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Abstract

Obesity is a growing global health issue closely associated with metabolic disorders, and recent
studies suggest that probiotics derived from fermented foods may offer promising anti-obesity
effects. In this study, we investigated the anti-obesity potential of Zactococcus lactis JNU534
(LL)), a lactic acid bacterium isolated from kimchi, by examining its effects on adipocyte
differentiation and lipid metabolism in 3T3-L1 preadipocytes. LIJ treatment during the
differentiation process resulted in a significant reduction in lipid accumulation, accompanied
by suppressed expression of key adipogenic transcription factors including C/EBPB, C/EBPa,
PPARY, and FABP4. Concurrently, LLJ downregulated essential lipogenic genes (SREBP1c, FAS,
and HMGCR) and suppressed the expression of NADPH-producing enzymes critical for lipid
biosynthesis. Furthermore, LIJ enhanced the phosphorylation of key metabolic regulators
(AMPK, ACC, and HSL), thereby activating lipid catabolism while simultaneously inhibiting
lipid synthesis. These findings demonstrate that LLJ inhibits adipogenesis and modulates lipid
metabolism through AMPK-mediated signaling pathways. As a functional probiotic derived from
traditional fermented food, L1J shows therapeutic potential for obesity prevention and management.
However, further in vivo and clinical investigations are warranted to validate its efficacy and
identify the specific bioactive compounds responsible for its metabolic benefits.
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Anti-Obesity Effects of Lactococcus lactis JNU534 via AMPK' Activation

ME

H[TR2 Tt AR HH 0= Aojum A AAZHCE {HEEC]
w245] S7FlHA, 3E5E9] 8 AR tiFE L Sk =W
oM = Aol Ao R Qlsf Hvle] 23 B, HEE A%
4 oA AFFA T2 AL Aeke] 9 A Q10 QA1
QKHuh and Park, 2024). HIFE] ¥Rk 74, 3F3 9 A mRiEL
o] B} 72 tiE2] Qolo& A (Concepcitn-Zavaleta er
al, 2024; Hamjane et al., 2024; Kumari er al, 2022), 3] %
W oP3EE ofluA] tiAl, A5 WS 2 A1 SHo]| R wIA H[gE
S PR M= A oR FE It Zhang er al, 2024).
AkH(lactic acid bacteria) AW E73& 7AlstaL A A%
< X5k ngHole g AR A A4 (adipogenesis) A2
A4 thAHlipid metabolism) 2&-Z E3f H|5t o 2 250
71008 4 ke Z2A7F A% JtHDrissi et al., 2014;
Million er al, 2012). Lactococcus lactis= 9, A= 2 A%
of 22 R AlRofA &o] HAEE fANRFO R, Ty AHAL e
olt, HiHz|eAldt T2 BESH 4 EES AY/Jol(Cavanagh
et al., 2015), Lactococcus lactis?} J25F= nisinS HE|2] 241
o= AT, ARt WY 2E GIE 9l tiAk &} BTk A0
71098k 71s4d0] A71=aL T Song et al, 2017). Lactobacillus
o} Bitidobacterium < fAktolA H|RE 24o] Eils] A=y
At} Lactobacillus plantarume TARFA]0] G-k v Hdloj A
AE 3718 Aok Ad NS 7Rk (Park er al, 2014),
Bifidobacterium animalis subsp. lactis= B|RF ¥ A HE 7j4
Sl EE g HolFUckPedret et al, 2019).

