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Abstract

Obesity, a global health concern characterized by excessive fat accumulation, necessitates the discovery of anti-obesity com-
pounds. Rottlerin, known for its anti-cancer effects as a mitochondrial uncoupler, has been a subject of interest. However, its
impact on reducing intracellular lipid accumulation remains a gap in our understanding. This study aimed to fill this gap by
dissecting the mechanism of rottlerin in 3T3-L1 adipocytes. We treated differentiated 3T3-L1 cells with 0-20 uM of rottlerin
for 48 hours to assess its capability to induce lipid accumulation. Notably, we observed no cytotoxicity associated with the
treatment of rottlerin up to 20 puM, indicating its safety at these concentrations. Lipid accumulation, measured by oil Red O,
was downregulated dose-independently by rottlerin. We also found that key lipogenic enzymes, including SCD1 and DGAT1,
were decreased. The transcription factor of lipogenic genes, SREBP1, was reduced by approximately 80% with rottlerin. LRP6,
a crucial link between de novo lipogenesis mechanism reactions and Wnt signaling, was also degraded by around 70%. Inter-
estingly, the downstream regulation of LRP6, B-catenin, and TCFL2 was diminished by rottlerin. Our data indicate that rottlerin
alleviates adipocyte lipid accumulation by suppressing the LRP6/B-catenin/SREBP1c pathway. These findings underscore the
potential of rottlerin as a safe nutraceutical for combating obesity.
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Fig. 1. Chemical structure of rottlerin.
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Fig. 2. Cell cytotoxicity of 3T3-L1 preadipocytes was evaluated
by MTT assay. 3T3-L1 preadipocytes were treated with 0, 5,
10, and 20 pM rottlerin concentration. No cytotoxicity was
observed up to a maximum concentration of 20 pM.
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Fig. 3. The 3T3-L1 cells were differentiated for 2 days in a medium with 0.5 mM IBMX, 1 uM dexamethasone, 10 pg/mL
insulin (MDI solution), and 10% fetal bovine serum (FBS). Lipid droplets were formed from day 4. Differentiation of adipocyte

was completed by day 8.
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Fig. 4. Lipid accumulation was evaluated by oil red O
staining. (A) Rottlerin-treated 3T3-L1 adipocytes showed a
concentration-dependent decrease in lipid droplet formation.
(B) Rottlerin inhibited lipid accumulation by approximately
20% at 5 uM concentration. Lipid accumulation is inhibited
by approximately 30% at 10 to 20 pM. Data represent
means=SEM. Significant differences were analyzed by one-
way ANOVA with Tukey’s multiple comparisons between
groups (** p<0.01; *** p<0.001).
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Fig. 5. Effects of rottlerin on the protein expression associated with de novo lipogenesis in 3T3-L1 adipocytes were determined.
(A) ACC1, FAS, SCD1, and DGAT1 protein levels and (B) SREBP1 protein levels were analyzed by western blotting. ACC1
and FAS were 3 to 5-fold significantly increased at 20 pM. SCD1 was 2-fold significantly decreased at 20 M. DGAT1 was 60%
significantly decreased at 10, 20 pM. SREBP1 was 80% significantly decreased at 20 pM. All expression values were normalized
by B-actin as an internal control. Data represent means+SEM. Significant differences were analyzed by one-way ANOVA with
Tukey’s multiple comparisons between groups (* p<0.05; ** p<0.01; *** p<0.001).
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Fig. 6. Effects of rottlerin on protein expression associated with lipid homeostasis in 3T3-L1 adipocytes were determined. (A)
LRP6-pS1490/LRP6 were 70% significantly decreased by rottlerin at 20 uM. (B) B-catenin was 30% significantly decreased
at 10, 20 pM. TCF7L2 was 40% significantly decreased at 20 pM. All expression values were normalized by B-actin as an
internal control. Data represent means+SEM. Significant differences were analyzed by one-way ANOVA with Tukey’s multiple

comparisons between groups (* p<0.05; ** p<0.01; *** p<0.001).
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(Marinou et al., 2012; Jung et al., 2017). T-cell factor 4 (TCF4)
= transcription factor 7 like 2 (TCF7L2)2% E-g]w =Hkd
FAE Yo TCF7L29] 7AE AAEs)e} =72S 24
o) APRA 2] A A A ZA Q] tumor necrosis
factor alpha (TNF-o) 23k TCF7L20] o]&& o 2 XAl &%
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Fig. 7. Graphical abstract. Rottlerin inhibited lipid synthesis by modulating the LRP6/B-catenin/SREBP1c pathway. It
significantly reduced lipid accumulation in 3T3-L1 adipocytes dose-dependently. Rottlerin attenuated the expression of lipid
synthesis-related enzymes such as SCD1 and DGAT1. Additionally, the expression of SREBP1, a transcription factor regulating
lipid metabolism, significantly decreased dose-dependently by rottlerin treatment. Furthermore, the expression of LRP6/
p-catenin, a major regulator of lipid homeostasis, was significantly reduced, suggesting that rottlerin’s anti-obesity effect on lipid

accumulation may involve the LRP6/B-catenin pathway.



