(Advantech) and concentrated to a volume of 10% after 
decompression at 45°C for 30 min.

For the bacteria, the five LAB strains were inoculated 
at OD700 into MRS medium and then diluted with a 1% 
ratio (v/v) of the concentrated CI for fermentation. After 
24 h of fermentation at 30°C, bacterial growth was check-
ed by measuring the absorbance at OD600 and by mea-
suring the pH value of the media.

Flavonoid and polyphenol content measurement
The flavonoid and polyphenol contents were measured 
by following the procedures described in previous stud-
ies (Cornard and Merlin, 2002; Dewanto et al., 2002) 
with some modifications. The flavonoid content was 
measured by reacting 1 mL of each sample with 1 mL of 
10% AICI3. Then, 200 L of this solution was trans-
ferred to a 96-well plate (SPL Life Science), and the ab-
sorbance was measured at 405 nm to assess the conver-
sion to quercetin (Sigma-Aldrich). The polyphenol con-
tent was determined by adding 1 mL of Folin-Ciocalteu 
reagent (Junsei Chemical Co., Ltd.) to 1 mL of each sam-
ple, stabilizing for 5 min, and then adding 1 mL of 10% 
NA2CO3 to induce the reaction for 15 min. The reac-
tion-induced sample was measured at 725 nm to assess 
the conversion to gallic acid (Sigma-Aldrich).

DPPH and ABTS radical scavenging activities assessment
For the measurement of antioxidant capability, the 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3- 
ethylbenzothiazoline-6-sulfonate) (ABTS) radical scaveng-
ing activities were measured according to previous stud-
ies (Blois, 1958; Re et al., 1999) with some modifica-
tions. The DPPH radical scavenging capacity was deter-
mined by dissolving a solution of DPPH (Sigma-Aldrich) 
in 70% ethanol and adjusting its density to 0.8 at 540 
nm. The scavenging capacity (%) was calculated by add-
ing 1 mL of DPPH solution to 1 mL of each sample, re-
acting for 30 min, and measuring the absorbance at 540 
nm. The ABTS radical scavenging capacity was deter-
mined by making a solution of ABTS (Sigma-Aldrich), 
with DW as the solvent, to a concentration of 7.4 mM, 
adding ammonium persulfate (2.45 mM), inducing 8 h 
of color development, and adjusting to 0.8 at 740 nm. 
After adding 1 mL of ABTS solution to 1 mL of each 

sample, the reaction was initiated for 30 min. Then, the 
absorbance was measured at 740 nm, and the scaveng-
ing capacity (%) was calculated.

Cell culture and MTT assay
Cytotoxicity was assessed using 3T3-L1 cells (Korean 
Cell Line Bank) to set the experimental concentration. 
Cells were cultured in 96-well plates at a density of 1× 
104 cells/well in Dulbecco’s modified Eagle’s medium 
(DMEM, HyCloneTM) supplemented with 10% fetal bo-
vine serum (FBS, Thermo Fisher Scientific) and 1% pen-
icillin-streptomycin (Capricorn Scientific GmbH) in an 
incubator (WS-180CA, World Science) at 37°C and 5% 
CO2. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay was performed by diluting 
the CI and all fermentation products to 0.125, 0.25, 0.5, 
and 1 mg/mL in DMEM broth and removing the sus-
pended solids using a 0.22-m syringe filter (Whatman, 
Inc.). 3T3-L1 cells were cultivated in 96-well plates at a 
density of 5×103 cells/well for 24 h and then incubated 
for 48 h in DMEM while the samples were treated with 
different concentrations of CI (0.125, 0.25, 0.5, and 1 
mg/mL). After removing the supernatant from each 
well, 100 L of MTT (Sigma-Aldrich) solution at a con-
centration of 5 mg/mL was added, and crystallization 
was allowed to proceed for 3 h. After crystallization, the 
crystals were redissolved in dimethyl sulfoxide (DMSO) 
and the cell viability was measured using an enzyme- 
linked immunosorbent assay (ELISA) reader at 540 nm 
(Microplate Reader, Synergy HT, BioTek Instruments).

