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ABSTRACT

The effect of Notch signaling in macrophages on metabolic diseases
Minseon Hwang

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Kyung-Hee Chun)

Obesity is a chronic metabolic disease that accompanies hypertension, heart
disease and type 2 diabetes. Furthermore, lipid accumulation in the adipose
tissue can cause inflammation and lead to insulin resistance. Therefore,
effective molecular mechanism and pharmacotherapeutic drugs need to be
urgently developed to treat obesity. Although immune cells, such as
macrophages, in the adipose tissue are expected to play an important role in
homeostatic regulation, the mechanism by which lipids shape the phenotype of
adipose tissue macrophages in diet-induced obesity remains unknown. The
association between the Notch signaling system, which regulates various cell
functions, and the inflammatory state is supported by many studies. Notch
signaling is regulated by inflammatory signals. Hairy and enhancer of split-1
(Hesl) is a representative targets of the Notch signaling system. Hesl
negatively modulates macrophage Toll-Like Receptor (TLR) responses,
suggesting that it is involved in autoimmune and inflammatory disorders.
Therefore, | hypothesized that there is an association between Hesl,
macrophages, and adipose tissues in relation to obesity and inflammation.

In this paper, | confirmed an increase in Notch signaling factors in the



immune cells of obese mice. When Hesl macrophage-specific knock-out mice
were fed a high-fat diet, the conditional knockout (cKO) mice gained less
weight and exhibited reduced blood sugar levels. Moreover, the IL-10
expression level in bone marrow-derived macrophages (BMDMs) of the cKO
mice was increased when they were in contact with adipocytes. IL-10
suppressed adipogenesis and lipid accumulation in adipocytes. | also found that
tschimganidine, a terpenoid from the Umbelliferae family, inhibited Notch
signaling factors and Hesl in macrophages. Treatment with tschimganidine
reduced lipid accumulation and adipogenesis accompanied by reduced
expression levels of adipogenesis and lipid accumulation-related factors through
AMP-activated protein kinase (AMPK) activation. These results suggest that,
Hes1 in macrophages plays an important role in the adipose tissue and appears
to affect metabolic diseases. Hesl may thus be a therapeutic target for obesity
and metabolic diseases. Moreover, tschimganidine, an inhibitor of Hesl, may
act as an anti-obesity agent that can impede adipogenesis and improve glucose

homeostasis.

Key words : Obesity, Notch signaling, Hes1, Macrophage, Natural Product
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The effect of Notch signaling in macrophages on metabolic diseases

Minseon Hwang

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Kyung-Hee Chun)

I. INTRODUCTION

The rise in obesity and obesity-related metabolic diseases has caused an
epidemic worldwide?. In the United States, over 78 million adults are obese and
have comorbidities?. Obesity has been identified to be a cause of metabolic
diseases, such as type 2 diabetes mellitus, nonalcoholic fatty liver disease
(NAFLD), and cardiovascular disease®. In particular, obesity is characterized by
chronic low-grade inflammation of the adipose tissue*. The inflammatory state
in obesity is initiated and regulated by the accumulation of and change in
inflammatory cells in adipose tissue®. As chronic adipose tissue inflammation
induces insulin resistance in adipocytes and inhibits the function of storing
excess energy in the adipose tissue, inflammation of the adipose tissue has been
suggested to be a pathophysiological mechanism underlying the development of
comorbid metabolic diseases, such as type 2 diabetes and cardiovascular disease,
in individuals with obesity*. Therefore, it is very important to elucidate the
underlying molecular mechanisms to resolve obesity and inflammation of the

adipose tissue and develop therapeutic agents for preventing and managing



obesity and obesity-related metabolic diseases.

Adipose tissue macrophages (ATMs) are the most abundant immune cells
in the adipose tissue. They play a key role in diet-induced type 2 diabetes
mellitus and insulin resistance®. Macrophages in the adipose tissue can reduce
the level of cytotoxic lipids by participating in lipid metabolism and
lipid-mediated inflammatory responses in the adipose tissue” 8. However, the
mechanism by which lipids shape the phenotype of adipose tissue macrophages
in diet-induced obesity remains unclear.

The Notch signaling system is present in most animals®. Mammals have
four Notch receptors (Notchl-4), which can bind to various ligands, such as
delta-like (DLL1, 3, 4) and Jagged (Jagged 1 and 2) ligands. These ligands
induce the cleavage of the Notch intracellular domain (NICD) by y-secretase
and allow the NICD to migrate into the nucleus®. In the nucleus, the NICD
interacts with recombination signal binding protein for immunoglobulin kappa J
region (RBP-J), a transcriptional factor, to transcribe transcriptional repressors,
such as those belonging to the Hairy and enhancer of split (Hes) family or
Hairy/enhancer-of-split related with YRPW motif (Hey) family 1°. Although
NOTCH1 present in this signal transduction system is known to be related to
adipogenesis and lipid accumulation!!, details regarding the molecular
mediators that cause this phenomenon remain unknown.

In addition to adipogenesis, the Notch signaling system has recently been
shown to play an important role in immune cells and their function!2. So far,
active Notch signaling has been observed in various inflammatory conditions,
including rheumatoid arthritis!®, and has been reported to be involved in the
activation and function of T cells and B cells'* *°. The association between the
Notch signaling system and the inflammatory state is supported by more and
more studies, and the Notch signaling system is reported to be regulated by
inflammatory signals'?. However, the mechanism by which inflammation

regulates Notch signaling is still not fully understood.
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To discover a drug with an effect similar to that of the Notch signaling
system on obesity and metabolic diseases, natural compound-derived
therapeutic agents have been studied. Natural compound-derived therapeutics
consist of bioactive phytochemicals with beneficial health effects that may be
useful for treating obesity and metabolic diseases'®. These therapeutic agents are
based on substances extracted from natural sources, such as animals, plants, and
minerals; therefore, they are popular as sources of medicine and as alternative
treatments to prescription drugs because of the experience of using natural
products for a long time and the expected effectiveness, despite controversy
over their safety'’°, In fact, approximately 25% of medicines sold at present
are derived from plants®. Natural products have several key advantages; they
are biologically active and are composed of proteins selected by nature for
specific biological interactions?®®. Natural products can be derived from
secondary metabolites produced to aid the survival of organisms; hence, they
exhibit low mammalian toxicity?'. Herbal secondary metabolites also contain
phytochemicals with beneficial therapeutic effects (e.g., alkaloids, terpenoids,
and phenolics)*®. Therefore, they are used in various ways to prepare nutritional
supplements, dietary supplements, and genetically modified foods'¢. Moreover,
several natural product-based drugs have been developed to enhance human
health and alleviate cancer, cardiovascular disease, and osteoporosis®®.

While studies conducted so far have suggested some link between the
Notch signaling system, fat accumulation, and immune cells in the adipose
tissue, certain molecular mechanisms remain questionable. In addition, the
physiological relationship between Hesl, which is a representative target of the
Notch signaling system, and macrophages has not been revealed. Based on
these points, | first hypothesized that Hesl deficiency would ameliorate
metabolic diseases such as obesity and fatty liver disease. Moreover, | intended
to conduct a study on the physiological effect of Hesl on lipid accumulation

and macrophage in adipose tissue through this study. | also aimed to search for
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a drug that has an effect similar to that of the notch signaling system on the
adipose tissue.



