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ARTICLE INFO ABSTRACT

Keywords: Obesity has a significant impact on endocrine function, which leads to metabolic diseases
Equisetin (EQST) including diabetes, insulin resistance, and other complications associated with obesity. Devel-
Adipogenesis

opment of effective and safe anti-obesity drugs is imperative and necessary. Equisetin (EQST), a
Brown adipocyte tetramate-containing marine fungal product, was reported to inhibit bacterial fatty acid synthesis
Mitochondrial biogenesis and affect mitochondrial metabolism. It is tempting to speculate that EQST might have anti-
AMPK pathway obesity effects. This study was designed to explore anti-obesity effects and underlying mecha-
nism of EQST on 3T3-L1 adipocytes differentiated from 3T3-L1 cells. Oil Red O staining showed
that EQST reduced lipid accumulation in 3T3-L1 adipocytes. Quantitative real-time polymerase
chain reaction and Western blot analysis revealed that EQST significantly inhibited expression of
adipogenesis/lipogenesis-related genes C/ebp-a, Ppar-y, Srebplc, Fas, and reduced protein levels.
There was also increased expression of key genes and protein levels involved in lipolysis (Peril-
ipin, Atgl, Hsl), brown adipocyte differentiation (Prdm16, Ucpl), mitochondrial biogenesis
(Pgcla, Tfam) and p-oxidation Acsll, Cptl. Moreover, mitochondrial content, their membrane
potential AWM, and respiratory chain genes Mt-Col, Cox7al, Cox8b, and Cox4 (and protein)
exhibited marked increase in expression upon EQST treatment, along with increased protein
levels. Importantly, EQST induced expression and activation of AMPK, which was compromised
by the AMPK inhibitor dorsomorphin, leading to rescue of EQST-downregulated Fas expression
and a reduction of the EQST-increased expression of Pgcla, Ucpl, and Cox4. Together, EQST
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robustly promotes fat clearance through the AMPK pathway, these results supporting EQST as a
strong candidate for the development into an anti-obesity therapeutic agent.

1. Introduction

Obesity and obesity-related metabolic disorders such as diabetes are a growing public health concern worldwide. The global
prevalence of obesity has nearly tripled within the last 40 years [1]. The current treatments of anti-obesity have primarily focused on
reducing energy intake. However, these measures were largely inefficient in maintaining long-term weight loss [2]. Therefore,
developing effective and safe anti-obesity drugs is important and urgently needed [3].

Obesity is characterized by an increase in the number (hypertrophy) and size (hyperplasia) of adipocytes in adipose tissues [4,5].
Adipocytes arise from adipose tissue-derived mesenchymal stem cells (ADSCs). ADSCs develop into committed preadipocytes, which
undergo growth arrest and initiate terminal differentiation into adipocytes when exposed to appropriate environmental cues [6-8].
There are three types of adipocytes: white adipocytes, classic brown adipocytes, and inducible brown adipocytes (also known as beige
adipocytes) [9]. White adipocytes contain a single large lipid droplet, thus storing energy in the form of lipids and then breaking down
stored lipids whenever energy is needed; whereas brown and beige adipocytes are both thermogenic adipocytes, characterized by
multiple lipid droplets, large numbers of mitochondria and the ability to use energy to generate heat [9-11]. During adipose tissue
development, a number of transcriptional factors and enzymes synergistically control distinct stages of lipid metabolism and enable
adipocytes to maintain energy homeostasis. For example, CCAAT/enhancer-binding proteins (C/EBPs), peroxisome
proliferator-activated receptor y (PPAR-y), sterol regulatory element-binding protein 1c (SREBP-1c) are involved in adipogenesis and
fatty acid synthase (FAS) is associated with lipogenesis, including fatty acid synthesis and lipid accumulation [12]. Adipose TG lipase
(ATGL), hormone-sensitive lipase (HSL) and perilipin (Plin), acyl-CoA synthase long-chain family member 1 (ACSL1) and carnitine
palmitoyl transferase (CPT1) are separately related to lipolysis and fatty acid p-oxidation; PR domain containing 16 protein (PRDM16),
tumor necrosis factor receptor superfamily member 9 (CD137), transmembrane protein 26 (TMEM26) and uncoupling protein 1
(UCP1), PPAR-y coactivator (PGCla) and mitochondrial transcription factor A (TFAM) are (inducible) brown adipocyte markers and
regulate energy expenditure. These genes determine the adipocyte phenotype and function [8,9,13-18]. In addition, the adenosine
5'-monophosphate (AMP)-activated protein kinase (AMPK) acts as a sensor of cellular energy status and is involved in a multitude of
developmental and functional processes of adipocytes [19]. Downregulation of AMPK has been found to increase lipogenesis and
reduce fatty acid oxidation [20,21]. Any molecule that can inhibit excessive lipid accumulation in white adipocytes and/or promote
energy expenditure via induction of brown adipocyte differentiation could be developed into an effective strategy to treat obesity and
obesity-related comorbidities.

Equisetin (EQST), a tetramate-containing natural product with antibiotic and cytotoxic activity, was first derived from the
terrestrial fungus Fusarium equisetin NRRL 5537 [22]. It was reported that equisetin inhibits bacterial acetyl-CoA carboxylase (ACC)
in fatty acid synthesis and affects mitochondrial metabolism [21-24] suggesting that EQST has an important role in lipid metabolism.