Cell differentiation and oil red O staining
The 3T3-L1 cell lines were cultured in DMEM medium 
containing 10% FBS and 1% penicillin-streptomycin at a 
density of 3.5×105 cells/well in 96-well plates for 24 h 
to achieve 100% confluence. The medium was then ex-
changed with 10% FBS differentiation medium contain-
ing 10 g/mL insulin, 0.1 mM dexamethasone, and 0.5 
mM 3-isobutyl-1-methylxanthin (IBMX, Sigma-Aldrich) 
to induce differentiation for 72 h. After 72 h, the me-
dium was exchanged with 10% FBS medium with 10 
g/mL insulin, and the CI and each ferment was treated 
at 1 mg/mL. Every 72 h, the medium was replaced with 
fresh insulin-containing medium, and the cultures were 
maintained for 9 days. Cultured cells were washed with 
phosphate-buffered saline (PBS, Capricorn Scientific 
GmbH) and fixed with 10% formaldehyde for 2 h at room 
temperature. After the formaldehyde was removed, 60% 
isopropanol (Sigma-Aldrich) was added and removed, and 
the cells were dried. Oil red O (ORO, Sigma-Aldrich) 
solution was then added, and the cells were observed af-
ter 1 h of incubation. The experiment was terminated by 
the addition of 60% isopropanol. ORO staining was ob-
served at 510 nm on a microplate reader (Synergy HT, 
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BioTek Instruments).

Total protein expression analysis
The 3T3-L1 cell line was seeded at a density of 4.5×105 
cells/well in 60-mm cell culture dishes (SPL Life Sci-
ence) for 12 h, treated with CI and each ferment at 1 
mg/mL for 24 h, and collected after 24 h of incubation. 
The collected cells were washed twice with PBS and 
lysed using phosphatase inhibitor cocktail (ATTO Cor-
poration) and protease inhibitor cocktail (ATTO Corpo-
ration) in radio-immunoprecipitation assay lysis buffer 
(ATTO Corporation) and cold-treated for 1 h. After ly-
sis, the cells were centrifuged at 15,814 g for 10 min, af-
ter which the supernatant was collected and the protein 
expressions of GLI1, GLI2, GLI3, SMO, PTCH1, PPAR, 
C/EBP, phosphorylated AMP-activated protein kinase 
(pAMPK, MyBioSource) were measured at 450 nm on an 
ELISA reader (Microplate Reader, Synergy HT, BioTek 
Instruments).

Ultra-high performance liquid chromatography-tandem 
mass spectrometry (UHPLC-MS/MS) analysis
UHPLC-MS/MS was used to analyze the CI and the ac-
tive ingredients in the ferments. UHPLC was performed 
using a Vanquish Flex UHPLC (Thermo Fisher Scientif-
ic) with an Agilent C18 column (5 m, 4.6×250 mm). 
MS/MS was performed using the TSQ Altis system 
(Thermo Fisher Scientific). The mobile phases were 
Milli-Q grade water (Millipore) and acetonitrile (ACN) 
HPLC grade (J. T. Baker); acetic acid (Merck), 1% acetic 
acid aqueous solution (solvent A), and 1% acetic acid 
ACN solution (solvent B) were used as solvents. UHPLC 
analysis was performed at a column temperature of 
40°C. A 10 L sample was injected at a flow rate of 0.3 
mL/min and separated under gradient conditions (30 
min with solvent B 5%－95%). MS/MS analysis was per-
formed using negative ion mode electrospray ionization, 
a nebulizer, high purity nitrogen as an auxiliary gas, and 
argon as a collision gas.

Statistical analysis
All experiments were repeated at least three times, and 
the results were calculated as the mean±standard devia-
tion. Statistical significance tests were performed by 
one-way analysis of variance in Graph Pad Prism 5 soft-
ware (Graph Pad Software, Inc.), and post-hoc tests 
were performed using Turkey’s test, where a P-value of 
<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Cellulose degradation by LAB and their growth in 
response to C. indicum L. addition

Viscozymes and tannases are groups of enzymes in-
volved in cellulose degradation, and include cellulases, 
arabinases, -glucanases, hemicellulases, and xylanases 
(Juhnevica-Radenkova et al., 2021). Notably, treatment 
of CI with viscozyme and tannase reduces PPAR and 
C/EBP expression (Lee et al., 2019). This indicates 
that different strains may exhibit different cellulose deg-
radation abilities. Therefore, cellulose resolution can be 
used to screen for LABs that enhance the inhibitory ef-
fect of C. indicum L. on adipocyte differentiation via fer-
mentation.