232 HES - AT - e - A

LRP6/p-catenin 7| % o202 7hhdte] 2ERS] 3
=2 ga] 522 LRP6/B-catenine]] 2]3k Z1 o= bRt

A8H o= e Ui Fa8ES 259 313l
F3512 WA o 4] LRP6/B-catenin/SREBPIc A 2E E3) =
AP ARz 2 AE G245 oAt AT 34

ABIA & Aol daes 2EHE o8
A 7] A7 AE LS Y F8% V|RAERR
289 Zlor ddtdr. 53, ol 7| 25U Y ¥
ek el tigh Aol velrl APEAIE WollA Wnt
AFHG7 2o 3oJ5}= LRP6/B-catenin TCF7L2 A T

vl
[e)

& 428 A ATRA Qeg Ak

(o
odt
=
o
B o

References

Bezy O, Tran TT, Pihlajamiki J, Suzuki R, Emanuelli B, Winnay J,
Mori MA, Haas J, Biddinger SB, Leitges M. 2011. PKCS regulates
hepatic insulin sensitivity and hepatosteatosis in mice and humans.
J. Clin. Invest. 121: 2504-2517.

Brenner W, Beitz S, Schneider E, Benzing F, Unger RE, Roos FC,
Thiiroff JW, Hampel C. 2010. Adhesion of renal carcinoma cells to
endothelial cells depends on PKCu. BMC Cancer. 10: 1-12.

Cawthorn W, Heyd F, Hegyi K, Sethi J. 2007. Tumour necrosis
factor-a inhibits adipogenesis via a B-catenin/TCF4 (TCF7L2)-
dependent pathway. Cell Death Differ. 14: 1361-1373.

Cheng L, Wang J, Dai H, Duan Y, An Y, Shi L, Lv Y, Li H, Wang C,
Ma Q. 2021. Brown and beige adipose tissue: a novel therapeutic
strategy for obesity and type 2 diabetes mellitus. Adipocyte. 10:
48-65.

de la Rosa Rodriguez MA, Deng L, Gemmink A, van Weeghel M,
Aoun ML, Warnecke C, Singh R, Borst JW, Kersten S. 2021.
Hypoxia-inducible lipid droplet-associated induces DGAT1 and
promotes lipid storage in hepatocytes. Mol. Metab. 47: 101168.

Fang C, Pan J, Qu N, Lei Y, Han J, Zhang J, Han D. 2022. The
AMPK pathway in fatty liver disease. Front Physiol. 13: 970292.

Fang K, Wu F, Chen G, Dong H, Li J, Zhao Y, Xu L, Zou X,
Lu F. 2019. Diosgenin ameliorates palmitic acid-induced lipid
accumulation via AMPK/ACC/CPT-1A and SREBP-1c/FAS
signaling pathways in LO2 cells. BMC Complement Altern Med.
19: 1-12.

Go GW, Srivastava R, Hernandez-Ono A, Gang G, Smith SB, Booth
CJ, Ginsberg HN, Mani A. 2014. The combined hyperlipidemia
caused by impaired Wnt-LRP6 signaling is reversed by Wnt3a
rescue. Cell Metab. 19: 209-220.

Gomez-Galeno JE, Dang Q, Nguyen TH, Boyer SH, Grote MP,
Sun Z, Chen M, Craigo WA, van Poelje PD, MacKenna DA.
2010. A potent and selective AMPK activator that inhibits de novo
lipogenesis. ACS Med. Chem. Lett. 1: 478-482.

Green H, Meuth M. 1974. An established pre-adipose cell line and
its differentiation in culture. Cell. 3: 127-133.

Gustafson B, Smith U. 2006. Cytokines promote Wnt signaling
and inflammation and impair the normal differentiation and lipid
accumulation in 3T3-L1 preadipocytes. J. Biol. Chem. 281: 9507-

9s1e.

Jung J, Ryu Y, Go G. 2017. Improvement of lipid homeostasis
through modulation of low-density lipoprotein receptor family by
functional ingredients. Food Engineering Progress. 21: 1-11.