3T3-L1 cells are a well-established preadipocyte cell line that was originally cloned from mouse Swiss 3T3 cells as a serial sub-strain
expressing insulin receptors, with the potential to differentiate into mature adipocytes when treated with the MDI induction differ-
entiation medium (0.5 mM 1-methyl-3-isobutylxanthine, 250 nM dexamethasone, and 160 nM insulin) [25]. 3T3-L1 cells are widely
considered an ideal cellular model for identifying compounds that are involved in adipogenic differentiation and white adipocyte
browning in the current study [26]. Here, we demonstrated that EQST significantly inhibits adipogenesis and lipogenesis, induces
lipolysis and brown adipocyte differentiation accompanied by mitochondrial biogenesis to expend energy through the activation of the
AMPK signaling pathway, and exhibits the potential for developing into an anti-obesity drug.

2. Materials and methods
2.1. Chemicals and reagents

Equisetin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Dulbecco’s modified Eagle’s medium, High glucose
(DMEM/HG), fetal bovine serum (FBS), and penicillin-streptomycin solution (P-S) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Newborn calf serum (NBCS) was provided by Ausbian (Australia), 3-isobutyl-1-methylxanthine (IBMX, 15879),
Rosiglitazone (RGZ, R2408), and dexamethasone (D4092) were obtained from Sigma-Aldrich (St. Louis, MO, USA), insulin from
Solarbio (18330, Beijing, China), Dimethyl sulfoxide (DMSO) and were supplied by Glentham Life Sciences (Corsham, UK). Antibodies
against C/EBPu (#AF6333), PPAR-y (#AF6284), SREBP1c (#AF6283), FAS (#ET-1701-91), PLIN (#DF7602), ATGL (#DF7756), HSL
(#AF6403), ASCL1 (#DF9605), CPT1 (#DF12004), PRDM16 (#AF13303), UCP1 (#AFDF7720), PGCla (#AF5395), TFAM
(#AF0531), COX4 (#AF5468), AMP-activated protein kinase (AMPK; #AF6423), anti-phospho-AMPK (p-AMPK; #AF3423), and goat
anti-rabbit IgG HRP (S0001) were provided by Affinity Biosciences (USA). All solvents, chemicals, and reagents were of analytical
grade and purchased from Sigma-Aldrich, unless otherwise specified.

CCK-8 (SB792, Dojindo, Japan), MTT (M1020), Oil Red O stain kit (For Cultured Cells, G1262), Triglyceride (TG) assay kits
(BC0625), Lactate dehydrogenase (LDH) activity detection kit (BC0685), Cell Cycle Analysis Kit (CA1510), Annexin V- Alexa Fluor
647/PI kit (CA1050), and Free Fatty Acid (FFA) content detection kit (BC0595) were purchased from Solarbio (Beijing, China). Mito-
tracker green (C1048) and Hoechst (33342) were provided by Beyotime Biotechnology (Beijing, China). Tetramethylrhodamine ethyl
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Fig. 1. The effect of EQST on 3T3-L1 cell viability for up to 72 h. (A) Chemical structure of EQST. (B) 3T3-L1 cell viability was measured by CCK8
assay after treatment with indicated concentrations of EQST range from 5 pM to 80 uM at 24h, 48h, 72 h. (C) 3T3-L1 cells were subjected for
determining of cell growth using MTT assay, (D and E) cell cycle and (F and G) cell apoptosis through flow cytometry following treatment of 3T3-L1
cells with EQST for up to 72 h. Statistical analysis was carried out between EQST-treated group and control group. The data were presented as Mean
+ standard error of the mean (SEM, n = 3). *increased compared to control, #: decreased compared to control. *p < 0.05, **p < 0.01, ***p < 0.001;
p < 0.001, ##p < 0.01, ###p < 0.001.
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ester perchlorate Kit (TMRE, HY-D0985A, Med Chem Express, USA), RNA-Quick Purification Kit (RN001), Fast All-in-One RT Kit (with
gDNA Remover) (RT001), 2 x Super SYBR qPCR Master MIX (QP002) were obtained from ES Science (Shanghai, China), complete
EDTA-free protease inhibitor (04693159001, Roche, Switzerland). All solvents, chemicals, and reagents were of analytical grade and
purchased from Sigma-Aldrich, unless otherwise specified.

2.2. Cell culture

3T3-L1 cells were purchased from the Chinese Academy of Sciences Stem Cell Bank (SCSP-5038, Shanghai, China) and cultured in
growth medium (GM) consisting of DMEM/HG medium supplemented with 10 % NBCS and 1 % penicillin-streptomycin at 37 °C with
5 % COg in a humidified atmosphere.