Each strain was fermented in CMC medium for 24 h. 
To enhance the readability of the data, LABs were la-
beled using LAB KCTC numbers. Plant-derived strain 
3107, with an OD600 value of 0.31±0.01, a pH value of 
4.61±0.03, a CMCase activity of 0.69±0.03 unit/mL, 
and an FPase activity of 0.66±0.03 unit/mL, showed a 
significantly higher cellulose degradation capacity than 
any of the other strains. All other strains had OD600 val-
ues ranging from 0.07 to 0.13, pH values ranging from 
5.8 to 6.8 (Fig. 1A), CMCase activity ranging from 0.02 
to 0.17 unit/mL, and FPase activity ranging from 0.003 
to 0.13 unit/mL. Strains 3074 and 3237 showed poorer 
cellulose degradation compared to the other strains (Fig. 
1B).

To determine C. indicum L. resistance in LAB, the OD600 
value and pH as a function of the amount of C. indicum L. 
added were identified. For strains 3074 and 3237, com-
pared to CI, the LAB growth decreased with the addition 
of C. indicum L. In contrast, strains 3109 and 3115 ex-
hibited growth up to a 20% concentration but decreased 
at a 40% concentration (Fig. 1C). Regarding pH values, 
only strain 3107 maintained a pH around 3 at all con-
centrations, while the other strains showed little change 
after the 20% concentration (Fig. 1D). The antimicrobial 
effects of C. indicum L. involved hexokinase and pyruvate 
kinase, and it can be speculated that the effectiveness of 
C. indicum L. increased as the amount of added C. indicum 
L. increased. This seems to apply equally to LAB (Lin et 
al., 2019). Based on this data, we decided to use 20% C. 
indicum L. in the subsequent experiments.

Fermentation process of C. indicum L. extract
The CI/LAB fermentations were conducted as follows. 
The fermentations were labeled according to the LAB 
used such that the fermentations involving L. rhamnosus 
KCTC 3237, L. lactis KCTC 3115, L. paracasei KCTC 3074, 
L. casei KCTC 3109, and L. plantarum KCTC 3107 were 
labeled LRF37, LLF15, LPF74, LCF09, and LPF07, re-
spectively. To verify the fermentation process of each 
LAB, fermentation was conducted for 48 h with 20% C. 
indicum L., and the growth rate and pH were measured. 
Under typical medium conditions, Lactobacillus is known 
to terminate proliferation within 24 h, with culture ter-
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Fig. 2. Changes during 48-h fermentation after the addition of 20% C. indicum L. Lactic acid bacteria (LAB) concentration (A) 
and pH changes (B) during fermentation. Values are presented as the mean±SD (n=3). CI, C. indicum L. extract; LLF15, CI fermented 
with L. lactis KCTC 3115; LPF74, CI fermented with L. paracasei KCTC 3074; LPF07, CI fermented with L. plantarum KCTC 3107; 
LCF09, CI fermented with L. casei KCTC 3109; LRF37, CI fermented with L. rhamnosus KCTC 3237.

Fig. 1. Enzymatic characterization of lactic acid bacteria (LAB) and identification of LAB resistance in Chrysanthemum indicum 
L. After incubation in carboxymethyl cellulose (CMC) medium at 30°C for 24 h to determine LAB growth and pH reduction (A), 
the carboxymethyl cellulase (CMCase) and filter paper hydrolase (FPase) activity (B) were measured, and the growth rate (C) and 
pH were determined (D) in response to the addition of C. indicum L. These parameters were measured in the C. indicum L. extract 
(CI), and in the fermentations using Lactococcus lactis KCTC 3115 (3115), Lactobacillus paracasei KCTC 3074 (3074), Lactobacillus casei 
KCTC 3109 (3109), Lactobacillus plantarum KCTC 3107 (3107), and Lactobacillus rhamnosus KCTC 3237 (3237). Values are presented 
as the mean±SD (n=3).

mination occurring around pH 3－4. Lactococcus is also 
known to experience a proliferation shutdown at 24 h, 
terminating at around pH 4－5, with low lactic acid pro-
duction compared to other strains (Rallu et al., 1996; 
Goderska et al., 2002; Souza et al., 2017). In this study, 
it was found that LPF07 growth reduced at a pH of 
around 3, whereas LLF15 showed growth arrest around 
pH 4.5 (Fig. 2B). The growth of LPF07, LLF15, and LCF09 
was confirmed in this order, whereas LPF74 and LRF37 
were not significantly different from CI (Fig. 2A).

