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rates obesity though inhibiting
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Harmane, a compound derived from Peganum harmala L., was discovered as a lipid accumulation inhibitor

with our triglyceride (TG) assay. To investigate the molecular mechanism underlying the role of harmane in

the prevention of lipid accumulation, a number of biological experiments have been designed to determine

if harmane reduces lipid accumulation by suppressing adipogenesis, lipogenesis, and regulating a specific

signal transduction pathway. Our experimental data show that harmane inhibits TG accumulation though

down-regulating the expression of adipogenic and lipogenic factors, up-regulating adipocyte browning

markers and activating the SIRT1-LKB1-AMPK pathway. Therefore, harmane ameliorates obesity though

inhibiting lipid accumulation and inducing adipocyte browning.
1. Introduction

Obesity is caused by acuminated white adipose tissues, which
store excess energy in the form of triglyceride (TG).1 The prev-
alence of overweight and obesity is rising among children and
adolescents.2 Obesity is a major cause of metabolic disorders
such as cardiovascular disease, type 2 diabetes (T2D), and
nonalcoholic fatty liver disease. The primary cause of T2D is
obesity-driven insulin resistance in white adipose tissue (WAT),
and insufficient secretion of insulin.3 These diseases reduce life
quality as well as life span.4

The differentiation of preadipocytes and the subsequent
lipid accumulation in mature adipocytes are well-organized
process accompanied by coordinated genetic changes.5 At the
early stage of preadipocyte differentiation, the transient
expression of CCAAT/enhancer binding protein-b (C/EBPb)
induce the expression of C/EBPa and peroxisome proliferator
activated receptor g (PPARg), which promote the formation of
mature adipocytes and lipid production.6,7 In addition, acetyl-
CoA carboxylase 1 (ACC1), fatty acid synthase (FAS), and
stearyl coenzyme A desaturated enzyme 1 (SCD-1) are rate-
limited metabolic enzymes involved in lipogenesis.8,9

Obesity results from greater energy intake than energy
expenditure, leading to excessive deposition of WAT in the
body.10 WAT can be induced into brown fat-like adipocytes
(BAT), promoting energy expenditure.11 This process is medi-
ated by uncoupling protein 1 (UCP1, the only specic brown
adipocyte marker) and activation of oxidative metabolism. BAT
ces, Wuyi University, Jiangmen 529000,

sen University, Guangzhou 510006, China
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is characterized by multilocular lipid droplet morphology, high
mitochondrial content and the expression of a core set of brown
fat-specic genes such as UCP1, PPARa and PGC1a. These
genes and pathways provide a variety of promising therapeutic
targets for obesity treatment.12

The FDA approved anti-obesity drugs are mainly appetite
inhibitors and gastrointestinal lipase inhibitor (orlistat).
However, these drugs are not adequate therapies on their own
in the long-term, as they have adverse effects in mood changes
and gastrointestinal or cardiovascular complications.13 There-
fore, searching for novel anti-obesity agents is compelling.

Harmane is a compound derived from Peganum harmala L.
Previous reports demonstrated that harmane had activities
against inammatory, diabetes, and depression.14,15 However,
the mechanisms of these activities were not articulated.
Fig. 1 Proposed SIRT1-LKB1-AMPK pathway for obesity treatment.
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Recently, we revealed that harmane inhibited lipid accu-
mulation, but also induced adipocyte browning in 3T3-L1 pre-
adipocytes differentiation model.

In order to determine if harmane can be developed into an
agent against obesity, we have to investigate the mechanism of
action underlying the role of harmane in the prevention of lipid
accumulation. Based on the previous reports5,9,16 and our experi-
mental data, we hypothesize that harmane might regulate the
SIRT1-LKB1-AMPK pathway (Fig. 1). Biological experiments were
designed to detect liver kinase B1 (LKB1) and all downstream
genes have been regulated by harmane for the obesity treatment.