2.3. Cell differentiation

To induce adipogenic differentiation, 3T3-L1 cells were seeded in 6-well plates (1 x 10° cells per well). At full confluence, 3T3-L1
cell differentiation (day 0) was induced in differentiation medium I (DM I) consisting of DMEM/HG medium supplemented with 10 %
FBS, 1 % penicillin-streptomycin, 1 pg/mL insulin, 0.5 mM IBMX, 0.25 uM dexamethasone, and 2 pM rosiglitazone. 2 days later (day
2), DM I was withdrawn and switched to differentiation medium I (DM II), composing of DMEM/HG supplemented with 10 % FBS, 1 %
penicillin-streptomycin and 1 pg/mL insulin. After 2 days (day 4) in DM II, 3T3-L1 cells were cultured in the maintenance medium
without the addition of insulin until day 7. EQST was administered in the cultural medium from Day 0 until Day 7. To assess whether
the AMPK signal pathway is involved in EQST-mediated fat metabolism, 3T3-L1 cells were treated with 5 pM AMPK inhibitor dor-
somorphin (HY-13418A, Med Chem Express, USA) alone or with EQST. Untreated cells were used as a control. A schematic of the
induced differentiation experiment is shown in Fig. 1C.

2.4. Cell viability assay

3T3-L1 cells were cultured in 96-well plates at 1 x 10* cells per well. At full confluence, 3T3-L1 cells were treated with DMSO or
EQST at a concentration of 5 pM, 10 pM, 20 pM, 40 pM, 60 uM, 80 pM for 24 h, 48 h and 72 h. Cell viability was measured using Cell
counting kit-8 and MTT cell proliferation and cytotoxicity assay kits and their absorbances were recorded at 450 nm and 490 nm,
respectively using a plate reader (Bio-tek, USA). The experiments were performed according to the manufacturer’s guidelines. Results
were expressed as a percentage of viable cells relative to the control.

2.5. Cell cycle and apoptosis assay

3T3-L1 cells were cultured in 6-well plates at 1 x 10° cells per well. When fully confluent, DNA content quantitation assay (cell
cycle) and Annexin V Alexa Fluor 647 /P1 assay kit were used to detect cell cycle and apoptosis in these cells, untreated or treated with
20 pM of EQST for 24 h, 48 h and 72 h, followed by quantification by flow cytometry (Beckman Coulter, USA). The data were further
analyzed using Kaluza flowjo software. The percentage of cells in GO/G1, S, or G2/M phases and the apoptotic percentage were
quantified relative to the control.

Apoptosis of the 3T3-L1 adipocytes at day 7 after the adipogenesis induction was assessed using a lactate dehydrogenase detection
kit, followed by recording its absorbance at 450 nm using a microplate reader (Bio-tek, USA). All the experiments were done in
triplicate according to the manufacturer’s guidelines.

2.6. Oil red O staining and quantification

On Day 7 after the adipogenic induction differentiation, Oil Red O (ORO) staining was conducted to determine the lipid production
using an ORO stain kit (For Cultured Cells) according to the manufacturer’s instructions. Staining was visualized with an optical
microscope (Nikon, Japan), and images were taken using an attached camera. To quantify lipid accumulation, the stained cells were
dissolved in 100 % isopropanol and measured at 375 nm with a microplate reader (Bio-tek, USA).

2.7. Triglyceride measurement

For triglyceride assessment, the differentiated 3T3-L1 adipocytes at day 7 following the adipogenic induction were harvested,
followed by determination of the content of the extracted triglycerides using a triglyceride detection kit, and its absorbance was
measured at 420 nm using a microplate reader (Bio-tek, USA). The experiments were conducted according to the manufacturer’s
guidelines. The relative cellular triglyceride concentration was presented as a percentage of control.

2.8. Quantitative real-time PCR (RT-qPCR)
The total RNA was extracted using an RNA-Quick Purification Kit according to the manufacturer’s instructions. RNA purity and

concentration were measured using Nanodrop (Thermo Scientific, Wilmington, DE, USA). Full-length cDNAs were synthesized using a
Fast All-in-One RT Kit (with gDNA Removel). All PCR was carried out using a Bio-Rad CFX96 real-time PCR system (Bio-Rad
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Laboratories, USA) and gene expression was measured using SYBR-green and gene-specific primer sets. All primers were from BGI
Biotechnology Co., Ltd. The sequences of the primers used in this study are listed in Table S1. The p-actin was used as a housekeeping
gene. Target gene mRNA levels were normalized to p-actin using the 2% Ct method.

2.9. Western blot analysis

The 3T3-L1 adipocytes in the presence and absence of EQST and/or AMPK inhibitor dorsomorphin (Dor) alone were washed with
ice-cold PBS and then collected into a pre-cooled 1.5 mL Eppendorf tube. After centrifuging at 4 °C the resulting cell pellets were lysed
in ice-cold RIPA buffer (Solarbio, Beijing, China), supplemented with 1 x cocktail inhibitors for 30 min, and then centrifuged at 4 °C.
The supernatant was used as the whole cell lysate and kept at —80 °C until use. The protein concentration was determined using the
Bradford assay. 30 pg protein of each sample were separated by 10 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (10 % TGX Stain-Free FastCast Acrylamide Kit (Bio-Rad, USA), transferred to polyvinylidene difluoride (PVDF) filter mem-
branes (Immobilon-P, USA) and blotted with primary antibodies. The specific protein bands were visualized using enhanced chemi-
luminescent (ECL) detection reagents (Affinity Biosciences, USA), and detected by a Chemi Doc XRS + imaging system (Bio-Rad, USA).
The intensity of each immunoreactive band was determined using the Image Lab Software Program.