Il. MATERIALS AND METHODS

1. Mice

Wild-type C57BL6/J male mice were purchased from Orient Bio Inc.
(Gyeonggi, Republic of Korea). Hes1" mice (kindly provided by Young-Yun
Kong at Seoul National University, Seoul, Korea) were bred with LysM-Cre*
mice (kindly provided by Heung Kyu Lee at KAIST, Daejeon, Korea). Age and
sex-matched cohorts of female (8-12 weeks old) and males (8-12 weeks old)
littermates were used for isolation of BMDMs. Seven-week-old wild-type and
Hes1 conditional Knockout (cKO) mice were fed a high-fat diet (HFD, chow
diet, 60% of the total kcal as fat, Research Diets, Inc; New Brunswick, NJ,
Canada) for 10-12 weeks (12-h light/12-h dark cycle).

The mice were intraperitoneally injected with 1 and 5 pgkg of
tschimganidine (Enzo Life Sciences, NY, USA). To assess metabolic
parameters, eight-week-old mice were fed either a normal chow diet (NFD) or a
HFD with or without tschimganidine for 12 weeks. Body weight and food
intake were measured every two days to evaluate the effect of tschimganidine
treatment.

All mouse tissues (gonadal white adipose tissue [gWAT], inguinal white
adipose tissues [IWAT], liver tissue, and brown adipose tissue [BAT], among
others) were frozen in liquid nitrogen and stored at -80 °C until analysis. All
animal studies were approved by the Institutional Review Board of the Yonsei
University College of Medicine and were performed in specific pathogen-free
facilities according to the Guidelines for the Care and Use of Laboratory
Animals (2018-0289).

2. Cell culture and adipocyte differentiation
THP-1 cells were cultured in Rosewell Park Memorial Institute (RPMI)-1640

medium with 10 % fetal bovine serum (FBS) and 1% penicillin/streptomycin
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(P/S) and stimulated with phorbol 12-myristate 13-acetate (PMA, 100 nM,
Sigma-Aldrich, St. Louis, MO, USA) for differentiation.

3T3-L1 cells were maintained and grown to a post-confluency state using
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% bovine
serum. On day 0 post-confluence, the 3T3-L1 cells were incubated in DMEM
supplemented with 10% FBS, insulin (1 pg/mL, Sigma-Aldrich, St. Louis, MO,
USA), isobutylmethylxanthine (IBMX, 520 mM, Sigma-Aldrich, St. Louis, MO,
USA), and dexamethasone (1 pM, Sigma-Aldrich, St. Louis, MO, USA). After
two days, the medium was replaced with DMEM supplemented with 10% FBS
and insulin (1 pg/mL). After four days, the medium was replaced with DMEM
supplemented with 10% FBS.

3. Preparation of BMDMs

Genotype-, age-, and sex-matched cohorts of male or female mice aged six to
12 weeks were euthanized, and both femurs were dissected free of adherent
tissue. Bone marrow cells from femur and tibia were subjected to red blood cell
lysis using red blood cell lysis buffer, and the surviving cells were cultured for
six days in differentiation medium. On day 3, 5 ml of medium was added. The
differentiation medium consisted of DMEM and 10% FBS with 20ng/ml
macrophage colony-stimulating factor (M-CSF, Peprotech, NJ, USA). P/S was
also added to the medium. Cells were harvested with cold phosphate-buffered
saline (PBS), washed, resuspended in DMEM supplemented with 10% FBS,

and used at a density of 4-10 x 10° cells/mL for experiments.

4. Cell viability assay
3T3-L1 cells were cultured in 12-well plates and incubated until they reached
confluence. The cells were then treated with tschimganidine for 48 h at the
indicated concentrations. Cell viability was measured using Ez-Cytox (Daeil

Lab Co. Ltd., Seoul, Republic of Korea), according to the manufacturer’s
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protocol.

5. Transfection of small interfering RNA (siRNA)

THP-1 cells were cultured in a six-well plate and incubated for 24 h with
stimulation using PMA. The cells were transfected with human Hes1 siRNA at
20 nM (Bionics, Seoul, Republic of Korea) using Lipofectamine™ RNAIMAX
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol.
After 6 h, the medium was replaced with RPMI supplemented with 10% FBS,
and 1% P/S. After 2 days, the cells were harvested.

3T3-L1 cells were cultured in a six-well plate and incubated for 24 h. The
cells were transfected with mouse AMP-activated protein kinase catalytic
subunit alpha-1 (AMPKal) siRNA at 50 nM (Bionics, Seoul, Republic of
Korea) using Lipofectamine™ RNAiIMAX according to the manufacturer’s
protocol. After 24 h, the medium was replaced with DMEM supplemented
with 10% bovine serum. On next day, cell differentiation was induced by
transferring the cells to DMEM supplemented with 10% FBS, insulin (1
ug/mL), IBMX (520 uM), and dexamethasone (1 pM).

6. Western blot analysis

Cell lysate extractions were performed using radio-immunoprecipitation
assay (RIPA) buffer (1% Triton X-100; 1% sodium deoxycholate; 0.1% sodium
dodecyl sulfate; 150 mM NaCl; 50 mM Tris—HCI, pH 7.5; and 2 mM EDTA,
pH 8.0). The lysates were briefly vortexed and cleared by centrifugation at
13,200 rpm for 20 min at 4°C. The supernatant was transferred to a new
microcentrifuge tube. The concentration of protein in the supernatant was
measured using a protein assay reagent (Thermo Scientific, Waltham, MA,
USA). In total, 20-50 pg of total protein in each lysate was resolved in SDS
PAGE gels and electrotransferred to PVDF membranes (Merck Millipore,
Billerica, MA, USA). The membranes were blocked with 2% skim milk in
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PBST buffer for 1 h at room temperature. The following primary antibodies
were used: antibodies against Jagged 1, Jagged 2, C/EBPa, PPARy, FABP4,
FASN, phosphorylated (p)-AMPK, AMPK, p-AKT, AKT, p-JAK2, and JAK2
from Santa Cruz Biotechnology (Dallas, Texas, USA) and antibodies against
Hesl, Heyl, NOTCH1, NOTCH3, NOTCH4, DLL4, p-ACC, ACC, p-ERK1/2,
and ERK1/2 from Cell Signalling (Danvers, MA, USA). The membranes were
washed thrice for 10 min. The FUSION Solo S (Vilber, Paris, France) was used
for image detection, according to the manufacturer’s instructions. The
normalization control used was anti-p-actin (Santa Cruz Biotechnology, Dallas,
Texas, USA).

7. RNA isolation, reverse transcription and real-time PCR analysis

RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions. CDNA (1-4 pg) was synthesized
using a reverse transcription-PCR (RT-PCR) master mix (TOYOBO, Tokyo,
Japan). RT-PCR was performed using a reverse transcription system (TOYOBO,
Tokyo, Japan). Real-time PCR was performed using the instructions provided in
TB Green Premix EX Taq (TaKaRa, Kyoto, Japan) with ABI instruments
(Applied Biosystems Inc, Foster City, CA, USA). All results were normalized
by B-actin. The primers are listed in Table 1.