FZ dFolME Lactococcus lactis subsp. lactis CAB7010]
3T3-L1 AlZ9] A Al 2315 Astal, aA4lo] Rie H]gk
aReAoA Al 571 A SAS AAARITE AT Bl
AcHJeong er al, 2023). TSV, Lactococcus chungangensis
CAU 282 JAMPAlo] ue A0 A A|F A4t AW 24| tiAE
Wdehs aatE A5t tHZhang er al, 2020). L& A
A BE9 Lactococcus lactis INU534 (LLJ)S] yqt a3ket 1
24 HAUSS ofd] FE0] 1EEA gtk

oo & A= 3T3-L1 AXGAIZONA LIS Tt S
kst A A, A4 diAF 2 B3R 2R wAYS) vlA=
FFE 2ARICZA L9 vlgt A 8315 W61, 71sA &
2X9 A4 7ts4de gotaAt gt
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AXo A E2lgt L] (KCCM10869P)2] vl HEH Z=1] A
o]l M17 gk Hix|(Merck, Germany)°ll 0.5% (w/v) =32 &
7¥sto] WA AT A L9 9 F2k2 MRS broth (BD
Difco, USA)Ol HE5IL 30T, 24417 52T vt o wjorey
9 1% (v/v)& 3I3t] 30T 16~18A17F B2t Alduidst &
HFAos ARgstglon, wifd] Wi 1.89-2.000%2 #3}
ook BE AP 7.5 L €FY jar YR7](Bioengineering,
Swiss)olA 4 LS MRS ¥4 ¥iZ|(BD Difco)E Argdto] =]
et vl 30ToflA 80 gO= wHsIH 16A17F B2t ZPE|QL
I, 0.5 vwvmog 7|8 233513t 107 CFU/mLE Hieke LLJ
At MEE 518 & 52 AZ7](MG Industry, Republic of
Korea)g ©]&3] —50°C, 0.05 mbar, 36417t B AZEH L},

ME B & Est

3T3-L1 AZFE A EF23 (Korean Cell Line Bank,
Seoul, Korea)ol|A] Hokdol ARESI9ITE A E= 10% bovine calf
serum (BCS)¥} 1% penicillin-streptomycin (PS)°] 71 DMEM
HRjefA 37°C, 5% CO. 0= HiISIT, A7 6-well E01E
Al 100% =35} Ael(confluency)ol] EEld H51E STs5i9ich Hal S
= 05 mM 3-isobutyl-1-methylxanthine (IBMX), 0.25 M
dexamethasone, 4 mg/mL insulin, 10% fetal bovine serum (FBS)
4 1% PS7F 231 DMEME AR&sto] =38519itt. £35} 2% Aoll=
insulin, 10% FBS, 1% PS7} 23+ DMEM HiA|2 wAsli o,
4 9} 6 AJoll= 10% FBS9} 1% PS7}+ 71l DMEMOE wAs}
of HiekS A&olFit. Bl F 8 B8t Aol Lacrococcus
lactis7t A% /Y (adipogenesis)ol WA= FFE B7FSHSICH

NE =4 ot

AlZE/gE WST-1 49 (Biomax Co., Ltd., Seoul, Republic of
Korea)S A&3l0] 24513t} 3T3-L1 AEZE 96-well Zd0|E
of 1 x 10" cells/mLe] Y&& EF<ka, LIJ 0.5, 1, 1.5, 2
mg/mLE AZet T 24A7F 52t videich 8= 450 nmo
A SR, AlE AEEE tiat oiv] did ez ARl

Oil Red O M

3T3-L1 Al229] £3F 9 A4 525 B715H7] flsf Oil Red O
dMe 45tk Oil Red O 0.5 g& 2-propanol
(Sigma-Aldrich, St. Louis, MO, USA) 60 mLoj &3fst &,
0.22 pm ZEE oja}slal 4°CoflA s Hasiqlth. o]« A4
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|4 9 mLE 5575 6 mLe} Eoste] A NS A Z5I5IH.
B3yt S5 MEE= PBS (HyClone Laboratories Inc., UT,
USAZ AR & 10% Z=2ZE gH(Tech & Innovation Co.
Ltd., Chuncheon, Korea)2 AME3lo] 4°CoA 1A17H59F 1174
STt 1 & MEE FH4E Al 40°CollA] 3087 A
St H, Oil Red O &g B0 =2 QM) AL AlL20)4
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A 270E 2087 XPEUH. TF| HA=E A
2-propanolZ AMgste] GME B4 8EoI5itt A4
2 mlo]ZZ2EF|0|E BH(Tecan, Miannedorf, Swiss)E ©|-&
o 520 nmolA SBEE SFFe=N HFeloioirt