2.10. Immunofluorescence staining assay

3T3-L1 adipocytes at day 7 following induction with or without EQST were fixed using 4 % (v/v) paraformaldehyde (Sigma-
Aldrich), washed three times with PBS containing 0.1 % (v/v) Tween (PBST, Sigma-Aldrich) , and permeabilized using 0.1 % (v/v)
TritonX-100 (Sigma-Aldrich) in PBS for 15 min at room temperature. After permeabilization, cells were blocked with 1 % BSA in PBST
(PBSTB) for 30 min at room temperature and incubated with the primary antibody in PBSTB overnight at 4 °C. After the overnight
incubation, cells were washed three times with PBST and stained with secondary antibodies fluorescence (FITC)-Conjugated affinipure
goat anti-rabbit IgG (H + L) (Proteintech, SA00003-2, USA) diluted in PBST for 1 h at room temperature. The cells were washed three
times in PBST and stained with DAPI (Solarbio, Beijing, China). The images were captured using a Leica fluorescence microscope,
DMi8 (Leica Microsystems, Germany).

2.11. Measurement of free fatty acids

3T3-L1 cells were induced to differentiate in 6-well plates at 1 x 10° cells per well supplemented with or without 20 yM EQST up to
7 days. The cultural supernatant was collected to detect the amount of free fatty acid (FFA) released from the differentiated 3T3-L1
adipocytes at day 7 using a FFA content detection kit followed by measurement at 550 nm with the microplate reader (Bio-Tek, USA).

2.12. Mitochondrial content assay

The mitochondria of the differentiated 3T3-L1 adipocytes at day 7 after the adipogenic induction was detected using Mito-Tracker
Green fluorescent mitochondrial stain. In order to determine mitochondrial content, 1 x 10° cells per well were seeded in 6-wells
plates in the induction medium in the absence or presence of EQST. Mitochondria was labeled with a final concentration of dye of
1 pM for 30 min, then with nuclei co-stained using Hoechst 33342 nuclear staining at 37 °C for 10 min, followed by photography using
a Leica fluorescence microscope DMi8 (Leica Microsystems, Germany). The fluorescence intensity was further measured using a
microplate reader (Bio-Tek, USA) at 490 nm.

2.13. Mitochondrial membrane potential (AyM) assay

Mitochondrial membrane potential (A¥M) was evaluated using the TMRE Kit. The 3T3-L1 adipocytes at day 7 after the induction
differentiation were incubated with TMRE (1 pM) in fresh maintenance medium for 30 min and then with nuclei co-stained using
Hoechst 33342 at 37 °C. By fluorescence microscopy, the signal intensity of TMRE fluorescence was observed and photographed using
a Leica fluorescence microscope DMi8 (Leica Microsystems, Germany), followed by measurement with a microplate reader (Bio-Tek,
USA) at 550 nm.

2.14. Statistical analysis

All data were presented as the mean + standard error of the mean (SEM) of triplicates. The drug-treated and untreated cells were
compared. Differences between mean values for control and samples for each group were analyzed using SPSS 13.0 software. The
student’s t-test was used for the evaluation of significance, and p values < 0.05 were regarded as a statistically significant difference. p
< 0.05; p < 0.01; p < 0.001.
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Fig. 2. EQST suppresses lipid accumulation without inducing apoptosis of 3T3-L1 adipocytes. (A) Strategies used for inducing adipogenic differ-
entiation of 3T3-L1 cells in the presence or absence of EQST. (B) Lipid accumulation in the 3T3-L1 adipocytes were photographed under a Nikon
optical microscope (magnification, x 20) following (C) ORO staining with nuclei co-stained with DAPI (blue) and (D) quantified by measuring
absorbance at 375 nm. (E) Apoptotic percentage of the 3T3-L1 adipocytes treated with 20 pM EQST at day 7 after adipogenic induction differ-
entiation by LDH release assay. (F) TG contents were detected using a triglyceride detection kit. The scale bar indicates 40 pm. Statistical analysis
was carried out between EQST-treated group and control group. The data were presented as Mean =+ standard error of the mean (SEM, n = 3). #:
decreased compared to control. #p < 0.001, ##p < 0.01, ###p < 0.001. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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3. Results
3.1. Effects of EQST on 3T3-L1 cell viability

EQST is a meroterpenoid containing tetramate (Fig. 1A). To explore the EQST mechanism of action on lipid metabolism, we set out
to evaluate the effects of EQST on the viability of 3T3-L1 cells using a CCK8 assay. 3T3-L1 cells were cultured in the absence and/or
presence of various concentrations of EQST ranging from 5 pM to 80 uM for 24 h, 48 h or 72 h. The data shows that 40 pM EQST did not
significantly affect the viability of 3T3-L1 cells up to 72 h of culture, and the cell viability of the 3T3-L1 cells was higher than 90 % in
the presence of 20 pM EQST for 72 h (Fig. 1B). Further, cell growth (Fig. 1C), cell cycle (Fig. 1D-E), and apoptosis analysis (Fig. 1F-G)
by flow cytometry revealed that no significant difference was detected between the control and the 3T3-L1 cells treated with 20 pM
EQST for up to 72 h. Thus, 20 pM EQST is safe for the viability of 3T3-L1 cells without causing cell growth inhibition or apoptosis.