8. Oil Red O staining
Differentiated 3T3-L1 cells were washed with PBS, incubated in 10%
formalin for 10 min, and washed with distilled water. The cells were then
stained with ORO (Sigma-Aldrich, St. Louis, MO, USA) in 60% isopropanol
for 1 h. The stain retained by the cells was eluted with 100% isopropanol, and
ODsyo of the solution was measured with a microplate reader (Molecular
Devices, CA, USA).



9. Analysis of serum metabolic parameters
Blood was collected from the mice as mentioned above and centrifuged for
10 min at 132 xg to obtain serum. Serum analysis, including assessment of
alanine aminotransferase (ALT), glucose, triglyceride (TG), total cholesterol,
and free fatty acid (FFA) contents, was performed at the Seoul Medical Science

Institute, Gyeonggi, Republic of Korea.

10. Metabolic assays
Glucose tolerance tests (GTTs) were performed by intraperitoneal injecting
mice with 1 g/kg glucose (Sigma-Aldrich, St. Louis, MO, USA). Insulin
tolerance tests (ITTs) were performed by intraperitoneal injecting mice with 1
U/kg insulin (Humulin). Blood glucose levels were measured 0, 15, 30, 60, 90,

and 120 min after injection using a glucometer.

11. Morphological analysis of tissues
gWAT, iWAT, liver tissue, and BAT were fixed in 4% paraformaldehyde for
24-48 h at 4°C, processed for paraffin embedding, and stained with
hematoxylin and eosin (H&E). The cell size was analyzed using Imagel

software??,

12. Quantification of hepatic triglycerides and free fatty acids

Hepatic TG content was measured in lipid extracts from previously frozen
liver tissues of mice fed a NFD or HFD with or without tschimganidine for 12
weeks using the Triglyceride Quantification Colorimetric Kit (BioVision,
Mountain View, CA, USA), following the manufacturer’s instructions.
Colorimetric measurements were performed at 570 nm using a microplate
reader (Molecular devices, CA, USA). Similarly, Hepatic FFA content was
measured in lipid extracts from previously frozen liver tissues using the FFA
Quantification Colorimetric Kit (K612-100, BioVision, Mountain View, CA,

9



USA), following the manufacturer’s instructions. Colorimetric measurements
were performed at 570 nm using microplate reader (Molecular devices, CA,

USA). All experiments were performed at least thrice.

13. Flow cytometry

Single-cell suspensions were prepared from adipose tissues. Adipose tissues
were extracted and processed as described above before resuspension in PBS
buffer containing 2% FBS 20 and 2mM EDTA for flow cytometric analysis.
The LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (L10119, Invitrogen)
was used in combination with anti-mouse CD16/CD32 Fc blocker antibody
(#14-0161-81, Invitrogen) for 15 min on ice in the dark. The cells were washed
and incubated with fluorochrome-conjugated antibody (anti-mouse F4/80
PerCP/Cy5.5, clone BM8, Biolegend cat. 123127; anti-mouse CD11b FITC,
clone M1/70, Biolegend cat. 1001206) at the manufacturer-recommended
dilution for 30 min on ice in the dark. The cells were washed with PBS and
resuspended in FACS buffer for flow cytometric analysis on BD LSRFortessa at
the Flow Cytometry Core of the Abision Biomedical Research Center, Yonsei
College of Medicine. In total, 10,000-1,000,000 cells were analyzed per sample
using BD FACS Diva Software. The data was analyzed using Flow Jo software.

14. Statistical analysis
Data were plotted and statistically analyzed using Prism 5 (Graph-Pad, San
Diego, CA, USA) and presented as the mean = SD or SEM. Unpaired t-tests
were used to compare the two groups. Statistical significance was set at P <
0.05.

10



Table 1. Primer lists and sequences for RT-PCR

Primer Sequence (5’ to 3)
) Forward: GGCTGTATTCCCCTCCATCG
P-actin Reverse: CCAGTTGGTAACAATGCCATGT
Forward: TGAGAATGATGCCCGCACTT
Notent Reverse: CAGGTGCCCTGATTGTAGCA
Forward: AGCAGGAGCAGGAGGTGATA
Noteh2 Reverse: TGGGCGTTTCTTGGACTCTC
Forward: CAGGCGAAAGCGAGAACAC
Noteh3 Reverse: GGCCATGTTCTTCATTCCCA
Forward: ATGACTCCTTGCCCTCTCTCT
Notend Reverse: CTCTCACCCTTTAGTCCCTCAGA
Forward: ACACCGGACAAACCAAAGACA
est Reverse: AATGCCGGGAGCTATCTTTC
Forward: TCAACGAGAGCCTAAGCCAGCT
Fes2 Reverse: CGCACAGTCATTTCCAGGATGTC
Forward: AGTCCCAAGGAGAAAAACCGA
Fess Reverse: GCTGTGTTTCAGGTAGCTGAC
Forward: CGGGCCAGGGGAGCTACACA
L Reverse: AGCTGTCCTCAAGGTCCGTGG
Forward: CAGCATCCCCTGGCAGTGTGC
L Reverse: GCTGGCACACTTGCTGAGTCCC
Forward: GCCGAAGTTGCCCGTTATCTG
HEYL Reverse: TGTGTGGGTGATGTCCGAAGG
Forward: GATGCACTGCCTATGAGCAC
PPARy

Reverse: TCATGGAGAGGTCCACAGAG

11



Forward: GACATCAGCGCCTACATCGA

C/EBPa.
Reverse: TCGGCTGTGCTGGAAGAG
Forward: CATCAGCGTAAATGGGGATT
FABPR Reverse: TCGACTTTCCATCCCACTTC
Forward: TGGGTTCTAGCCAGCAGAGT
FASN Reverse: ACCACCAGAGACCGTTATGC
Forward: CATGCTCCAATCCACGGAGTA
Jegged 1 Reverse: CAGGGCGAGCAGAAGACTCA
Forward: CTGGGTGGCAACTCCTTCTA
agged 2 Reverse: AGCTCCTCATCTGGAGTGGT
L1 Forward: ATAACTGCACCCACTTCCCA

Reverse: GGGCATCACTTCTACCAGGT

Human B-actin

Forward: AGCCTCGCCTTTGCCGA

Reverse: CTGGTGCCTGGGGCG

Human Hesl

Forward: ATGGAGAAAAATTCCTCGTCCC

Reverse: TTCAGAGCATCCAAAATCAGTGT

Human IL-10

Forward: ATGCACAGCTCAGCACTGCTCTG

Reverse: CTTAAAGTCCTCCAGCAAGGACTCC

12



I11. RESULTS

1. Notch signaling of ATMs is activated under HFD conditions and upon
contact with adipocytes
When the NCD- and HFD-fed mice were analyzed with FACS, the
macrophage population in the stromal vascular fraction (SVF) in the epididymal
white adipose tissue (eWAT) increased under HFD conditions (Fig. 1A).
Moreover, the mRNA level of Notch signaling factors, including Hesl, was
elevated in ATMs of HFD-fed mice (Fig. 1B and 1C). Using the co-culture
system with differentiated adipocytes, | observed whether adipocytes or lipids
affect macrophages. Notch signaling was activated when BMDMSs contacted
adipocytes (Fig. 1D). This result is consistent with the finding that Notch
signaling is activated in ATMs. These results suggest that Hesl, an activated
Notch signaling target of macrophages, is associated with obesity and
inflammatory responses in the adipose tissue.