]
&

o o

R el 24
LIJ7F A2 £t AlEe 24e 98l A= oE ARoM a5
Aot 27] APPAIE 23} QA 4ARE &, 7] 23 A 42

=, FHAHE, EGSTAEe|s 9 HXQIR MY IR 6AIRE
ol =t 3E HEE= PBSZE 23] AlAgH 3, TRIzol A%
(Invitrogen, Carlsbad, CA, USA)Z ©]-&5}o] & RNAS £2I51%
t}. mRNAE Power SYBR® Green PCR Master Mix (Thermo
Fisher Scientific, MA, USA)E AR&oto] AAJZE PCR A& AIAE
(Applied Biosystems, CA, USA)OIA SZst9it. -4 Hd &
Hof| ARgE Zalojr MIL Table 19 AASIHLH, A&
mRNA HEF2 AACTHE AREsto] t27a} Hlwsto] Akbst
At PCRE B9l #4945 R34+ HE= Table 200 AAeHict

Western blot analysis

THIZS RIPA 9595 ARgst] FZ51912H, BCA 71E
(Thermo Fisher Scientific)E o]-83}0] At TiA(30 ug)
< SDS-PAGEZ E&J3t &, polyvinylidene difluoride (PVDF)
membraneC & HOJAIFT}E Membrane2 5% BSACA 30E7t
9SS F, 13+ FAN(1:1000)2F A 4°CollA] 12A17F ol §EGA|
At Tween-200] S Tris-g% AE4TBS-TZE 1084 5
3] AASkY, 22+ FA(Cell Signaling Technology, #7074,
1:2,000)2 A200A 2A17F B3t wigRch 234 Aol A=
horseradish peroxidase (HRP)E &4Jslsl7| sl ECL €94
membrane®] 2[5}t @A ¥i== ECL HZ A2 Thermo
Fisher Scientific)#} EZ-Capture ST A|2~8|(Tokyo, Japan)< A
Boto] 7HASFell o, e B4 Tmage] AZEYlE &9 =
Folgict. Aol AREE 13 A= vt 2o, IAYE=
Table 30f AAI5I3IAL Fo] HH= Table 4of AAISHAE
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Table 1. Primer sequences used for quantitative real-time PCR
analysis

Gene Primer Primer sequence (5-3)
CATCACTGCCACCCAGAAGACTG
GAPDH
R ATGCCAGTGAGCTTCCCGTTCAG
F TGCTTGCTGGCTCACAGTTA
FAS
R ATCAGTTTCACGAACCCGCC
F GACCAAGAAGCCTGGCATGTTC
G6PD
R AGACATCCAGGATGAGGCGTTC
F TGTCGCACTGCAAAGGGAG
SREBP2
R GCTCCCTAGTCTGTACCCGA
F GCTCGTCTACAGAAACTCCACG
HMGCR
R GCTTCAGCAGTGCTTTCTCCGT
F GGGGAACTTTTCCTTAACGTGG
SREBP1c
R TCCAGTTCGCACATCTCGG
F AGAGCAGTGCTACAAGGTGACC
ME
R CCAAGAGCAACTCCAGGGAACA
F CAAGATGCGCAACCTGGAGA
c/EBPS
R GACAGCTGCTCCACCTTCTT
F CTCTCCATGGGATTGGACGG
KLF2
R TCCGGGTAGTAGAAGGCAGG
F TTCGATCCGTAGAAGCCGTG
PPARY
R TGGACACCATACTTGAGCAGA
F TCACCATCCGGTCAGAGAGTA
FABP4
R TGTCGTCTGCGGTGATTTCAT
F GGGAGAACTCTAACTCCCCCA
c/EBPa
R GGAGGTGACTGCTCATCGG
F TGGACCTAGAAGAGAAGGAGGG
ACC
R GCCAGAGATCCCCAAATCAGA