3.2. EQST suppresses lipid accumulation without inducing apoptosis of 3T3-L1 adipocytes

Fig. 2A indicates a schematic of 3T3-L1 cell induction and differentiation. The 3T3-L1 cells were induced to differentiate into
adipocytes (termed 3T3-L1 adipocytes) in the differentiation induction medium with different concentrations of EQST from 10 pM to
40 pM for 7 days. The Oil Red O (ORO) staining reveals that EQST dose-dependently suppressed lipid accumulation in the 3T3-L1
adipocytes (Fig. 2B). Of note, 20 pM EQST induced up to 75 % of fat clearance in the 3T3-L1 adipocytes at day 7 after the adipo-
genic differentiation (Fig. 2C). To rule out the reduction of lipid accumulation by EQST resulting from EQST-induced adipocyte
apoptosis, the percentage of apoptotic 3T3-L1 adipocytes was tested by measuring lactate dehydrogenase (LDH) activity. As an in-
dicator of adipocyte membrane integrity, this can be used as a measurement of viability (or apoptosis) [21]. The percentage cell
viability of 3T3-L1 adipocytes remained higher than 95 % on day 7 after adipogenic induction in the presence of up to 40 pM EQST
(Fig. 2D) compared to the control, suggesting that the lower concentrations than 40 pM EQST did not evidently induce apoptosis of the
3T3-L1 adipocytes while significantly suppressing lipid droplet accumulation. Colormetric analysis of intracellular triglyceride (TG)
content shows decreased lipid accumulation with an increased dose of EQST, as indicated in the 3T3-L1 adipocytes (Fig. 2E). Taken
together, these results show that EQST significantly inhibits lipid accumulation in vitro and 20 pM EQST is the optimal concentration
for subsequent experiments.

3.3. EQST inhibits lipid accumulation by down-regulating expression of the key adipogenic and lipogenic genes and proteins

Adipogenic differentiation is accompanied by lipogenesis, which results in lipid accumulation. C/EBP-a and PPAR-y are major
transcriptional factors that are associated with adipogenic differentiation and increased expression of SREBP-1c. FAS is a late-stage
differentiation marker for adipocytes [27]. SREBP-1c regulates the expression of FAS in the lipogenic pathway [28,29] We
assessed the impact of EQST on the expression of key adipogenic and lipogenic genes in the 3T3-L1 adipocytes on day 7 after adi-
pogenic induction. The results show that EQST-treatment significantly downregulated the expression of C/ebp-a, Ppar-y, Sbrep-1c, and
Fas at both mRNA (Fig. 3A) and protein levels (Fig. 3B—C), compared to the controls (Fig. 3A). Implying that EQST reduced the lipid
accumulation by suppressing the key adipogenic and lipogenic genes in the 3T3-L1 adipocytes.

3.4. EQST upregulates genes and proteins key to lipolysis and p-oxidation of fatty acids for adipose catabolism

By contrast, the promotion of lipolysis and fatty acid p-oxidation can reduce lipid accumulation. Perilipin coats the triglyceride

A B C
1.5+ B Control Control EQST 1.0 I Control
§ EeasT Clebp-a el " 43 kDa 5 08 3 easT
o — .0 -
s 1.0 c
8 Ppar-y @i 57 kDa § 064
= _ -—
% osd M ” Srebp-1c e = 112 kDa g 044 M o
g ] - “ ey Fas @B - 237 kDa é 024 ﬂ ’*‘ .
€ 0.0 D B-action s emmm» 42 kDa 0.0LE ! -l-]
* L) L) L)
Clebp-a Ppar-y Srebp-1c Fas Clebp-a Ppar-y Srebp-ic Fas

Fig. 3. EQST downregulates key adipogenic/lipogenic genes and proteins. 3T3-L1 cells were induced to differentiate with or without 20 pM EQST
up to 7 days. (A) The mRNA levels of C/ebp-a, Ppar-y, Sbrep-1c and Fas were measured by using quantitative real-time PCR. The target gene mRNA
levels were normalized to f-actin using the 2"* Ct method. (B) The protein levels of G/ebp-a, Ppar-y, Sbrep-1c and Fas were detected by the Western
blotting and (C) The ratio of the intensity of specific bands of respective transcriptional factors from EQS T-treated groups against control after
normalization to p-actin. The data were presented as Mean =+ standard error of the mean (SEM, n = 3). Statistical analysis was carried out between
EQST-treated group and the control group. *p < 0.05, **p < 0.01, ***p < 0.001; p < 0.001, ##p < 0.01, ###p < 0.001. *increased compared to
control, #: decreased compared to control.
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droplets and protects against lipolysis. ATGL and HSL are two key hydrolases within the lipolytic cascade and promote the formation of
fatty acids (FAs) [30-33]. The produced FAs are specifically transferred into mitochondria for p-oxidation through ACSL1 and CPT1.
On day 7 following adipogenic differentiation, EQST significantly upregulated the mRNA and protein expression of Plinl, Atgl, Hsl,
Acsll and Cptl in the 3T3-L1 adipocytes (Fig. 4A-D). Further analysis of FA release into the culture medium revealed that a higher
concentration of FAs was detected in the culture supplemented with EQST but not in the control (Fig. 4E). The findings suggest that
EQST appears to activate lipolysis and stimulate fatty acid f-oxidation , which together contributed to fat clearance in the 3T3-L1
adipocytes.