13
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Figure 1. Notch signaling of ATM is activated in high fat diet condition. (A)
Representative flow cytometry analysis of F4/80 and green fluorescent protein
(GFP) expression in the SVF of eWAT from normal chow diet-fed LysM
cre-GFP mice and high-fat diet-fed LysM cre-GFP mice. (B, C) mRNA
expression of Notch signaling and Hes1 in tissue macrophages from WT mice.
B-actin was used as a loading control for real-time PCR analysis. *P < 0.05, **
P <0.01 and *** P <0.001. (D) mRNA expression of Hesl, Heyl, Notchl,
Notch3, Notch4, DLL1, DLL4 and Jagged 1 in WT mouse BMDMs and
BMDMs co-cultured with differentiated 3T3-L1 cells. B-actin was used as a
loading control for RT-PCR analysis. Protein expression of Hesl, Heyl, Notchl,
Notch3, Notch4, DLL1, DLL4 and Jagged 1, and Jagged 2 in WT mouse
BMDMs and BMDMs co-cultured with differentiated 3T3-L1 cells was

detected by western blotting. Protein expression was normalized to B-actin.
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2. Inhibition of Hesl expression in macrophages ameliorates obesity in
HFD fed mice

To identify the role of Hesl in mouse macrophages, cKO of Hesl genes

was performed using LysM-Cre—LoxP recombination, which specifically
affects myeloid cells. This model was fed a HFD to induce obesity. After 12
weeks, the Hes1 cKO mice had significantly lower body weight than the wild-
type mice; however, no difference was noted in the body weight of the NFD-fed
groups (Fig. 2A and 2B). Compared with the control group, fat and free body
fluid accounted for a lower proportion of the body composition in the Hesl
cKO mice, while lean tissue accounted for a higher proportion of the body
composition under HFD conditions (Fig. 2C). To determine whether the
deletion of Hesl in macrophages affects the metabolic fitness, voiding behavior
of the mice was assessed using a metabolic cage system. The oxygen
composition (VO,), respiratory exchange ratio (RER) and energy expenditure
(EE) increased in the Hesl cKO mice. The Hesl cKO mice consumed more
food but performed less activity. Next, histological analysis of adipose and liver
tissues of HFD-fed mice was performed. The gWAT, iWAT, and BAT of the
Hesl cKO mice were drastically reduced compared with those of the wild-type
mice. Moreover, the Hesl cKO mice had significantly smaller adipocyte sizes,
as revealed by H&E staining (Fig. 2D, 2E and 2F). The weight of the liver was
similar between the two groups; however, the size of lipid droplets was lower in
the liver of the Hesl cKO mice (Fig. 2G). Following histological analysis, the
metabolic characteristics of Hesl was assessed in HFD-fed mice. GTTs and
ITTs were performed to identify the role of Hesl in glucose metabolism. Blood
glucose levels over the entire testing period were lower in the Hes1l cKO mice
(Fig. 2H). Also, blood serum samples of these mice were analyzed. ALT, blood
glucose, total cholesterol, and FFA contents were lower in the Hesl cKO mice
(Fig. 2I). These data imply that Hesl deletion in macrophages ameliorates

obesity under HFD conditions.
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Figure 2. Inhibition of Hesl expression in macrophages ameliorates obesity
in high-fat diet-fed mice. Adiposity and weight gain in WT and HES1-LysM
cKO mice. (A, B) Body weight of male WT and Hesl macrophage cKO mice
fed a NFD or HFD was measured over 12 weeks (n = 12 to 15). (C) Metabolic
characteristics of mice. Body weight gain, body composition, oxygen
consumption, energy expenditure, food intake, and movement in WT mice and
HES1-LysM cKO mice fed a HFD. *P < 0.05, ** P <0.01, and ***P <0.001
versus WT; unpaired t test. (D—G) White adipose tissue, BAT, and liver tissue
from HFD-fed WT and Hes1 cKO mice. Each tissue weight was measured after
the 12-week dietary period. The adipocyte size in each tissue section was
measured by H&E staining. Size measurements were performed using ImageJ
software. (H) Blood glucose profiles during intraperitoneal GTT (Left); Blood
glucose profiles during intraperitoneal ITT (Right). The results are expressed as
the mean + S.E.M. (n = 4-7/group). (I) Serum levels of the indicated lipid

metabolites. For statistical analysis, means and SEM were determined (n = 7 for
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each group). *P < 0.05, **P < 0.01, NS, statistically not significant. NFD,
normal-fat-diet; HFD, High-fat-diet; BAT, Brown adipose tissue; H&E,
hematoxylin and eosin; GTT, glucose tolerance test; ITT, insulin tolerance test.
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3. Hes1 cKO macrophages increase I1L-10 expression upon contact with
adipocytes, and I1L-10 suppresses adipogenesis in adipocytes

I determined how macrophage-specific Hesl knockout induces an
anti-obesity effect. First, BMDMs from wild-type and Hesl cKO mice were
separately cultured with differentiated 3T3-L1 cells using a direct interaction
system. Their gene expression levels were analyzed by RNA sequencing. upon
contact with differentiated adipocytes, it was confirmed that the IL-10 gene
expression level was higher in the Hesl cKO BMDMs than in the control
BMDMs (Fig. 3A). This result was reconfirmed by real-time PCR analysis (Fig.
3B). IL-10 gene expression was also increased in THP-1 cells by the
knockdown of Hesl gene expression using Hesl siRNAs (Fig. 3C). IL-10 is a
marker of M2 macrophages and is one of the cytokines secreted by ATMs in the
physiological state of obesity?®. M2 macrophages induce insulin sensitivity
through the anti-inflammatory actions of IL-10%%. These results suggest that
Hes1-inhibited macrophages in the adipose tissue express more 1L-10, thereby
reducing the inflammatory response. Next, | assessed whether IL-10 suppresses
adipogenesis and lipid accumulation. Two days after
methylisobutylxanthine—dexamethasone—insulin (MDI) induction, 3T3-L1 cells
were treated with different concentrations of IL-10 for 24 h. IL-10 treatment
reduced the mRNA (Fig. 3D) and protein (Fig. 3E) expression levels of
adipogenesis-related genes, particularly those encoding PPARy and its
downstream factors, C/EBPa, FABP4, and FASN. ORO staining revealed that
IL-10 inhibited lipid accumulation in adipocytes in a dose-dependent manner on
day 6 (Fig. 3F). 3T3-L1 cells were treated with IL-10 (10 ng/ml) at each stage
of adipocyte differentiation. IL-10 effectively reduced the protein expression of
adipogenesis-related factors when treated on day 2 or throughout the
differentiation phase (Fig. 3G). Collectively, these data suggest that Hesl
inhibition increases the expression level of IL-10 with an anti-inflammatory