2. Experimental methods
2.1 3T3-L1 cell differentiation and compound preparation

3T3-L1 pre-adipocytes was cultured in DMEM supplemented
with 10% fetal bovine serum (Hyclone, USA), 1% penicillin and
streptomycin (Gibco, USA) at 37 �C in 5% CO2. 3T3-L1 pre-
adipocytes was differentiated as previously reported.17 Two
days aer conuence (day 0), the medium was changed to
a differentiation cocktail mixture containing 0.5 mM 3-isobutyl-
1-methylxanthine (Sigma, USA), 100 ng mL�1 dexamethasone
(MP, USA), 2 mg mL�1 insulin (Sigma, USA) and 10 ng mL�1

biotin in DMEM with 10% FBS and 1% penicillin and strepto-
mycin for 3 days (day 3). Then, the medium was replaced by
10% FBS/DMEM containing 2 mg mL�1 insulin for another 3
days (day 6). Then, the differentiation medium was changed to
culture medium. Harmane was purchased from TargetMol,
dissolved in dimethyl sulfoxide (DMSO), and supplemented at
indicated concentrations during indicated time course of
differentiation. The equal amount of DMSO was used as vehicle.

2.2 TG content assay

Cells were washed three times with PBS (pH 7.4) and then ultra-
sonically lysed. TG contents were measured using commercial TG
assay kit (Jiancheng Bioengineering Institution, Nanjing, China)
according to the manufacture's protocol. Results were presented
as the relative TG content compared to the vehicle group.

2.3 Oil Red O (ORO) staining

Cells were xed with 4% formaldehyde (v/v) for 1 h at room
temperature and stained with freshly prepared ORO working
solution for 1 h at room temperature and washed three times
with distilled water. The plates were scanned using an
OLYMPUS CKX41 microscope and camera (OLYMPUS). The
ORO working solution was prepared by mixing 6 mL of 0.5%
ORO (w/v, Sigma) in isopropanol with 4 mL of distilled water
followed by ltration through a 0.22 mM lter (Millipore).

2.4 Cytotoxicity analysis

3T3-L1 and RAW264.7 cells were purchased from the cell bank of
the Chinese Academy of Sciences (Shanghai, China). 3T3-L1 and
RAW264.7 cells were seeded at the density of 5000 per well into 96-
well plates to grow overnight. Then the cells were treated with
various concentrations of compounds for 72 hours. Same volume
of DMSO is added as vehicle control. 0.5 mg mL�1 MTT solution
4398 | RSC Adv., 2020, 10, 4397–4403
was added to each well and incubated for 4 h, aer which 150 mL
DMSO was added to each well. The absorbance of wells was
recorded at 492 nm aer 10 min of shaking. The vitality
percentage was calculated as (Acompound � Ablank)/(Avehicle � Ablank)
� 100%. The viability of vehicle control is dened as 100%.

2.5 Determination of mitochondrial DNA copy numbers

Mitochondrial DNA (mtDNA) copy numbers was achieved by
qPCR. Briey, DNA was extracted using Sangon Biotech kit. The
copy numbers of nuclear DNA (nDNA) and mtDNA were
assessed by qPCR using primers targeted toward the cyto-
chrome B gene (for mtDNA) and 18S rRNA (for nDNA).