3.5. EQST induces brown adipocyte differentiation and is accompanied by mitochondrial biogenesis

Lipolysis and p-oxidation are generally induced in brown adipocytes [34]. Preadipocytes can give rise to either white adipocytes or
beige adipocytes. The results above prompted us to speculate that EQST could induce 3T3-L1 cell differentiation into brown adipocytes
(BA) on day 7 after the induction differentiation. We therefore examined the expression of the specific BA markers Prdm16 and the
uncoupling protein Ucp1, the mitochondrial markers Pgcla, and Tfam. The results presented a significant markedly increased expression of
these markers at both mRNA and protein levels in the EQST-treated cells compared to the control cells (Fig. 5A-C). IF staining further
confirmed that increased expression of Prdm16 in the EQST-treated 3T3-L1 adipocytes in contrast to that in the control cells (Fig. 5D). In
addition, we found that EQST upregulated mRNA expression of inducible brown adipocyte marker genes CD137 and Tmem 26 (Fig. 5A),
which functionally relate to mitochondrial biogenesis. Meanwhile, the numbers of viable mitochondria in the 3T3-L1 adipocytes were
measured using a mitochondrial green fluorescent probe. As shown in Fig. 5E, EQST treatment led to a marked increase in mitochondrial
biogenesis compared to the control. Quantification of the fluorescence signals confirmed this result (Fig. 5F). These findings support the
notion that EQST induced brown adipocyte differentiation accompanied by increased mitochondrial biogenesis.

The function of mitochondria in the 3T3-L1 adipocytes was further assessed by using the cationic fluorescent dye TMRE to monitor
mitochondrial membrane potential AYM [35]. A statistically significant increase of the mitochondrial A¥M in the 3T3-L1 adipocytes
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method. (C) The protein levels of, Atgl, Hsl, Plinl and Acsl1 and Cpt1 were detected by the Western blotting and (D) The ratio of intensity of specific
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the cultural medium was measured using FFA content detection kit. The data were presented as Mean + standard error of the mean (SEM, n = 3).
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Fig. 5. EQST induces brown adipocyte differentiation and enhances mitochondrial performance by upregulating brown adipocyte-specific and
mitochondrial genes and proteins. 3T3-L1 cells were induced to differentiate with or without 20 pM EQST up to 7 days. (A) The mRNA levels of BA-
specific genes Prdm16, CD137, Tmem26, mitochondrial genes Ucpl, Pgcla, Tfam and mitochondrial respiratory chain genes Mt-Col, Cox7al,
Cox8b, and Cox4 were measured by Quantitative real-time PCR. (B) The protein levels of Prdm16, Ucpl, Pgcla, Tfam, and Cox4 were detected by
the Western blotting and (C) the ratio of the intensity of specific bands of different transcriptional factors from EQST-treated groups against control
after normalization to B-actin was calculated. (D) Prdm16 protein expression (green) in the 3T3-L1 adipocytes by IF staining with nucleic-stained
with DAPI (blue). (E) The mitochondria in living 3T3-L1 adipocytes were stained using mitochondrial green fluorescent probes with nuclei co-
stained using Hoechst 33342 (blue). (F) The corresponding contents of mitochondria were detected at 495 nm with a microplate reader. (Gg)
The mitochondrial membrane potential AYM in the 3T3-L1 adipocytes was assessed using the cationic fluorescent dye TMRE () with nuclei co-
stained with Hoechst 33342 (blue) and (H) the signal intensity of mitochondrial AYM was detected at 495 nm using a microplate reader. All
3T3-L1 adipocytes stained were observed and analyzed using a fluorescence microscope (magnification, x40). All target gene mRNA levels were
normalized to B-actin using the 2-AA Ct method. The data were presented as mean =+ standard error of the mean (SEM, n = 3). The scale bar
indicates 40 pm. Statistical analysis was carried out between the EQST-treated group and the control group. ***p < 0.001. *: increased compared to
control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

treated with EQST indicates that EQST-treatment enhanced mitochondrial function (Fig. 5G-H). Meanwhile, the mRNA expression of
the mitochondrial respiratory chain genes Mt-Col, Cox7al, Cox8b, Cox4 (Fig. 5A), and Cox4 protein (Fig. 5B) was significantly higher
in the EQST-treated 3T3-L1 adipocytes than that in the control cells, demonstrating that EQST enhances mitochondrial function. Taken
together, our data demonstrate that EQST induces brown adipocyte differentiation from 3T3-L1 cells, and this process is accompanied
by increased mitochondrial biogenesis and function.

3.6. EQST regulates lipid accumulation through the AMPK signal pathway

AMPK acts as a sensor of cellular energy status and is involved in various stages of lipid metabolism. We evaluated the action of
EQST on the expression and phosphorylation of AMPK, and thus its activity. As shown in Fig. 6A-C, the mRNA and protein expression
of AMPK along with the amount of phosphorylated AMPK (pAMPK) significantly increased after EQST treatment compared with the
control, suggesting that EQST enhanced AMPK activity, and the AMPK pathway might be involved in the EQST-mediated fat meta-
bolism. To confirm this hypothesis, we added dorsomorphin, a selective AMPK inhibitor at a dose of 5 uM to treat 3T3-L1 cells alone or
with EQST during induction differentiation, followed by assessing the regulatory effects of EQST on the key factors related to lipid
metabolism. The findings show that dorsomorphin blocked the phosphorylation of AMPK, which was partially recovered with EQST
treatment compared to the group treated with dorsomorphin alone; consistently, dorsomorphin largely compromised the EQST-
increased expression of Pgcla, Ucpl and Cox4 while slightly rescuing the downregulated expression of Fas by EQST at both mRNA
(Fig. 6D) and protein levels (Figs. 6E and 5F). Meanwhile, ORO staining assays revealed that the reduced lipid accumulation by EQST
was evidently restored by dorsomorphin (Fig. 6G and H). Altogether, the data suggested that the effect of EQST on fat clearance is
mediated through activation of the AMPK signal pathway.