effect in macrophages and that IL-10 reduces adipogenesis in adipocytes.
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Figure 3. Hesl cKO macrophages increase IL-10 expression, and IL-10
suppresses adipogenesis in adipocytes. (A) For each sample pair, the WT +
L1: WT ratio, Hes1 cKO + L1:Hesl cKO ratio, and Hesl cKO + L1/Hes1 cKO:
WT+L1/WT ratios were calculated using gene expression levels obtained by
bulk RNA sequencing. Each RNA sample was extracted from WT or Hes1 cKO
mouse BMDMs and WT or Hesl cKO BMDMs co-cultured with differentiated
3T3-L1 cells. (B) Detection of mRNA expression of IL-10 in macrophages
from WT or Hesl cKO mouse BMDMs and WT or Hesl cKO BMDMs
co-cultured with differentiated 3T3-L1 cells. p-actin was used as a loading
control for real-time PCR. *P < 0.05. (C) mRNA expression of Hes1 and 1L-10
in THP-1 cells was detected using real-time PCR. RNA samples were prepared
after Hes1 knock down using Hes1 siRNAs. mRNA expression was normalized
to that of B-actin. *P < 0.05, **P < 0.01. (D) mRNA expression of PPARYy,
C/EBPa, FABP4, and FASN was detected using real-time PCR. RNA samples
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were prepared on days 3. 3T3-L1 cells were treated with IL-10 at the indicated
concentrations for 24 h on day 2. mRNA expression was normalized to that of
B-actin. *P < 0.05, **P < 0.01. (E) Protein expression of PPARy, C/EBPa,
FABP4, and FASN was detected by western blotting. 3T3-L1 cells were treated
with IL-10 at the indicated concentrations for 24 h on day 2. Protein expression
was normalized to that of B-actin. (F) ORO staining of IL-10-treated 3T3-L1
cells. After MDI induction, 3T3-L1 cells were treated with 1L-10 on days 2 to 6
at the indicated concentrations. ORO staining was performed on day 6.
Measurement of lipid accumulation. ORO was eluted with 100% isopropanol
from the stained cells, and the absorbance was measured at 500 nm. **P < 0.01,
***pP < 0.001. (G) Protein expression of PPARy, C/EBPa, FABP4, and FASN
was detected by western blotting. 3T3-L1 cells were treated with IL-10
(10ng/mL) at the indicated stages. Cell lysates were prepared on days 6. Protein

expression was normalized to that of p-actin. ORO, Oil Red O.
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4. Tschimganidine has a similar effect to Notch signaling inhibition in
macrophages

Next, | searched for a natural therapeutic agent having a similar effect on
macrophages and adipocytes. Tschimganidine, a terpenoid, exhibited the
expected effect; its structure is presented in Fig. 4A. Tschimganidine treatment
reduced the protein expression levels of Notch signaling factors, such as Notchl,
Notch3, DLL4, Hesl, Heyl, Jagged 1 and Jagged 2, but increased the protein
expression level of IL-10 in BMDMs (Fig. 4B). Therefore, | confirmed whether
tschimganidine inhibits adipogenesis and lipid accumulation. 3T3-L1
preadipocytes were treated with different concentrations of tschimganidine 2
days after the induction of cell differentiation in order to evaluate the effect of
tschimganidine. Adipogenesis, the process by which adipocyte precursors
develop into mature adipocytes, was assessed by ORO staining of the lipid
droplets on day 6 (Fig. 4C). ORO staining revealed that tschimganidine reduced
lipid accumulation in a dose-dependent manner. Tschimganidine treatment at 5
ug/mL reduced lipid accumulation. The tschimganidine doses that were most
effective in inhibiting adipocyte differentiation and lipid accumulation were 25
and 50 pug/mL, respectively. A cell viability assay was performed to determine
whether the inhibitory effect of tschimganidine on lipid accumulation resulted
from cell cytotoxicity. No significant difference in cell viability was noted
between tschimganidine-treated and control cells (Fig. 4D). The expression of
adipogenesis-related proteins, namely PPARy, and its downstream factors,
C/EBPo, FABP4, and FASN, decreased after tschimganidine treatment in a
dose-dependent manner (Fig. 4E). These results suggest that tschimganidine
mimics Hesl inhibition effects and inhibits adipogenic differentiation by

downregulating the expression of adipogenesis-associated proteins.
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Figure 4. Tschimganidine has a similar effect to Notch signaling inhibition
in macrophages. (A) Structure of tschimganidine. (B) Protein expression of
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B-actin. (C) ORO staining of tschimganidine-treated 3T3-L1 cells. After MDI
induction, 3T3-L1 cells were treated with tschimganidine on days 2 to 6. ORO
staining was performed on day 6. Measurement of lipid accumulation. ORO
was eluted with 100% isopropanol from the stained cells, and the absorbance
was measured at 500 nm. ***P <0.001, dimethyl sulfoxide versus
tschimganidine. (D) Cell viability assays. Confluent 3T3-L1 cells were treated
with tschimganidine for 48 h. (E) Protein expression of PPARy, C/EBPa,
FABP4, and FASN was detected by western blotting. Protein expression was
normalized to that of p-actin.. ORO, Oil Red O; MDI,

methylisobutylxanthine—dexamethasone—insulin.
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5. Tschimganidine reduces the expression levels of adipogenesis-related
factors after adipocyte differentiation

Tschimganidine (15 pg/mL) exhibited a dose-dependent inhibitory effect

on lipid accumulation, as observed by ORO staining (Fig. 5A). Whole-cell
lysates were obtained on days 0, 2, 4, and 6 to assess how tschimganidine
treatment affects adipogenesis- and lipid accumulation-related genes during
adipocyte differentiation. 3T3-L1 cells were treated with tschimganidine 2 days
after adipogenic stimulation. Tschimganidine significantly suppressed the
mRNA (Fig. 5B) and protein (Fig. 5C) expression of PPARy, C/EBPa, FABP4,
and FASN after 2 days of treatment. | further investigated whether the
inhibitory effect of tschimganidine occurs at the early or late stages of
adipogenesis. Cells were treated with MDI and tschimganidine on day 0.
Tschimganidine treatment reduced adipocyte differentiation and lipid
accumulation (Fig. 5D). | also assessed the effects of tschimganidine on late
adipocyte differentiation. 3T3-L1 cells were incubated with tschimganidine
from days 6 to 10. Compared with control cells, tschimganidine treatment
reduced lipid accumulation and lipid droplet size in 3T3-L1 cells. ORO staining
results revealed that tschimganidine retarded all stages of adipocyte
differentiation, including the early stage (days 0 to 2) and late stage (days 6 to
10). These data indicate that tschimganidine represses adipogenesis and reduces

lipid accumulation in adipocytes.
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staining of tschimganidine-treated 3T3-L1 cells. After MDI induction, 3T3-L1
cells were treated with tschimganidine on days 2 to 6. ORO staining was
performed on day 6. ORO was eluted with 100% isopropanol from stained cells,
and the absorbance at 500 nm were measured. (B) mRNA expression of PPARy,
C/EBPo, FABP4, and FASN was detected using real-time polymerase chain
reaction. RNA samples were prepared on days 0, 2, 4, and 6. 3T3-L1 cells were
treated with tschimganidine on days 2 to 6. MRNA expression was normalized
to that of B-actin. *P < 0.05, **P < 0.01, and ***P < 0.001; dimethyl sulfoxide
versus tschimganidine. (C) Protein expression of PPARy, C/EBPa, FABP4, and
FASN was detected by western blotting. Protein samples were prepared on days
0, 2, 4, and 6. 3T3-L1 cells were treated with tschimganidine on days 2 to 6.
Protein expression was normalized to that of B-actin. (D) ORO staining and
lipid accumulation in tschimganidine-treated 3T3-L1 cells. 3T3-L1 cells were
treated with MDI and tschimganidine on day 2 (left panel). ORO staining was
performed on day 6. 3T3-L1 cells were treated with tschimganidine on days 6 to
10 (right panel). ORO staining was performed on day 10. ORO, Oil Red O;