2.6 Real-time qPCR

Total RNA was isolated using RNAiso plus (Takara, Dalian,
China) according to the manufacturer's protocol. Total RNA (1
mg) was converted to cDNA using ReverTra Ace qPCR RT Master
Mix (Toyobo, Osaka, Japan) according to the manufacturer's
protocol. cDNA and SYBR Green were used to amplify specic
target genes by Real-time PCR Master Mix (Toyobo, Osaka,
Japan). The sequence of primers was described in this table.
Gene
 Forward primer (50–30)
This journal is © The Royal Soc
Reversed primer (50–30)
PPARg
 TGCTGTTATGGGT
GAAACTCTG
GAAATCAACTGT
GGTAAAGGGC
C/EBPa
 AGTCGGTGGACAAG
AACAGCAAC
CGGTCATTGT
CACTGGTCAACTC
C/EBPb
 ACCGGGTTTCGG
GACTTGA
CCCGCAGGAA
CATCTTTAAGTGA
FAS
 ATTGGCTCCACCA
AATCCAAC
CCCATGCTCC
AGGGATAACAG
SCD1
 TGTTCGTTGCCA
CTTTCTTG
GCTAATGTTC
TTGTCATAAGGAC
ACC1
 AGGATTTGCTGTT
TCTCAGAGCTT
CAGGATCTACC
CAGGCCACAT
AP2
 GTCACCATCCGGTC
AGAGAGTAC
TCGTCTGCGGT
GATTTCATC
Cyto b
 GGCTACGTCCTTC
CATGAGG
TGGGATGGCTGA
TAGGAGGT
18S rRNA
 AACTTTCGATGG
TAGTCGC
TTCCTTGGATGT
GGTAGCC
b-Actin
 TGGAATCCTGT
GGCATCCATGAAA
TAAAACGCAGCTCAG
TAACAGTCC
2.7 Western blotting

The cell lysates were prepared with RIPA lysis buffer containing
protease inhibitor cocktail (Beyotime, Shanghai, China) and
phosphatase inhibitor (Beyotime, Shanghai, China). Protein
concentrations were determined using Pierce™ Rapid Gold
BCA Protein Assay Kit (ThermoFisher Scientic, Waltham, USA).
Protein samples were denatured in SDS buffer and then sub-
jected to SDS-PAGE and blotted onto polyvinylidene diuoride
(PVDF) membrane (Millipore, Darmstadt, Germany). The
membranes were blocked using 5% (w/v) skim milk in TBST
(Tris-buffered saline containing 0.1% (v/v) Tween 20) for 2 h and
then incubated with primary antibodies overnight at 4 �C. Aer
three times washing in TBST, the membranes were incubated
iety of Chemistry 2020
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Fig. 2 3T3-L1 cell-based assay results for harmane as a lipid-lowering agent. (A) Harmane structure. (B) The cytotoxicity of harmane on 3T3-L1
adipocytes and RAW264.7 cells. The cells were treated with harmane in five different concentrations for 72 hours. (C) The TG inhibitory effects of
harmane on 3T3-L1 cells during days 0–6. (D) The harmane TG inhibitions were measured in Oil Red O (ORO) staining experiments. The pictures
were captured in the resolution of 10 � 40. (E) Harmane administration time spans. (F and G) Harmane inhibits adipogenesis and lipogenesis
within indicated time spans. Harmane was dissolved in DMSO. Control: undifferentiated 3T3-L1 cells. Vehicle: differentiated 3T3-L1 cells treated
with equal amount of DMSO. Data are presented as the mean � SEM of 3 independent experiments. ###p < 0.001 vs. control. **p < 0.01 vs.
vehicle, ***p < 0.001 vs. vehicle.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 4397–4403 | 4399
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Fig. 3 Harmane reduced themRNA and protein levels of adipogenic and lipogenic factors in 3T3-L1 cells. (A) Harmane reduces the expression of
adipogenic factors in mRNA levels, C/EBPb (1 day treatment, from day 0 to day 1), C/EBPa, PPARg and AP2 (3 days treatment, from day 0 to day 3)
in mRNA levels. (B–D) Harmane inhibits the expression of lipogenic factors in mRNA and protein levels (6 days treatment, from day 0 to day 6). (E)
Harmane inhibits the expression of lipogenic factors in 3T3-L1 cells during days 6–9. MDI: differentiation cocktail. All the fold changes in
expressionwere calculated relative to vehicle. Control: undifferentiated cells. Vehicle: differentiated cells treatedwith equal amount of DMSO. All
data are expressed as the mean � SEM of 3 independent experiments. ###p < 0.001 vs. control group. *p < 0.05, **p < 0.01, ***p < 0.001 vs.
vehicle.