4. Discussion

It has previously been reported that EQST, a fungal natural compound, possesses antibiotic and cytotoxic activity by targeting
bacterial fatty acid synthesis and mitochondrial metabolism [21-24]. However, limited information has been available regarding its
effects on lipid metabolism at the cellular level in mammals. This study aimed to elucidate the effects of EQST on lipid metabolism and
the underlying mechanism in vitro using 3T3-L1 preadipocytes as a cellular model. In the present study, analysis of EQST cytotoxicity
suggests that 20 pM EQST reduced lipid accumulation in the 3T3-L1 adipocytes by 25 % without causing cell growth inhibition or
apoptosis. Further investigation revealed that EQST treatment significantly downregulated the expression of key adipogenic/lipogenic
genes C/EBPa, PPAR-y, SBRBP-1c, and Fas in the 3T3-L1 adipocytes. It is well documented that during induction differentiation of
3T3-L1 preadipocytes, transient expression of C/EBPp and C/EBPS activates the beginning of the adipogenic process and upregulates
the expression of PPAR-y, C/EBPa, and SREBP-1c. The PPAR-y and C/EBPa then cooperate with SREBP-1c to induce adipocyte dif-
ferentiation and expression of a key lipogenic enzyme, FAS that promotes lipid accumulation in the form of triglycerides (TGs)
[36-39]. In line with gene expression, we discovered that EQST dose-dependently reduced the content of triglycerides (TGs) in the
3T3-L1 adipocytes indicating that EQST suppresses lipid accumulation by downregulating key genes involved in adipogenesis/lipo-
genesis. These key factors may serve as drug targets to reduce excess fat.

Likewise, the lipolytic pathway to expend energy through thermogenesis in the brown adipocytes is an alternative pathway to
reduce fat accumulation. In adipose tissue, Perilipin normally covers the triglyceride droplets within cells and blocks ATGL and HSL
from gaining access to the droplets [18,31]. ATGL and HSL are two key hydrolases that account for more than 90 % of TG hydrolysis
[40]. ATGL regulates the first step in TG hydrolysis, generating diglycerides (DG) and fatty acids, and HSL efficiently degrades DG,
generating malonyl-CoA (MG) and FAs [32,41]. The fatty acids that are produced are released and then mobilized into mitochondria
for fatty acid p-oxidation through ACSL1 and CPT-1 [30,32]. ACSL1 initiates the activation of FAs and catalyzes the formation of
acyl-CoAs and specifically directs FAs towards mitochondrial p-oxidation [42]. Carnitine palmitoyl transferase (CPT1) promotes the
transfer of long-chain fatty acyl CoA into mitochondria for f-oxidation [30]. The detection of released FAs collected from the culture
medium exhibited a marked increase in the EQST-treated 3T3-L1 adipocytes. RT-qPCR and Western blotting analysis reveal that Plin,
Atgl, Hsf1, CPT1 and ACSL1 were expressed significantly higher in the EQST-treated 3T3-L1 adipocytes, strongly suggesting that EQST
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Fig. 6. EQST-mediated fat clearance depends on the AMPK signal pathway. (A) EQST treatment increased mRNA expression of AMPK. The 3T3-L1
adipocytes at day 7 following induction with or without 20 pM EQST and/or 5 pM Dor. (B) EQST stimulated protein expression and phosphorylation
of AMPK, and (C) the ratio of the intensity of specific bands of different transcriptional factors from EQST-treated groups against control after
normalization to p-actin. (D) Dorsomorphin, an AMPK inhibitor suppressed AMPK phosphorylation which was rescued by EQST. (E) Dorsomorphin
largely reversed the increased expression of Pgcla, Ucpl and Cox4 by EQST while partially recovering the decreased expression of Fas enhanced by
EQST at mRNA levels and (F) at protein levels. (G) The content of lipid droplets was analyzed using ORO staining with nuclei co-stained by DAPI
(blue) and imaged using Nikon microscope (magnification, x20) and (H) subsequent colorimetric assay at 375 nm following treatment with
Dorsomorphin or EQST alone or combined Dorsomorphin and EQST. The target gene mRNA levels were normalized to p-actin using the 2-AA
method. The data were presented as Mean =+ standard error of the mean (SEM, n = 3). The scale bar indicates 40 um. Statistical analysis was carried
out between EQST-treated group and control group: ***p < 0.001; ###p < 0.001. *: increased compared to control; #: decreased compared to
control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

contributes to fat clearance by enhancing lipolysis and subsequent fatty acid B-oxidation.