MDI, methylisobutylxanthine—dexamethasone—insulin.
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6. Tschimganidine induces the phosphorylation of AMP-activated kinase

(AMPK) and Acetyl-CoA carboxylase (ACC)

Cell signaling molecules, such as AKT, AMPK, ERK, and JAK2,
participate in adipogenesis and lipid accumulation?’. To determine the
molecular mechanisms by which tschimganidine affects adipogenesis and lipid
accumulation, | assessed the changes in the activation of these signaling
pathways from day 2 to 3 of adipocyte differentiation (Fig. 6A). The expression
levels of AKT, AMPK, ERK 1/2, and JAK2 remained unaffected by
tschimganidine treatment. However, the levels of p-AKT, ERK 1/2, and JAK2
were significantly lowered after tschimganidine treatment. Tschimganidine also
increased AMPK phosphorylation. These results indicate that tschimganidine
reduced the phosphorylation of adipogenesis-related signaling pathways during
the early stages of adipocyte differentiation. Moreover, tschimganidine
treatment increased AMPK and ACC phosphorylation in a time-dependent
manner (Fig. 6B). Multiple studies have shown that AMPK is activated by
phosphorylation and inhibits adipocyte differentiation?-27.

I examined whether tschimganidine inhibits lipid accumulation through
AMPK activation. The inhibitory effect of tschimganidine on lipid
accumulation was reduced by the knockdown of AMPK gene expression using
AMPK siRNAs. ORO staining, lipid droplet size, and lipid accumulation in the
tschimganidine-treated 3T3-L1 cells after AMPK knockdown were lower than
those in the control cells (Fig. 6C). Moreover, AMPK knockdown reduced the
inhibitory effect of tschimganidine on the expression of genes related to
adipogenesis and lipid accumulation (Fig. 6D). Thus, tschimganidine inhibits

adipogenesis and lipid accumulation via AMPK activation.
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Figure 6. Tschimganidine induces the phosphorylation of AMP-activated
kinase (AMPK) and Acetyl-CoA carboxylase (ACC). (A) Western blotting of
signal transduction-related proteins. 3T3-L1 cells were treated with

tschimganidine on day 2 and incubated for 24 h. (B) The activity of signal
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transduction-related proteins, such as AMPK and ACC, was detected by
western blotting. 3T3-L1 cells were treated with tschimganidine on day 2. (C)
ORO staining and lipid accumulation in AMPKal knockdown 3T3-L1 cells
with or without tschimganidine. After transfection of AMPKal small interfering
RNA (siRNA), 3T3-L1 cells were differentiated using MDI. Following this,
3T3-L1 cells were treated with tschimganidine on day 2. ORO staining was
performed on day 6. ORO was eluted with 100% isopropanol from the stained
cells, and the absorbance at 500 nm was measured. ***P < 0.001; scRNA
versus SiIAMPK. (D) Protein expression of PPARy, C/EBPa, FABP4, and
FASN was detected by western blotting. Protein samples were prepared on day
4. Protein expression was normalized to that of B-actin. ORO, Oil Red O;
DMSO, dimethyl sulfoxide; MDI,

methylisobutylxanthine—dexamethasone—insulin.
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7. Tschimganidine affects body weight, insulin tolerance, and glucose
tolerance in HFD-fed mice

The anti-obesity effects of tschimganidine were evaluated in vivo. Mice
were fed an NFD or HFD (containing 60% of the total kcal as fat) for 12 weeks,
and intraperitoneal injection of tschimganidine was started 5 weeks after
feeding the HFD. Tschimganidine treatment reduced the body size of HFD-fed
obese mice; however, no difference was noted in the body size of NFD-fed
mice, regardless of tschimganidine treatment (Fig. 7A). The reduction in body
weight was notable in HFD-fed mice (Fig. 7B). In particular, the mice treated
with 5 pg/kg tschimganidine had a lower body weight than the control mice.
However, no significant differences in food intake were noted between the NFD
and HFD groups (Fig. 7C).

The effect of tschimganidine on metabolic parameters, such as ALT,
glucose, and TG levels, were evaluated in the sera of experimental mice.
Tschimganidine reduced the levels of ALT, glucose, and TG in the HFD-fed
mice (Fig. 7D). | also assessed whether tschimganidine improves glucose
homeostasis in vivo. Compared with the control mice, tschimganidine treatment
significantly improved glucose tolerance in the HFD-fed mice (Fig. 7E). Insulin
sensitivity was analyzed using the ITT. No differences were noted in blood
glucose levels between the tschimganidine-treated and control NFD-fed mice;
however, the blood glucose level was lower in the tschimganidine-treated
HFD-fed mice than in the control HFD-fed mice (Fig. 7F). These data indicate
that tschimganidine delays the increase in body weight and improves metabolic
parameters such as ALT, blood glucose, and TG levels; insulin tolerance; and

glucose tolerance in HFD-fed mice.
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Figure 7. Tschimganidine affects body weight, insulin tolerance, and
glucose tolerance in HFD-fed mice. (A, B) Reduced body size and weight of
HFD-fed mice treated with tschimganidine for 12 weeks. Tschimganidine was
administered to both HFD-fed and NFD-fed mice. Body weight was recorded
every 2 days. *P < 0.05, **P < 0.01; n = 6 per group. (C) Food intake was
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measured by weighing the remaining chow. (D) Measurement of ALT, glucose,
and triglyceride levels. Blood was drawn and analyzed from the NFD- or
HFD-fed mice with or without tschimganidine treatment. (E, F) Glucose
tolerance test and insulin tolerance test. Vehicle (DMSO)- or tschimganidine (1
or 5 ng/kg)-treated mice. Blood glucose levels were measured at 15, 30, 60, 90,
and 120 min. *P < 0.05, **P < 0.01; n = 6 per group of NFD-fed miceandn=5
per group of HFD-fed mice. vehicle versus 5 pg/kg tschimganidine. NFD,
normal-fat diet; HFD, high-fat diet; DMSO, dimethyl sulfoxide, ALT, alanine

aminotransferase.
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8. Tschimganidine reduces adipocyte size and adipogenesis-related
factors in fat tissues of HFD-fed mice

The amount of gWAT and iWAT in NFD- and HFD-fed mice with or
without tschimganidine treatment was evaluated. The amounts of gWAT and
iWAT were reduced in the tschimganidine-treated HFD-fed obese mice (Fig.
8A). The tschimganidine-treated HFD-fed mice had lower gWAT and iWAT
weights than the control mice (Fig. 8B). H&E staining of paraffin-embedded
gWAT samples was performed for histological analysis. Significantly more
adipocytes exhibited reduced size in the gWAT of the tschimganidine-treated
NFD-fed and HFD-fed mice (Fig. 8C). Similarly, the tschimganidine-treated
mice in both NFD-fed and HFD-fed groups had smaller adipocytes in the iWAT
than the untreated control mice (Fig. 8D).