Flavonoid and polyphenol contents and antioxidant 
power
Oxidative stress has been linked to many diseases, in-
cluding obesity and cardiovascular conditions. Oxidative 
stress, which is increased by the production of reactive 
oxygen species (ROS), is known to accelerate obesity by 
increasing the differentiation rate of adipose precursor 
cells and the size of adipocytes. Previous studies have re-
ported that increased antioxidant capacity can have pos-
itive effects on obesity-related conditions due to the in-
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Fig. 3. Comparative antioxidant capacity. Total flavonoid content (A), total polyphenol content (B), 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) (C) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) (D) radical scavenging capacity of C. indicum L. extract 
(CI) and ferments as a measure of the antioxidant capacity. Values are presented as the mean±SD (n=3). *P<0.05, **P<0.01, 
and ***P<0.001 versus CI group. LLF15, CI fermented with L. lactis KCTC 3115; LPF74, CI fermented with L. paracasei KCTC 3074; 
LPF07, CI fermented with L. plantarum KCTC 3107; LCF09, CI fermented with L. casei KCTC 3109; LRF37, CI fermented with L. 
rhamnosus KCTC 3237.

hibition of ROS production (Zielinska-Blizniewska et al., 
2019; Choi et al., 2022).

To determine the antioxidant capacity of the CI and 
fermentation products, the flavonoid and polyphenol con-
tents and the DPPH and ABTS radical scavenging capaci-
ties were determined. The CI had a flavonoid content of 
0.153±0.001 mg/mL, whereas LLF15, LPF74, LPF07, 
LCF09, and LRF37 showed flavonoid contents of 0.129± 
0.001 mg/mL, 0.135±0.001 mg/mL, 0.116±0.001 mg/mL, 
0.143±0.001 mg/mL, and 0.135±0.001 mg/mL, respec-
tively, indicating a significant (P<0.001) decrease in fla-
vonoid content in the fermentation groups compared to 
CI (P<0.001) (Fig. 3A). The CI showed a polyphenol 
content of 0.482±0.009 mg/mL, while LLF15, LPF74, 
LPF07, LCF09, and LRF37 showed polyphenol contents 
of 0.467±0.006 mg/mL, 0.490±0.009 mg/mL, 0.440± 
0.009 mg/mL, 0.491±0.012 mg/mL, and 0.511±0.005 
mg/mL, respectively. The polyphenol content in the 
LPF07 fermentation was significantly (P<0.001) lower 
and that in the LRF37 fermentation (Fig. 3B) signifi-
cantly (P<0.05) higher than that in the CI. LLF15 show-
ed a lower polyphenol content than the CI, and LPF74 
and LCF09 showed higher polyphenol contents than the 
CI; however, these differences were not statistically sig-
nificant. The CI showed a DPPH radical scavenging ac-
tivity of 43.53%±0.45%. The DPPH radical scavenging 

activity was 52.46%±1.71% for LLF15, 55.52%±2.64% 
for LPF74, 49.24%±2.57% for LPF07, 55.40%±2.64% 
for LCF09, and 54.00%±1.57% for LRF37 (Fig. 3C). 
The DPPH radical scavenging activity was significantly 
higher (P<0.01, P<0.001) in the fermentation group 
compared to the CI. The ABTS radical clearance was 
49.75%±2.70% for the CI, 59.34%±3.33% for LLF15, 
61.31%±2.41% for LPF74, 50.16%±1.73% for LPF07, 
59.43%±3.64% for LCF09, and 56.89%±5.71% for LRF37 
(Fig. 3D). All fermentations exhibited higher ABTS radi-
al clearance than the CI, and all but LPF07 were sig-
nificant (P<0.01, P<0.001). In this study, the flavonoid 
content decreased in the fermented group compared to 
the CI, whereas the polyphenol content showed little 
change and even decreased in the fermented group. The 
DPPH and ABTS radical scavenging capacities were found 
to increase in the fermentation group.