The lipid catabolic process mainly occurs in brown/beige adipocytes that differentiate from preadipocytes. PRDM16 is a master
regulator of the cellular lineage that gives rise to brown adipocytes and (inducible) brown adipocytes [43]. PGC-1a is a master
mitochondrial marker that particularly stimulates de novo mitochondrial biogenesis. PRDM16 and PGCla synergistically induce brown
adipocyte differentiation and mitochondrial biogenesis and enhance the expression of Ucpl [44]. UCP1 expression is a unique feature
of brown adipocytes and is generally accepted as the defining marker of brown adipocytes [45,46]. Brown adipocytes specifically
contain a large number of mitochondria and utilize high mitochondrial UCP1 to uncouple respiration and dissipate chemical energy as
heat, thereby promoting lipid consumption. Importantly, EQST significantly increased the mRNA and protein expression of the
BA-specific markers Prdm16 and Ucpl as well as mitochondrial markers Pgcla, Tfam along with increased mitochondrial contents in
the EQST-treated 3T3-L1 adipocytes. Of note, IF staining confirmed that Prdm16 was expressed at higher levels in the EQST-treated
3T3-L1 adipocytes. The mRNA expression of CD137 and TMEM26, which are beige adipocyte markers and are functionally associated
with mitochondrial biogenesis, was also upregulated. Together, our data support the hypothesis that EQST induces brown adipocyte
differentiation from 3T3-L1 preadipocytes and additionally stimulates mitochondrial biogenesis.

The thermogenic function of brown adipocytes is conferred by UCP1, and the thermogenic capacity of a given brown adipocyte
depends on its mitochondrial content and activity. PGCla activates the transcription of NRF1, which in turn regulates the transcription
of TFAM [47]. TFAM translocate to the mitochondrial matrix and stimulates mitochondrial gene expression [26] that is required for
enhancing the mitochondrial respiratory capacity, thereby promoting f-oxidation and energy expenditure. Consistently, our analysis
exhibited a significantly upregulated expression of mitochondrial respiratory chain genes Mt-Col, Cox7al, Cox8b, and Cox4 (and
protein) in the EQST-treated 3T3-L1 adipocytes, reflecting enhancement of mitochondrial function in EQST-induced brown adipo-
cytes. In this regard, Cox 4 catalyzes the final step in the mitochondrial electron transfer chain and is thus one of the major regulation
sites for oxidative phosphorylation. Meanwhile, analysis of mitochondrial A¥YM in the living cells demonstrated that EQST treatment
resulted in a marked increase of mitochondrial AWM, indicating that the increased mitochondrial amount simultaneously exhibited an
enhanced respiratory activity. Together, our data suggest that EQST-induced brown adipocyte differentiation is accompanied by
increased mitochondrial respiratory capability. Actually, EQST endowed the differentiated brown adipocytes with enhanced respi-
ratory performance, by which EQST reduces lipid accumulation by expending energy for heat production. The strategic induction of
brown adipocyte differentiation has emerged as an exciting new therapeutic measure to combat obesity due to its functional role in
energy expenditure through increasing thermogenesis.

It has been reported that several highly conserved signaling pathways, such as the PI3K/Akt, JAK/STAT, Wnt/p-catenin, mitogen-
activated protein kinase (MAPK), and AMPK signaling cascades, are involved in fat metabolism [48,49]. In this regard, AMPK plays a
central role in maintaining energy homeostasis as it controls the metabolic switch between anabolic/catabolic pathways. AMPK causes
both short-term effects via direct phosphorylation of metabolic enzymes, and longer-term effects by modulating gene expression.
Activation of AMPK by phosphorylation in differentiated adipocytes is tightly associated with the inhibition of fatty acid synthesis [50]
and the stimulation of fatty acid p-oxidation. Our findings reveal that the inhibitory effect of dorsomorphin on AMPK activity was
largely rescued by EQST. In parallel, the downregulation of the lipogenic marker Fas and the up-regulation of the mitochondrial
markers Pgcla, Ucpl and the mitochondrial respiratory chain gene Cox4 were largely reversed by administration of dorsomorphin.
These results demonstrated that EQST can enhance expression and activation of AMPK, through which EQST promoted browning of
3T3-L1 adipocytes while inhibiting adipogenesis in the 3T3-L1 adipocytes. Therefore, EQST-mediated lipid metabolism is
AMPK-dependent, consistent with our observations, it was suggested that AMPK can activate brown adipocytes by inhibiting adi-
pogenesis, maintaining mitochondrial homeostasis, and inducing browning within white adipose tissue. A number of AMPK-activating
compounds have been reported so far: metformin, resveratrol, berberine, AICAR, and rosiglitazone [51,52]. However, to date, there
has been limited success in developing these compounds into effective anti-obesity agents for clinical applications due to unacceptable
side effects [53]. Studying new anti-obesity drugs that are based on natural products is currently more favored and imperatively
needed, given that natural molecules might exhibit weaker side effects, higher bioactivity, and ease of availability [54-56]. Our
findings provide a solid experimental basis for the anti-obesity effect of EQST, a natural fungal product. Planning in vivo experiments is
necessary for determining the dosage and the method of EQST administration. In addition, it is required to analyze how EQST activates
AMPK pathway in detail given the importance of AMPK in the regulation of whole-body energy balance.

In conclusion, this study demonstrates that EQST robustly reduces lipid accumulation by synergistically inhibiting adipose anabolic
pathways while enhancing catabolic pathways through the activation of the AMPK signaling pathway. The novel mechanism of EQST
action may lead to its application in the ongoing fight off obesity with the greatest therapeutic benefit.
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