The mRNA expression of FABP4, PPARy, C/EBPa, and FASN, which are
markers of adipogenesis and lipid accumulation in the gWAT and iWAT, was
assessed. The mRNA expression levels of FABP4, PPARy, C/EBPa, and FASN
were reduced in the gWAT of the tschimganidine-treated NFD-fed and
HFD-fed mice (Fig. 8E). Similarly, tschimganidine inhibited the mRNA
expression of FABP4, PPARy, C/EBPo, and FASN in the iWAT of the
HFD-fed mice (Fig. 8F). Tschimganidine also decreased C/EBPa and FASN
expression levels in the IWAT of the NFD-fed mice. Taken together,
tschimganidine reduced the weight and cell size of the gWAT and iWAT by

downregulating adipogenesis-associated gene expression.
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Figure 8. Tschimganidine reduces adipocyte size and adipogenesis-related
factors in fat tissues of HFD-fed mice. (A) White adipose tissues of NFD- or
HFD-fed mice administered vehicle (DMSO) or tschimganidine. (B) Gonadal
and inguinal WAT weight was measured after the 12-week dietary period. (C)
The adipocyte size of gonadal WAT sections was measured by H&E staining.
Size measurements were performed using ImageJ software. (D) The adipocyte
size of inguinal WAT sections was measured by H&E staining. Size
measurements were performed as described above. (E, F) Gonadal and inguinal
WATSs were collected, and tissue lysates were prepared. mMRNA expression of
FABP4, PPARy, C/EBPa, and FASN was assessed by real-time PCR analysis.
B-actin was used as a normalization control. Data are presented as the mean +
SD; *P < 0.05, **P < 0.01, and ***P < 0.001 for vehicle versus 1 and 5 pg/kg
tschimganidine treatment. H&E, hematoxylin and eosin; WAT, white adipose
tissue; NFD, normal-fat diet; HFD, high-fat diet; PCR, polymerase chain
reaction; DMSO, dimethyl sulfoxide.
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9. Tschimganidine reduces steatosis in liver tissues of HFD-fed mice

| assessed whether tschimganidine inhibits lipid accumulation in the liver
tissues of NFD-fed- and HFD-fed mice. The liver size was reduced in the
tschimganidine-treated HFD-fed obese mice (Fig. 9A). The liver weight of the
tschimganidine-treated mice was also lower than that of the control mice in the
HFD-fed group (Fig. 9B). Next, | conducted H&E staining of
paraffin-embedded liver tissues. Lipid accumulation in liver tissues was
significantly reduced in the tschimganidine-treated HFD-fed mice (Fig. 9C).
Hepatic TG and FFA levels were significantly lower in the
tschimganidine-treated mice than in the control mice (Fig. 9D). Additionally,
mMRNA levels of lipid accumulation-related factors, such as FABP4, PPARy,
and FASN, were reduced in liver tissues of the tschimganidine-treated NFD-fed
mice (Fig. 9E). Similar to the NFD-fed mice, tschimganidine repressed the gene
expression of FABP4, PPARy, and FASN in the liver of the HFD-fed mice
(Fig.9F). Taken together, tschimganidine alleviated hepatic steatosis in
HFD-fed mice.
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Figure 9. Tschimganidine reduces steatosis in liver tissues of high-fat
diet-fed mice. (A, B) The size and weight of liver tissues from NFD- or
HFD-fed mice. Liver weight was measured after the 12-week dietary period.
(C) H&E staining of liver sections was performed in each group treated with or
without tschimganidine for 10 weeks. (D) Hepatic TG and FFA levels. TG and
FFA from the liver were extracted, and their levels were measured using the
colorimetric method at 570 nm. (E, F) Liver tissue lysates were prepared, and
the MRNA expression of FABP4, PPARy, and FASN was assessed by real-time
PCR. B-actin was used as a normalization control. Data are presented as the
mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 for vehicle versus 1 and 5
pg/kg tschimganidine treatment. NFD, normal-fat diet; HFD, high-fat diet; FFA;
free fatty acid, TG, triglyceride; PCR, polymerase chain reaction.
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IV. DISCUSSION

Obesity is one of the most common metabolic diseases?®. According to
statistics from the World Health Organization, 39% of adults aged 18 years and
older were overweight in 2016, and 13% were obese. Obesity results in diabetes,
heart diseases and cancer?-3!, Therefore, the development of therapeutic agents
to manage and treat obesity is urgently required.

Notch signaling is related to adipogenesis and lipid accumulation! and
plays important roles in immune cells*2. ATM, one of the immune cells, is rich
in adipose tissues and is known to participate in lipid metabolism and
lipid-mediated inflammation®. Therefore, | intended to elucidate the molecular
mechanism by which Hesl, a target of the Notch signaling pathway, affects
macrophages in adipose tissues. Under HFD conditions, the macrophage
population increased in the eWAT and the expression levels of Notch signaling
genes, including the Hes1 gene, increased in ATMs. | also confirmed that Notch
signaling was activated in macrophages upon contact with adipocytes and not
by a soluble factor secreted by adipocytes. In addition, using myeloid-specific
Hesl cKO mice, | found that Hesl deletion increased resistance to
HFD-induced obesity. Body weight and metabolic fitness were ameliorated in
the HFD-fed Hesl cKO mice. H&E staining revealed that the Hesl cKO mice
had smaller lipid droplets in adipose tissues and liver. Furthermore, the Hesl
cKO mice had lower blood glucose levels over the entire period of the GTT and
ITT. The contents of ALT (a marker of liver toxicity), serum glucose, total
cholesterol, and FFA were decreased in the Hesl cKO mice. These results
propose that Hesl is associated with obesity and has the potential to be a
therapeutic target for managing obesity and metabolic diseases.

I next investigated the differences in gene expression between the
Wild-type and Hesl cKO mice by performing RNA sequencing. When Hesl
cKO BMDMs in contact with differentiated adipocytes, Hesl cKO BMDMs
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exhibited approximately threefold higher expression levels of the IL-10 gene
than wild-type BMDMs. This result was also observed by performing real-time
PCR. IL-10 expression was significantly increased in Hes1-deleted THP-1 cells.
IL-10 is an anti-inflammatory cytokine secreted by M2 macrophages in the
adipose tissue. M2 macrophages maintain insulin sensitivity through the
anti-inflammatory actions of IL-10 and signal transducer and activator of
transcription (STAT)-3%., IL-10 exhibits various anti-inflammatory effects in
macrophages and can effectively inhibit inflammation and autoimmune
diseases®. IL-10 also promotes insulin signaling in adipocytes by directly
suppressing the synthesis of inflammatory cytokines, such as TNF-a. Moreover,
it prevents the effects of TNF-o on blocking insulin-stimulated glucose uptake
in adipocytes®. Our in vitro studies revealed that 1L-10 (10 ng/mL) repressed
the expression of adipogenesis- and lipid accumulation-related genes, such as
those encoding FABP4, FASN, and C/EBPa. Furthermore, | confirmed that
IL-10 reduced lipid accumulation in a dose-dependent manner and that IL-10
exhibited an inhibitory effect on adipogenesis at the early stage of adipocyte
differentiation. These data suggest that Hesl depletion in macrophages
increases IL-10 expression and can reduce inflammation in the adipose tissue,
and inhibit adipocyte differentiation and fat accumulation.