Kayali AG, Austin DA, Webster NJ. 2002. Rottlerin inhibits insulin-
stimulated glucose transport in 3T3-L1 adipocytes by uncoupling
mitochondrial oxidative phosphorylation. Endocrinology. 143:
3884-3896.

Kersten S. 2001. Mechanisms of nutritional and hormonal regulation
of lipogenesis. EMBO Rep. 2: 282-286.

Kim H, Go G. 2023. Aloe vera (Aloe vera Linne) extract (AVE)
reduces fat accumulation by inhibiting adipogenesis in 3T3-L1
adipocytes. Food Sci. Biotechnol. 55: 419-424.

Kojima K, Motoshima H, Tsutsumi A, Igata M, Matsumura T,
Kondo T, Kawashima J, Ichinose K, Furukawa N, Inukai K. 2008.
Rottlerin activates AMPK possibly through LKB1 in vascular cells
and tissues. Biochem. Biophys. Res. Commun. 376: 434-438.

Korea disease control and prevention agency (KDCA). 2022-National
health and nutrition survey. Available from: https://www.index.
go.kr/unify/idx-info.do?idxCd=8021. Accessed Apr. 11, 2024.

Korean Society for the Study of Obesity (KSSO). Clinical practice
guidelines for obesity. Available from: https://www.kosso.or.kr/
popup/obesity _cpg.html. Accessed Apr. 11, 2024.

Lally JS, Ghoshal S, DePeralta DK, Moaven O, Wei L, Masia R,
Erstad DJ, Fujiwara N, Leong V, Houde VP. 2019. Inhibition of
acetyl-CoA carboxylase by phosphorylation or the inhibitor ND-
654 suppresses lipogenesis and hepatocellular carcinoma. Cell
Metab. 29: 174-182. e5.

Lee TH, Chen JL, Liu PS, Tsai MM, Wang SJ, Hsieh HL. 2020.
Rottlerin, a natural polyphenol compound, inhibits upregulation
of matrix metalloproteinase-9 and brain astrocytic migration by
reducing PKC-3-dependent ROS signal. J. Neuroinflammation. 17:
1-13.

Lim SH, Lee HS, Han H-K, Choi CI. 2021. Saikosaponin A and D
inhibit adipogenesis via the AMPK and MAPK signaling pathways
in 3T3-L1 adipocytes. Int. J. Mol. Sci. 22: 11409.

Liu W, Singh R, Choi CS, Lee HY, Keramati AR, Samuel VT,
Lifton RP, Shulman GI, Mani A. 2012. Low density lipoprotein
(LDL) receptor-related protein 6 (LRP6) regulates body fat and
glucose homeostasis by modulating nutrient sensing pathways and
mitochondrial energy expenditure. J. Biol. Chem. 287: 7213-7223.

Lu QY, Zhang L, Lugea A, Moro A, Edderkaoui M, Eibl G,
Pandol SJ, Go VLW. 2013. Determination of rottlerin, a natural
protein kinases C inhibitor, in pancreatic cancer cells and mouse
xenografts by RP-HPLC method. J. Chromatogr. Sep. Tech. 4:
100062.

Lu W, Lin C, Li Y. 2014. Rottlerin induces Wnt co-receptor LRP6
degradation and suppresses both Wnt/B-catenin and mTORC1
signaling in prostate and breast cancer cells. Cell Signal. 26: 1303-
1309.

Ma J, Hou Y, Xia J, Zhu X, Wang ZP. 2018. Tumor suppressive role
of rottlerin in cancer therapy. Am. J. Transl. Res. 10: 3345-3356.
Maioli E, Torricelli C, Valacchi G. 2012. Rottlerin and cancer: novel
evidence and mechanisms. ScientificWorldJournal. 2012: 350826.
Marinou K, Christodoulides C, Antoniades C, Koutsilieris M. 2012.



ZE9] LRP6/B-Cateni/TCF7L2 o)A o] w2 B3} AE U] X2

Whnt signaling in cardiovascular physiology. Trends Endocrinol.
Metab. 23: 628-636.

Nakamura MT, Yudell BE, Loor JJ. 2014. Regulation of energy
metabolism by long-chain fatty acids. Prog. Lipid. Res. 53: 124-
144.

National Institute of Diabetes and Digestive and Kidney Diseases
(NID). Prescription medications to treat overweight & obesity.
Available from: https://www.niddk.nih.gov/health-information/
weight-management/prescription-medications-treat-overweight-
obesity Accessed Apr. 11, 2024.