F: forward, R: reverse

Statistical analysis

glo|El&= SPSS 27.0 HA(SPSS Inc., Chicago, IL, USA)/Z AR
ofo] BAo1oH, Hat + EEWHA mean + SD)Z AA|5FHL]
BAA 3942 p<0.05 oA GEuAEARE S (one-way
ANOVAYS 533t &, Act 7k 2}l & H]|ws}7] ol Tukey AR
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Table 2. Abbreviations for adipogenic and lipogenic markers

Abbreviation Definition
cEBPS CCAAT/enhancer-binding protein beta
KLF2 Kriippel-like factor 2
CEBP¢ CCAAT/enhancer-binding protein alpha
PPARy Peroxisome prolif:;it;;activated receptor
FABP4 Fatty acid binding protein 4
SREBP1c Sterol regulatory element-binding protein 1c
FAS Fatty acid synthase
HMGCR 3-Hydroxy-3-methylglutaryl-CoA reductase
SREBP2 Sterol regulatory element-binding protein 2
G6PD Glucose-6-phosphate dehydrogenase
ME Malic enzyme

LLJ7t 3T3-L1 MZE WZES0) O|X|= St

Table 3. Antibodies

used for Western blot analysis

| éga’r%

KSLABP

LLJ7} 3T3-L1 AHAIRS] BEE0] niAe IFE B7IH] ¢
&, ot B=(0.5 - 2 mg/mL)9] LIJE 24417 At 7,
WST-1 assays $~H3F4tHFig. 1). LLJ 0.5-2 mg/mL A
o8 A= AEL0] NOR + oiH] 15.00, 17.36, 18.38 %
21.26% #Agom, BE FrolA 592l Aolg Bt} &
5], 2 mg/mLo AEEoA AR AEEC] 7 WA UERHTh
o= LI 7F 3T3-L1 Alxo] tisf 44 &&= oldollA Al HE&
o] FFZ A 7= AARIT 7|20 YR es &8 F2
AYESE Lactobacillus rhamnosus GG, Bifidobacterium
animalis subsp. lactise 3T3-L1 v HE NEFO)A 1-5
mg/mL B W &2 A] o 10-25% 9] BE2& UAS 456
=707 BuEY 9t} LI A5%E0.5 mg/mLoAE A4AE
o] FriH o= Agkon, ofo we} F& AoA= FAo] A
3lE 0.5 mg/mL B=E 71&E02 APt

—

LLJ7} X[MMIE 28t 2 X[ X0 DjXl= 3
LL7F AAIZ 28t 5 Ad FHo] nlA]= FFE DRIsH] Sish
Boh G 373-L1 A=l LIJ (0.5 € 1.0 mg/mL)S A5}
1 Oil Red O A Yol3rhFig. 2). BSFE(CONT-S &
SIREAIE AHefoto] AAIEZ BSPAIZ] 22, NORE: thH] A
A 220] 143.92% Z718IHEHp<0.001). LLJ AHzlollAE= CON
= o] A FHo] sk &Aoo ® AA|ESI0H, 0.5 mg/mLo]
A 21.54%, 1.0 mg/mLOIA 26.26% 43I CKall p<0.01, Fig.
24). @vl7 A= CONTolA AE B lipid droplet?] 3

ook

Target protein Manufacturer Catalog No. Dilution
AMPK ¢ Cell signaling technology 2532
p-AMPK @ Cell signaling technology 2535
ACC Cell signaling technology 3676
B-Actin Cell signaling technology 4967
Primary antibody 1:1000
p-ACC Cell signaling technology 11818
SREBP-1c ab28481
SREBP2 Invitrogen PA5-88943
HSL Cell signaling technology 4107
p-HSL Cell signaling technology 4139
Secondary antibody Anti-rabbit 1gG, Cell signaling technology 7074 1:2000