4400 | RSC Adv., 2020, 10, 4397–4403 This journal is © The Royal Society of Chemistry 2020
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with corresponding secondary antibodies at rt for 1 h. Immu-
noreactive signals were detected using enhanced chem-
iluminescence reagents with Chemiluminescence imager
(Tanon 5200, Shanghai, China). Densitometry analysis was
performed using Quantity One Soware (Bio-Rad Laboratories,
USA). Antibodies used including phospho (Thr172)- and total-
AMPKa (Cell Signaling, Danvers, USA), ACC1 (Cell Signaling,
Danvers, USA), FAS (Cell Signaling, Danvers, USA), SCD-1 (Cell
Signaling, Danvers, USA), a-Tubulin (Sigma, St. Louis, USA),
phospho (Ser428)-LKB1 (Cell Signaling, Danvers, USA), SIRT1
(Cell Signaling, Danvers, USA), PCG-1a (Cell Signaling, Danvers,
USA), UCP1 (Cell Signaling, Danvers, USA), PPARa (Abcam, UK),
GAPDH (Bioworld, China).

2.8 Statistical analysis

All data are expressed as the mean � SEM. Data between two
groups were analyzed by Student's t-test using Graphpad Prism
(Graphpad Soware Inc, California, USA). The signicant
difference was statistically analyzed using one-way ANOVA
Fig. 4 Harmane decreases lipid accumulation through inducing adipocy
differentiation cocktail with or without harmane at indicated concentrat
Effects of harmane on the ratio of mtDNA/nDNA. (B and C) Effects of ha
cells. MDI: differentiation cocktail. Control: undifferentiated cells. Vehicl
changes in expression were calculated relative to vehicle. All data are expr
< 0.01, ***p < 0.001 vs. vehicle.

This journal is © The Royal Society of Chemistry 2020
followed by Tukey's HSD post hoc test. Statistical signicance
was set at P < 0.05.
3. Results
3.1 Harmane is a lipid-lowering agent

Harmane is not toxic, its effect on cell viability in 3T3-L1
adipocytes and RAW264.7 cells were measured via MTT assay
as shown in Fig. 2B. Harmane was evaluated with 3T3-L1 cell
model18 for the lipid-lowering activity. As shown in Fig. 2C,
harmane decreases lipid accumulation in 3T3-L1 adipocytes in
a dose-dependent manner. The lipid inhibitory effects of har-
mane were also conrmed by ORO staining experiments
(Fig. 2D).

To determine whether harmane reduced lipid accumulation
by suppressing adipogenesis and/or lipogenesis, we treated 3T3-
L1 cells with 10 mM harmane in various periods, that is, days
0 to 3, 3 to 6, 6 to 9, 0 to 6, 3 to 9, and 0 to 9, which represent
different stages of 3T3-L1 differentiation (Fig. 2E). On day 9, the
te browning in 3T3-L1 cells. 3T3-L1 pre-adipocytes were treated with
ions for 6 days. Then the cells were harvested for further analysis. (A)
rmane on the expression of proteins related to the browning in 3T3-L1
e: differentiated cells treated with equal amount of DMSO. All the fold
essed as themean� SEM of 3 independent experiments. *p < 0.05, **p

RSC Adv., 2020, 10, 4397–4403 | 4401
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TG content was measured by TG assay, representative images
were captured. Our results demonstrated that harmane reduced
TG content at all the stage of adipocyte differentiation and lipid
accumulation (Fig. 2F and G).
3.2 Harmane inhibits lipid accumulation through
suppressing adipogenic and lipogenic factors in 3T3-L1 cells

Adipogenesis is regulated by a multiple differentiation factor
network, which initiates the process and activates the expres-
sion of downstream fatty acid synthesis markers. At the early
stage of differentiation (day 0 to day 3), the C/EBPb is rapidly
induced to express and subsequently activate C/EBPa expres-
sion. C/EBPa can activate the expression of downstream target
genes such as PPARg and AP2.19,20