Opazo-Rios L, Mas S, Marin-Royo G, Mezzano S, Gomez-
Guerrero C, Moreno JA, Egido J. 2020. Lipotoxicity and
diabetic nephropathy: novel mechanistic insights and therapeutic
opportunities. Int. J. Mol. Sci. 21: 2632.

Perdomo CM, Cohen RV, Sumithran P, Clément K, Frithbeck G.
2023. Contemporary medical, device, and surgical therapies for
obesity in adults. Lancet. 401: 1116-1130.

Price NL, Holtrup B, Kwei SL, Wabitsch M, Rodeheffer M,
Bianchini L, Suarez Y, Fernandez-Hernando C. 2016. SREBP-
Ic/MicroRNA 33b genomic loci control adipocyte differentiation.
Mol. Cell Biol. 36: 1180-1193.

Ra G, Ghang H, Eom T, Lee S. 2024. A study on the socioeconomic
cost and policy priority of health risk factors. J. Korean Health
Econ. Policy. 30: 21-50.

Rai M, Rai A, Mori T, Nakabayashi R, Yamamoto M, Nakamura M,
Suzuki H, Saito K, Yamazaki M. 2021. Gene-metabolite network
analysis revealed tissue-specific accumulation of therapeutic
metabolites in Mallotus japonicus. Int. J. Mol. Sci. 22: 8835.

Rai Y, Pathak R, Kumari N, Sah DK, Pandey S, Kalra N, Soni R,
Dwarakanath B, Bhatt AN. 2018. Mitochondrial biogenesis and
metabolic hyperactivation limits the application of MTT assay in
the estimation of radiation induced growth inhibition. Sci. Rep. 8:
1531.

Rosengren A. 2021. Obesity and cardiovascular health: the size of
the problem. Eur. Heart J. 42: 3404-3406.

Soltoff SP. 2007. Rottlerin: an inappropriate and ineffective inhibitor
of PKCS. Trends Pharmacol. Sci. 28: 453-458.

Song J, Zhou Y, Gong Y, Liu H, Tang L. 2018a. Rottlerin promotes
autophagy and apoptosis in gastric cancer cell lines. Mol. Med.
Rep. 18: 2905-2913.

Song Z, Xiaoli AM, Yang F. 2018b. Regulation and metabolic

)
o
B>

233

Ay

significance of de novo lipogenesis in adipose tissues. Nutrients.
10: 1383.

Suganami T, Tanaka M, Ogawa Y. 2012. Adipose tissue inflammation
and ectopic lipid accumulation. Endocr. J. 59: 849-857.

Wada N, Hashinaga T, Otabe S, Yuan X, Kurita Y, Kakino S, Ohoki
T, Nakayama H, Fukutani T, Tajiri Y. 2013. Selective modulation
of Wnt ligands and their receptors in adipose tissue by chronic
hyperadiponectinemia. PLoS One. 8: ¢67712.

Yamamoto H, Sakane H, Michiue T, Kikuchi A. 2008. Wnt3a and
DKkl regulate distinct internalization pathways of LRP6 to tune
the activation of B-catenin signaling. Dev. Cell. 15: 37-48.

Yu J, Song P, Bai Y, Dang E, Luo Y, Chen J, Fu M, Zhang J, Qiao
P, Guo W. 2023. CD36-SREBP1 axis mediates TSLP production
in obesity-exacerbated atopic dermatitis. J. Invest. Dermatol. 143:
2153-2162.

Zhang QH, Xie LH, Zhang HN, Liu JH, Zhao Y, Chen LH, Ju 'Y,
Chen AL, Wang N, Song QW. 2022. Magnetic resonance imaging
assessment of abdominal ectopic fat deposition in correlation with
cardiometabolic risk factors. Front Endocrinol. 13: 820023.

Zhang Z, Xu L, Xu X. 2021. The role of transcription factor 7-like 2
in metabolic disorders. Obes Rev. 22: ¢13166.

Zhu'Y, Wang M, Zhao X, Zhang L, Wu Y, Wang B, Hu W. 2017.
Rottlerin as a novel chemotherapy agent for adrenocortical
carcinoma. Oncotarget. 8: 22825.

Zou T, Wang B, Li S, Liu Y, You J. 2020. Dietary apple polyphenols
promote fat browning in high-fat diet-induced obese mice through
activation of adenosine monophosphate-activated protein kinase o.
J. Sci. Food Agric. 100: 2389-2398.

Author Information

2830 gghota A FYFI
e IR DEEERES DS
7Rl G st HES e
7 sHe: TSt 4EQ st
27 FFh et A FYFNH
AAS: A s HEG Y
o) A HFEG S
I Bt HEGYSN