HRP-linked antibody
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Table 4. Abbreviations for energy metabolism and lipolytic
markers

Abbreviation Definition
cEBPS CCAAT/enhancer-binding protein beta
KLF2 Kriippel-like factor 2
cEBP¢ CCAAT/enhancer-binding protein alpha
PPARy Peroxisome proliferator-activated receptor gamma
FABP4 Fatty acid binding protein 4
SREBP1c Sterol regulatory element-binding protein 1c
FAS Fatty acid synthase
HMGCR 3-Hydroxy-3-methylglutaryl-CoA reductase
SREBP2 Sterol regulatory element-binding protein 2
G6PD Glucose-6-phosphate dehydrogenase
ME Malic enzyme
120
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]
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T
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P o) [ee]
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T T T
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Cell viability (% of NOR)

NOR 0.5 1 1.5 2
mg/mL

Fig. 1. Effect of Lactococcus lactis JNU534 (LLJ) on 3T3-L1 cell
viability. 3T3-L1 preadipocytes were treated with LLJ at
concentrations of 0.5, 1.0, 1.5, and 2.0 mg/mL for 24 h, and
cell viability was measured using the WST-1 assay. Data are
presented as mean + standard deviation (n = 3). Statistical
significance was determined by one-way ANOVA with Tukey'’s
post-hoc test (p < 0.05; p < 0.01 vs. normal group, NOR).

71e} 7} @A 6] S WHA, LI AHeleoldes A4 B9 37
7} wofl HA F4gt Zlo] SRIESICHFig. 2B). of2Rt At
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L LUPE AAE B3} el A9 5L B0 ot

o], ol Es} o] el A S e,

LLJ7} X|EMIE 28} o QXL wadof DjXl= Fet
LU7F AAE £3t ol 27] 2 7] QIR {AAF W
m2= YFE 2ARE] ol &3k 3T3-L1 Al L1 (0.25,
0.5 @ 1.0 mg/mL)E A5k qRT-PCRE mRNA Hd 538
FASItHFig. 3). 7] ®3} uhAQl C/EBPAE= CON wollA
NORZ tfH] SolFoa 271810 (p<0.001), LI H&]ZolA]
FoJH o2 ZAsto] CONT tiH] A= Aekall p<0.001, Fig.
3A). ¥HH, AA| R E3F oA Q1ARRI KLF2+= CON=ollA] NOR
TH] 4SO LH(p<0.001), LLT AZlof| oJsf F71st%on, &
5] 1.0 mg/mLolA @ASHA 5716t p<0.01, Fig. 3B). $71
23} npA9l C/EBPe, PPARy, FABP42] &S NORT tH]
CONToIAM fo8 o0& F75 o, LI Agwolie sk 9&
Hog 7rasigiry. FAH R C/EBPex 0.25, 0.5 ¥ 1.0
mg/mL (p<0.01, p<0.01, p<0.001, Fig. 3C), PPARy= 0.5 &
1.0 mg/mL (p<0.05, p<0.001, Fig. 3D), FABP4= 1.0 mg/mL
(p<0.001, Fig. 3E)°llA] CONT tiH] Z4AE Bt