Next, | focused on natural products to identify a therapeutic agent that
exhibits a similar effect to Hesl inhibition. Natural products are composed of
bioactive phytochemicals with beneficial health effects, and they can help treat
obesity and metabolic diseases despite their safety concerns!®®. Previously, |
performed a screening analysis to identify natural compounds with anti-obesity
effects®. | found that tschimganidine, a terpenoid, exhibited the expected effect
of inhibiting lipid accumulation in 3T3-L1 cells. Tschimganidine is a member
of the Umbelliferae family®. Terpenoids have been reported to be selectively
toxic against gram-positive bacteria®® and exhibit anti-cancer effects®. However,

there are only two reports on the biological activity of tschimganidine: it can act
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as an agonist of estrogen receptor-alpha (ERa)*” and extend the lifespan of
yeast®®. Tschimganidine can also act as a phytoestrogen®. Phytoestrogens are
natural phytochemicals that have a function similar to that of gonadal estrogen
hormones and are potential alternatives to hormone replacement therapy?®.
Among phytoestrogens, terpenoids can exhibit both estrogenic and
anti-estrogenic activities by targeting estrogen receptors®. In particular,
tschimganidine functions as an ERo agonist and has estrogen-mimicking
characteristics®’. ERo agonists have been reported to exhibit anti-obesity effects
by stimulating estrogen receptors*:. However, research on these effects of
terpenoids was lacking; therefore, it is worthwhile to conduct a study on how
tschimganidine affects obesity.

I hypothesized that tschimganidine can be effective in natural
product-derived therapy by inhibiting Notch signaling and adipogenesis. In this
study, | found that treatment with tschimganidine suppressed Notch signaling
factors, including Hesl, and upregulated IL-10 expression. Moreover,
tschimganidine drastically reduced the expression of adipogenesis-associated
genes, such as those encoding PPARy, C/EBPa, FASN, and FABP4 and
reduced adipogenesis in 3T3-L1 cells. These results were confirmed using
tschimganidine at a concentration that maintains cell viability. | proposed that
the anti-adipogenic effect of tschimganidine is due to the reduced expression of
these genes. | determined the optimal concentration of tschimganidine that can
suppress adipogenesis. Cells treated with 15 pg/mL tschimganidine displayed
inhibited differentiation and reduced lipid accumulation, as revealed by ORO
staining. | confirmed that the expression of adipogenesis-associated genes was
significantly reduced. | also observed this effect in vivo. Tschimganidine
reduced obesity in HFD-fed mice. The expression of lipid accumulation- and
adipogenesis-associated genes, such as those encoding FABP4, PPARy,
C/EBPa, and FASN, was significantly decreased in the WATS of these mice.
Hence, | hypothesized that tschimganidine, a phytoestrogen, inhibits the
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expression of adipogenesis-associated genes.

| further noted a significant increase in the phosphorylation of AMPK
following tschimganidine treatment. AMPK is a heterotrimeric enzyme that
plays a major role in maintaining energy homeostasis in various organs and
tissues*. In the adipose tissue, it has been reported to play an important role in
regulating adipocyte glucose and lipid metabolism*. When AMPK is activated,
it induces the phosphorylation of downstream signaling targets either directly or
indirectly. This decreases the synthesis of cholesterol and fatty acids®.
Regulation of lipid metabolism is a well-known function of AMPK. AMPK also
acts as a cellular sensor of glycogen, which regulates the rate of synthesis and
breakdown of this fuel source®. AMPK is activated by stresses that cause
adenosine triphosphate (ATP) depletion, leading to increased binding of
adenosine monophosphate (AMP) and adenosine diphosphate (ADP) to specific
regulatory sites of this kinase. This results from ATP hydrolysis, which is
rapidly converted to AMP by the adenylate kinase reaction*®. The activation of
ERa induces AMPK phosphorylation, which increases beiging of white
adipocytes*. Therefore, | investigated whether tschimganidine induces AMPK
phosphorylation and found that the activation of AMPK by tschimganidine
increases adipocyte lipolysis, despite the debate regarding whether AMPK
could play a role in regulating lipolysis*” 8. Tschimganidine increased the
phosphorylation of AMPK, accompanied by the phosphorylation of ACC.
However, the effect of tschimganidine treatment on the inhibition of lipid
accumulation was diminished by the knockdown of AMPK gene expression.
This indicates that the effect of tschimganidine on lipid accumulation was based
on the activation of AMPK, which is the predominant mechanism by which
tschimganidine affects adipogenesis and lipid accumulation as an ERa agonist.

Furthermore, tschimganidine improved glucose tolerance and insulin
resistance in HFD-fed mice. Our results support that tschimganidine increases

AMPK activation and induces blood glucose uptake and lipolysis in adipose
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tissues. Lipid contents were significantly reduced in the liver tissues of
HFD-fed mice. Tschimganidine treatment reduced TG and FFA levels in the
liver and lowered the expression of lipid accumulation-associated genes in liver
tissues, suggesting that tschimganidine is beneficial in treating fatty liver and
related metabolic diseases. Our results indicate that tschimganidine may act as
an effective therapeutic agent against obesity and metabolic diseases by
inhibiting adipogenesis through the activation of AMPK. However, further
research is needed to determine the detailed mechanism, including which
proteins tschimganidine targets and how this modulates AMPK activity.

In summary, Hesl deletion in macrophages exerts an anti-obesity effect in
adipose tissues by increasing 1L-10 expression. Moreover, tschimganidine, an
inhibitor of Notch signaling, reduces adipogenesis, lipid accumulation, and
blood glucose levels through the activation of AMPK. Tschimganidine is a
potential therapeutic agent against obesity and metabolic diseases. Further
mechanistic studies are needed to evaluate its clinical application.

45



V. CONCLUSION

The level of Hesl was elevated in the ATMs of HFD-fed obese mice.
Moreover, the Hesl level was increased in BMDMs upon contact with
differentiated adipocytes. After 12 weeks of HFD feeding, Hesl deficiency
reduced obesity in the mice and lowered the lipid droplet size and inflammation
in the adipose tissue. When the blood glucose level in the wild-type and Hesl
cKO mice was measured by GTTs and ITTs, the glucose level of the Hesl cKO
mice was found to be lowered. In addition, the level of ALT, an indicator of
liver toxicity, was lowered. Metabolic fitness was also ameliorated in the Hesl
cKO mice. RNA sequencing analysis revealed that the expression level of the
IL-10 gene related to anti-inflammation was elevated in BMDMs upon contact
with differentiated adipocytes. The increased level of IL-10, a cytokine derived
from macrophages, was confirmed by real-time PCR. IL-10 suppressed
adipogenesis and lipid accumulation in adipocytes. Tschimganidine, belonging
to the Umbelliferae family, exhibited anti-obesity effects through inhibiting
Notch signaling and upregulating IL-10 gene expression. Tschimganidine
treatment  reduced the expression of adipogenesis- and lipid
accumulation-related genes such as those encoding FABP4, FASN, PPARy and
C/EBPa. After 12 weeks of HFD feeding, tschimganidine decreased obesity and
the size of adipose tissues in the mice. It reduced lipid accumulation and
lowered the expression of adipogenesis-associated genes in the WAT.
Tschimganidine also reduced the hepatic FFA and TG levels under HFD
conditions. Furthermore, it improved glucose homeostasis in mice.
Tschimganidine appeared to inhibit adipogenesis and lipid accumulation via
AMPK activation. Therefore, | suggest that Hes1 might be a therapeutic target
against obesity and metabolic diseases. It can serve as a potential drug to

manage and prevent obesity.
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