In general, polyphenols and flavonoids are considered 
benchmarks for evaluating antioxidant capacity, and their 
contents are increased by enzymes that are produced 
during fermentation to break down cellulose and other 
factors. However, prolonged fermentation is known to 
decrease the polyphenol and flavonoid contents due to 
ROS produced during microbial metabolism and en-
zymes that degrade polyphenols and flavonoids (Adetuyi 
and Ibrahim, 2014). In this study, we found that the 
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Fig. 4. Viability of 3T3-L1 cells treated with C. indicum L. extract 
(CI) and ferments. Concentration-dependent cytotoxicity was 
measured and expressed as cell viability. Values represent the 
mean±SD (n=3). LLF15, CI fermented with L. lactis KCTC 3115; 
LPF74, CI fermented with L. paracasei KCTC 3074; LPF07, CI 
fermented with L. plantarum KCTC 3107; LCF09, CI fermented 
with L. casei KCTC 3109; LRF37, CI fermented with L. rhamno-
sus KCTC 3237.

contents of flavonoids and polyphenols decreased, where-
as the antioxidant capacity increased. This may have 
been due to the measurement methods or the fermenta-
tion process. When determining flavonoid content via 
the color difference caused by aluminum binding to fla-
vonoids, the absorbances of different types of flavonoids, 
such as quercetin, rutin, and catechin, exhibit differences 
(Shraim et al., 2021). This difference in absorbance due 
to aluminum binding is likely caused by the creation of a 
component with a lower charge but a higher antioxidant 
capacity. In the case of polyphenols, this includes vari-
ous components, with a decrease in polyphenols corre-
lating poorly with a decrease in antioxidant capacity 
(Pompeu et al., 2021). A recent study assessed the com-
ponents in green tea after fermentation and found that 
while the polyphenol content decreased, the antioxidant 
capacity was maintained or increased (Xu et al., 2022). 
Another possibility for this phenomenon is that the in-
creased DPPH and ABTS radical scavenging capacities 
may have been caused by the enzymatic degradation of 
some polyphenols and proteins from their macromole-
cular form into small molecules (Chen et al., 2013).

3T3-L1 cell viability as a function of CI and each 
fermentation treatment concentration
To determine the cytotoxicity of CI and each fermenta-
tion treatment concentration, cell viability was measured 
using 3T3-L1 cells. CI was added to 3T3-L1 cells at con-
centrations of 0.125, 0.25, 0.5, and 1 mg/mL. The cell 
viability rates were 101.4%±3.3%, 94.5%±5.1%, 91.0%± 
2.6%, and 82.8%±2.5%, respectively for the 0.125, 0.25, 
0.5, and 1 mg/mL concentrations of CI, indicating mini-
mal cytotoxicity even at the highest concentration of 1 
mg/mL. The cell viability rate decreased with the treat-
ment concentration. In LRF37, the cell viability rates 
were 94.7%±3.6%, 90.5%±2.3%, 92.1%±3.2%, and 
89.7%±3.7% for the 0.125, 0.25, 0.5, and 1 mg/mL 
treatments, respectively, with higher cell viability rates 
observed compared to the CI at concentrations above 0.5 
mg/mL. LPF74 showed cell viability rates of 102.9%± 
0.8%, 96.7%±2.0%, 92.1%±4.9%, and 81.6%±5.2% for 
the 0.125, 0.25, 0.5, and 1 mg/mL treatments, respec-
tively, whereas LPF07 showed rates of 115.8%±3.0%, 
107.1%±4.3%, 89.1%±4.4%, and 82.1%±4.4%, respec-
tively. LCF09 showed cell viability rates of 103.6%±4.7%, 
102.1%±4.2%, 83.5%±4.9%, and 74.9%±3.4%, respec-
tively, and LLF15 showed rates of 98.3%±3.7%, 100.3%± 
2.6%, 93.8%±2.1%, and 88.6%±1.6%, respectively (Fig. 
4). Each fermentation group showed almost the same 
cell viability rates as the CI, and some treatment concen-
trations showed higher cell viability rates than the CI.

LAB are thought to protect cells from the oxidative 
stress caused by toxicity and inhibit cell death. LPF07 
showed a higher cell viability rate than the CI. L. planta-

rum, a plant-derived LAB, is known to protect IPEC-J2 
cells from H2O2-induced cytotoxicity and mitigate cell 
death (Wang et al., 2021a). Each fermentation, with the 
exception of LCF09, showed cell viability rates of greater 
than 80% at a concentration of 1 mg/mL of treatment; 
therefore, the subsequent experiments were conducted 
using a treatment concentration of 1 mg/mL.