LLJ7t SEX g, SHAHIE 2 3 NADPH 4y &
|} oo Djxl= B

L7 A 343 9 NADPH A4 & -2t o] vix|= 9%
S 7] 8 BakE 3T3-L1 Al=of| LLJ(0.25, 0.5, 1.0
mg/mL)E A5}l RT-qPCRE EAI51AtHFig. 4). FAA
%4 7ZZ(SREBPlc, FAS), EH2HE T3 HZ(HMGCR,
SREBP2), NADPH A4 4Z(G6PD, ME)dl| #ojshe 1S
EA519E 1, o] 3449 Wdo] NORT thH] CONwollAl
BE foFo g S7I5I3ItHall p<0.001). L A2 & Fd4 &
@ WSk kol met F513 2jolE vkttt 1.0 mg/ml 5%
oAl SREBP1c9} FAS7F /941 /3 20| Hofol= 8
FAREA CONT e ol HA F451510, S EHE &4
& §AAR1 HMGCRY} SREBP2 4] RN R 7443 3
< 23tHall p<0.001, Fig. 4A-D). NADPH A4 7]ojsh=
G6PD9F ME 3t 1.0 mg/mLolA CON tiH] o] EolE
o, Z|Hpak AJgHgol " a3t 3hle Fdo] AljkE 7S Kol
ZtHall p<0.001, Fig. 4E-F). ¥4, 0.5 mg/mL HEolx=
SREBP1c®} FASS] W&ol 7rAste] o, HMGCR, G6PD 9 ME
9] 7% 1.0 mg/mLol| H]sf ¥3} Fo] o} Fiz O oA 7
o] FRI=|QItk. 0.25 mg/mLollA= thRE9] fALA] H]|
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Fig. 2. Inhibition of lipid accumulation by Lactococcus lactis JINU534 (LLJ) in 3T3-L1 adipocytes. Differentiated 3T3-L1 cells were treated
with LLJ at concentrations of 0.5 and 1.0 mg/mL during adipogenesis. Lipid accumulation was assessed by Oil Red O staining and
quantified as a percentage of the control group (CON) after destaining. Representative images show stained wells (A) and microscopic
views of lipid droplets (B). Data are presented as mean * standard deviation (n = 3). Statistical significance was determined by one-way
ANOVA with Tukey's post-hoc test (*p < 0.001 vs. normal group, NOR; “p < 0.01 vs. control group, CON).
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Fig. 3. Regulation of adipogenic marker mRNA expression by Lactococcus lactis JNUS34 (LLJ) in 3T3-L1 cells. Differentiated 3T3-L1
cells were treated with LLJ at concentrations of 0.25, 0.5 and 1.0 mg/mL, and mRNA expression levels of early-stage adipogenic markers
(C/IEBPS, KLF2) and late-stage markers (C/EBPa, PPARy, FABP4) were analyzed by RT-qPCR. Data are presented as mean + standard
deviation (n = 3). Statistical significance was determined by one-way ANOVA with Tukey’s post-hoc test (o < 0.05, *p < 0.001 vs.
normal group, NOR; ‘p < 0.05, “p < 0.01, “p < 0.001, vs. control group, CON).
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Fig. 4. Modulation of lipid synthesis and NADPH production gene expression by Lactococcus lactis JNU534 (LLJ) in 3T3-L1 cells.
Differentiated 3T3-L1 cells were treated with LLJ at concentrations of 0.5 and 1.0 mg/mL, and mRNA expression levels of triglyceride
synthesis genes (SREBP1c, FAS), cholesterol synthesis genes (HMGCR, SREBP2), and NADPH production genes (G6PD, ME) were

analyzed by RT-qPCR. Data are presented as mean
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+ standard deviation (n = 3). Statistical significance was determined by one-way
ANOVA with Tukey's post-hoc test (**p < 0.001 vs. normal group, NOR; 'p < 0.05, “p < 0.01,

“p < 0.001 vs. control group, CON).
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Fig. 5. Regulation of metabolic protein expression by Lactococcus lactis JNU534 (LLJ) in 3T3-L1 cells. Differentiated 3T3-L1 cells were
treated with LLJ at concentrations of 0.5 and 1.0 mg/mL, and protein levels of fatty acid synthesis regulators (ACC, p-ACC), energy
metabolism regulators (AMPKa, p-AMPKg), lipolysis regulators (HSL, p-HSL), and lipid/cholesterol synthesis regulators (SREBP1c,
SREBP2) were analyzed by Western blot. B-actin served as the loading control. Data are presented as mean + standard deviation (n
= 3). Statistical significance was determined by one-way ANOVA with Tukey’s post-hoc test (**p < 0.001 vs. normal group, NOR; "p

< 0.001 vs. control group, CON).
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