To prove the regulation effect of harmane in the differenti-
ation stage, we performed qPCR on 3T3-L1 cells with harmane
treatment. Our results demonstrate that harmane decreases the
mRNA levels of C/EBPb with the treatment for 1 day. Subse-
quently, the mRNA levels of PPARg, C/EBPa and AP2, were
attenuated in a dose-dependent manner with harmane treat-
ment compared to the vehicle (Fig. 3A). These results indicate
Fig. 5 Harmane activates SIRT1-LKB1-AMPK pathway. 3T3-L1 pre-adipo
cated concentrations for 4 hours. (A) Harmane dose-dependently activ
dose-dependently activates. MDI: differentiation cocktail. Control: undiff
of DMSO. All the fold changes in expression were calculated relative to
experiments. *p < 0.05, **p < 0.01, ***p < 0.01 vs. vehicle.

4402 | RSC Adv., 2020, 10, 4397–4403
that harmane inhibits lipid accumulation by suppressing adi-
pogenic factor expression.

C/EBPa and PPARg are the upstream regulators of the lipo-
genic process, which regulates fatty acid synthesis through
activating the expression of genes related with lipid metabolism
such as ACC1, FAS and SCD-1.21 Correspondingly, the levels of
fatty acid synthesis related mRNAs were decreased dose-
dependently by the treatments of harmane for 6 days
(Fig. 3B). Furthermore, harmane strongly downregulated
lipogenesis-related markers protein expression with 6 days
treatment, supporting the qPCR data (Fig. 3C and D). These
results indicate that harmane inhibits lipid accumulation by
suppressing lipogenic factor expression.
3.3 Harmane decreases lipid accumulation through
inducing adipocyte browning in 3T3-L1 cells

BAT is a key site of heat production in mammals that has been
considered an attractive target to promote weight loss.22 UCP1 is
responsible for the unique function of brown adipose tissue.
PPARa may coordinate expression of fatty acid oxidation
enzymes with expression of UCP1. Besides, PGC-1a causes an
cytes were treated with differentiation cocktail with harmane at indi-
ates SIRT1-LKB1-AMPK pathway. (B) The bar-charts to show harmane
erentiated cells. Vehicle: differentiated cells treated with equal amount
vehicle. All data are expressed as the mean � SEM of 3 independent

This journal is © The Royal Society of Chemistry 2020
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increase expression for UCP1.23,24 To prove the browning effect
of harmane in the differentiation stage, we performed WB on
3T3-L1 cells with harmane treatment. Consistently, treatment
with harmane increased the copy numbers of mtDNA (Fig. 4A),
mitochondrial transcription factor PGC-1a and PPARa.
Furthermore, there was a robust increase in the expression
levels of UCP1 at translational levels (Fig. 4B and C). These
results suggest that harmane decrease lipid accumulation and
induce browning in 3T3-L1 cells, involved in the anti-obesity
effect.
3.4 Harmane decreases lipid accumulation through
activating SIRT1-LKB1-AMPK pathway

AMP-activated protein kinase (AMPK) is a signicant player in
regulating energy metabolism. Activated AMPK was reported to
be upstream mechanism of the inhibition of adipogenesis and
lipogenesis.9,25 AMPK also enhances SIRT1 activity, resulting in
the modulation of the activity of downstream SIRT1 targets that
include the PGC-1a.16 LKB1 is a key kinase controlling AMPK
activity and phosphorylation of AMPK.26 As shown in Fig. 5A
and B, activation of AMPK and LKB1 was observed with har-
mane treatment in a dose-dependent manner. Besides, the
activity of SIRT1 is signicantly improved. These results
demonstrate that harmane decrease TG accumulation with the
activation of the SIRT1-LKB1-AMPK pathway.
4. Conclusion

Harmane, a natural product derived from Peganum harmala L.,
is a lipid accumulation inhibitor. This study proves that har-
mane inhibits TG accumulation though down-regulating the
expression of adipogenic and lipogenic factors, up-regulating
adipocyte browning markers and activating SIRT1-LKB1-AMPK
pathway. Hence, harmane can be a lead to be developed into
a therapeutic agent against obesity and related metabolic
diseases.
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