Differentiation based on adipocyte transcription factors in 
CI and fermentation products
During the differentiation of adipocyte progenitors into 
adipocytes, two transcription factors, C/EBP and 
C/EBP, influence early differentiation, and two comple-
mentary transcription factors, PPAR and C/EBP, drive 
late differentiation. Stimulation with IBMX, DMSO, in-
sulin, etc., induces differentiation results in the expres-
sion of C/EBP and C/EBP and induces the expression 
of terminal makers such as adiponectin and the glucose 
transporter (Cao et al., 1991; Rosen et al., 2002; Rosen 
and MacDougald, 2006; Zebisch et al., 2012). As a cen-
tral regulator of cellular metabolism, AMP-activated pro-
tein kinase (AMPK) mediates the phosphorylation of 
target substrates and is essential for the regulation and 
maintenance of energy homeostasis. AMPK phosphor-
ylation promotes biosynthetic pathways and regulates 
fatty acid production to increase energy expenditure. It 
is therefore considered a key target for the prevention 
and treatment of obesity (Choi et al., 2024; Wang et al., 
2021b).

ORO staining was used to confirm the differentiation 
of adipocytes. Compared to the differentiation-induced 
3T3-L1 cells treated with DMSO (MDID) group, adipo-
cyte differentiation was significantly inhibited (to 75.8%± 
3.7%; P<0.001) by the addition of CI. Adipocyte differ-
entiation inhibition was measured at 66.3%±2.9% for 
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LPF74, 64.0%±4.1% for LPF07, 75.6%±5.6% for LCF09, 
59.2%±3.7% for LLF15, and 64.5%±2.2% for LRF37 
(Fig. 5B). Microscopic observation confirmed that the 
inhibition of differentiation was more effective in the 
LLF15 group than in the other fermentation groups (Fig. 
5A). As measured using ELISA to investigate protein ex-
pression, each fermentation product, including CI, ex-
hibited suppressed expression of all adipocyte transcrip-
tion factors compared with that of the MDID group. The 
protein expression of PPAR was 4.155±0.018 for CI, 
3.158±0.014 for LPF74, 3.299±0.020 for LPF07, 4.127± 
0.025 for LCF09, 2.832±0.018 for LLF15, and 3.493± 
0.028 for LRF37, confirming that the CI and each fer-
mentation product conferred significant (P<0.001) in-
hibition compared to the MDID group (Fig. 5C). The ex-
pressions of C/EBP and pAMPK were significantly 
(P<0.001) inhibited by CI and all fermentation groups, 
with LLF15 conferring the lowest expressions (1.003± 
0.013 and 7.533±0.133 for C/EBP and pAMPK, re-
spectively) (Fig. 5D and 5E). The results showed that CI 
and each fermentation product inhibited the differentia-
tion of adipocytes through relevant transcription factors. 
However, in some fermentation groups, such as the 
LLF15 group, it was observed that adipocyte differen-
tiation was excessively inhibited, and the number of al-
ready differentiated adipocytes was reduced (Fig. 5A and 
5B). This suggests that adipocyte differentiation is in-
hibited by signals independent of adipocyte differentia-
tion signals. Hh signaling in 3T3-L1 cells is known to 
regulate the upstream signaling of PPAR to induce adi-
pogenesis (Suh et al., 2006). Therefore, we aimed to de-
termine the relationship between Hh signaling, a type of 
adipocyte progenitor cell signaling, and adipocyte signal-
ing.

CI and Hh signaling in the fermentation products
Ligands involved in Hh signaling bind to PTCHs and ac-
tivate SMO. Among the two PTCH proteins, PTCH1 is 
directly involved in Hh signaling to activate SMO. Acti-
vated SMO translocates GLI family proteins (GLI1, GLI2, 
and GLI3), which are cleaved from the SUFU, into the 
nucleus of the cell to promote the transcription of target 
genes (Cousin et al., 2007; Hu et al., 2015; Pak and Segal, 
2016). GLI1 and GLI2 are primarily transcriptional acti-
vators, whereas GLI3 is involved in transcriptional re-
pression (Jia et al., 2003). Several transcription factors 
involved in the Hh signaling pathway (PTCH1, SMO, 
GLI1, GLI2, and GLI3) maintain Hh signaling activity, 
among which GLI1 is a highly reliable target gene of Hh 
signaling (Fontaine et al., 2008). Several transcription 
factors involved in Hh signaling have been implicated in 
adipocyte differentiation, and in particular, GLI1 overex-
pression has been demonstrated to inhibit fat accumu-
lation in adipocytes by reducing the control of PPAR, a 

transcription factor for adipocyte differentiation, and the 
expression of C/EBP, which drives late adipocyte dif-
ferentiation, to reduce the development of obesity and 
diabetes (Darlington et al., 1998; Fan et al., 2018; Zhou 
et al., 2022; Zou et al., 2022).

PTCH1 protein expression was significantly (P<0.001) 
lower in the CI and all fermentation groups compared to 
the MDID group, with LLF15 and LRF37 exhibiting low-
er expression than other fermentation groups, with val-
ues of 18.621±0.618 and 20.630±0.548, respectively 
(Fig. 6A). However, SMO protein expression was signif-
icantly higher (P<0.001) in the MDID group than in the 
CI and each fermentation group, with LLF15 showing 
high SMO expression compared to other groups (5.158± 
0.063) (Fig. 6B). GLI1 protein expression was signifi-
cantly higher in the LLF15 and LRF37 groups compared 
to the other fermentation groups (P<0.001), with values 
of 2.353±0.146 and 1.842±0.144, respectively (Fig. 6C). 
The protein expression of GLI2 was higher in LCF09 on-
ly, at 1.770±0.343, but this difference was not signifi-
cant (Fig. 6D). Conversely, GLI3 protein expression was 
significantly higher (P<0.001) in LLF15, LCF09, and 
LRF37, at 2.436±0.050, 2.581±0.068, and 2.342±0.087, 
respectively (Fig. 6E).

SMO activity was confirmed in all fermentations, in-
cluding CI, due to the inhibition of PTCH1. GLI1 and 
GLI3 were active in LLF15 and LRF37, and GLI2 and 
GLI3 were active in LCF09. The results (Fig. 6) suggested 
that GLI1 activity inhibited adipocyte differentiation in 
LLF15 and LRF37. Increased GLI1 protein expression in-
hibits adipocyte differentiation by controlling the ex-
pression of C/EBP and PPAR and can reduce body 
weight gain by affecting visceral white adipose tissue in 
HFD-induced animals (Qiu et al., 2021; Kim et al., 2024). 
Among the five LAB that had high antioxidant activity 
and inhibited the differentiation of 3T3-L1 cells into adi-
pocytes in a concentration-dependent manner, the strains 
that affected Hh signaling were L. lactis KCTC 3115 and 
L. rhamnosus KCTC 3237. These two strains can be con-
sidered optimal strains that can inhibit the differentia-
tion of adipocytes by regulating Hh signaling by ferment-
ing C. indicum L.

In this study, we aimed to identify substances that ef-
fectively regulate GLl1 by analyzing the components of 
LLF15 and identifying which components possess the 
highest GLI1 activity and regulate C/EBP and PPAR 
expression by inhibiting 3T3-L1 cell differentiation.

Composition differences between CI and LLF15
Each component of CI and LLF15 was analyzed qualita-
tively via UHPLC-MS/MS. In CI, p-coumaric acid (reten-
tion time, RT: 9.84) was detected (Fig. 7A), which was 
not detected in LLF15, while rhoifolin (RT: 11.72), quer-
cetin (RT: 14.93), daidzein (RT: 14.01), and genistein 
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Fig. 5. Identification of adipocyte differentiation using oil red O (ORO) staining and adipogenesis signaling using protein expression. 
Adipocyte morphology was assessed in 3T3-L1 cells (A) and plotted (B). Peroxisome proliferator-activated receptor- (PPAR) (C), 
CCAAT/enhancer binding protein- (C/EBP) (D), and phosphorylated AMP-activated protein kinase (pAMPK) (E) protein expression 
was measured using enzyme-linked immunosorbent assay (ELISA). Comparison of undifferentiated 3T3-L1 cells (Cont.), differ-
entiation-induced 3T3-L1 cells (MDI), differentiation-induced 3T3-L1 cells treated with DMSO (MDID), and their respective controls. 
Values represent the mean±SD (n=3). ***P<0.001 versus MDID group. DMSO, dimethyl sulfoxide; CI, C. indicum L. extract; LLF15, 
CI fermented with L. lactis KCTC 3115; LPF74, CI fermented with L. paracasei KCTC 3074; LPF07, CI fermented with L. plantarum 
KCTC 3107; LCF09, CI fermented with L. casei KCTC 3109; LRF37, CI fermented with L. rhamnosus KCTC 3237.

(RT: 16.53) were additionally detected in LLF15 (Fig. 7B). 
Among these components, luteolin and quercetin, which 
are known to be typical antioxidants and phenolic sub-

stances that inhibit obesity, were quantitatively analyzed. 
The results showed an 11.8% increase in luteolin and a 
400% increase in quercetin in the LLF15 fermentation 



542  Cho et al.

Fig. 6. Protein expression of hedgehog signaling in differentiated 3T3-L1 cells. Patched 1 (PTCH1) (A), smoothened (SMO) (B), 
and glioma-associated oncogene 1, 2, 3 (GLI1, 2, 3) (C, D, E) protein expression measured using enzyme-linked immunosorbent 
assay (ELISA). Values represent the mean±SD (n=3). *P<0.05 and ***P<0.001 versus differentiation-induced 3T3-L1 cells treated 
with DMSO (MDID) group. Cont., undifferentiated 3T3-L1 cells; CI, C. indicum L. extract; LLF15, CI fermented with L. lactis KCTC 
3115; LPF74, CI fermented with L. paracasei KCTC 3074; LPF07, CI fermented with L. plantarum KCTC 3107; LCF09, CI fermented 
with L. casei KCTC 3109; LRF37, CI fermented with L. rhamnosus KCTC 3237; MDI, differentiation-induced 3T3-L1 cells; DMSO, 
dimethyl sulfoxide.

compared to in the CI. Luteolin and quercetin inhibit 
the differentiation of adipocytes by controlling the ex-
pression of PPAR and C/EBP, and luteolin is known 
to be effective even in small doses (Sakuma et al., 2021).

Some of the phenolic substances present in plants af-
fect Hh signaling (Petricci and Manetti, 2015), and mi-
crobial fermentation converts glycosides to nonglycosides 
and nonglycosides to glycosides through glycosylation, 
deglycosylation, methylation, glucuronidation, and sulfa-
tase conjugation mechanisms via the activity of enzymes 

such as -glucosidase, cellulase, and decarboxylase, which 
are produced by the strain during fermentation. For ex-
ample, quercetin-glucoside has been reported to be con-
verted to quercetin through the fermentation of L. plan-
tarum, and this mechanism is believed to increase the 
quantity of certain phenolic substances that undergo the 
fermentation process (Huynh et al., 2014). It can be in-
ferred that an increase in phenolic substances controls 
the adipocyte differentiation of 3T3-L1 cells by affecting 
Hh signaling. However, further research into the con-
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Fig. 7. Ultra-high performance liquid chromatography-tandem mass spectrometry analysis of converted chemical derivatives after 
the fermentation process. Qualitative analysis of chemical derivatives of C. indicum L. extract (CI) (A) and CI fermented with L. 
lactis KCTC 3115 (LLF15) (B). RT, retention time.

version process is needed to identify the specific com-
pounds that simultaneously affect adipocyte differentia-
tion and Hh signaling in adipocyte progenitors.

In summary, among the CI and the five fermentation 
groups, only the LLF15 and LRF37 groups inhibited adi-
pocyte differentiation. Adipocyte differentiation was 
thought to be inhibited via the suppression of PPAR, 
C/EBP, and pAMPK expression and the regulation of 
GLI1 in Hh signaling, which are differentiation signals 
in 3T3-L1 cells. Specifically, the LLF15 group showed 
the most effective inhibition of adipocyte differentiation, 
with the highest expression of GLI1 in Hh signaling and 
lower PPAR, C/EBP, and pAMPK expressions than 
the other comparison groups. In conclusion, L. lactis 
KCTC 3115 enhanced the ability of C. indicum L. to regu-

late Hh signaling and inhibit adipocyte differentiation 
through fermentation (Fig. 8). LLF15 inhibited adipo-
cyte differentiation by modulating adipocyte differ-
entiation signaling and GLI1 activity of Hh signaling in 
adipocyte precursor cells. The findings of this study sug-
gest that LLF15 has the potential be developed as a nov-
el obesity medicine that can regulate adipocyte progeni-
tor cell differentiation and inhibit adipocyte differentia-
tion by modulating the activity of GLI1 in Hh signaling.
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