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Abstract
Background: Consumption of energy dense foods and sedentary lifestyles have led to high prevalence of
obesity and associated disorders. Intensive research efforts have focussed to develop effective
alternative therapeutics from plant sources. Bauhiniastatins have been reported to possess
antineoplastic activity. In the present study, Bauhiniastatin-1 (BSTN1) was isolated and purified from
Bauhinia purpurea and evaluated for its therapeutic efficacy against adipogenesis and obesity using high
fat diet (HFD)-induced obese rodent model and 3T3-L1 cells.

Methods: We performed in-vitro experiments like MTT assay, Oil Red O (ORO) stain, cellular lipid content,
glycerol release and RT-PCR analysis in 3T3-L1 cells. In-vivo parameters like body weight gain, body
composition, plasma adipokines, serum & liver lipid profiles, liver marker enzymes, western blot analysis
and histopathological examination were conducted in rat model. In addition, molecular docking studies
were also performed to understand interaction of BSTN1 with peroxisome proliferator-activated gamma
receptor (PPAR-γ) and AMP-activated protein kinase (AMPK) which supported our experimental results.

Results: BSTN1 at 20 μM significantly (p<0.001) inhibited cell differentiation and lipid accumulation of
3T3-L1 adipocytes. Mechanistic studies showed that mRNA expression of key adipogenic markers, PPAR-
γ, fatty acid synthase (FAS) and sterol-regulatory element-binding protein-1 (SREBP1) were down-
regulated while AMPK was up-regulated by BSTN1. Oral administration of BSTN1 (5 mg/kg. b.wt.) to
HFD-induced obese rats substantially decreased body weight gain, fat mass, serum and liver lipid levels
and promoted integrity of hepatic and adipose tissue architecture compared to HFD-control rats. In
BSTN1 administered groups, decreased serum aspartate transaminase (AST) and alanine
aminotransferase (ALT) levels, decreased plasma leptin but increased adiponectin levels were noted.
Western blot analysis of adipose and hepatic tissues collected from BSTN1 treated rats showed
decreased expression level of PPAR-γ but increase in AMPK expression relative to the untreated group. In-
silico studies showed strong binding interactions of BSTN1 against PPAR-γ and AMPK, the key molecules
of adipogenesis and obesity.

Conclusions: Taken together, the results suggest that BSTN1 could be promising molecule for the
treatment of diet-induced obesity and non-alcoholic fatty liver disease (NAFLD).

Background
Bauhinia purpurea Linn. is a fast-growing medium sized flowering plant belonging to Fabaceae family,
commonly called with different names like purpure bauhinia, butterfly tree, orchid tree, camel’s foot tree,
and native species of south-east Asian countries including China and India. It is an invasive species as
well grown in Africa, North America, South America and Oceania. This plant species is rich in
phytochemicals like bauhiniastatins, isoquercitin, lutein, β-sitosterol, pacharin, astragalin, stigmasterol,
kaempferol and lupeol etc., [1, 2]. Its leaves, flowers and seeds are eaten along with rice in parts of some
south east Asian countries. This plant is reported to possess anti-diabetic, anti-inflammatory,
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antimicrobial, analgesic and anti-cancerous activities and hence used in traditional and folk medicine to
treat various diseases [3].

Obesity, once considered as a cosmetic issue, has drawn tremendous attention in recent times because of
its critical role in metabolic syndrome disorders. The excess calories consumed than expended are stored
in adipose tissue (AT), liver and muscle, and if it continues for longer periods leads to obesity, NAFLD and
associated disorders [4]. Non-alcoholic fatty liver disease (NAFLD) impacts almost 25% of adults in the
general population and includes a spectrum of diseases ranging from steatosis to non-alcoholic
steatohepatitis. This condition is an independent risk factor for cardiovascular diseases, diabetes
mellitus and all-cause mortality [5, 6, 7]. Moreover, recent reports have linked obesity to high severity in
COVID-19 infected patients [8]. As there are very limited non-surgical therapeutic options and in view of
the immense demand for drugs to treat obesity and NAFLD and considering the adverse effects
associated with existing drugs, research efforts to develop natural product-based therapeutics have
drawn much attention [9, 10, 11]. In our previous study, we reported the anti-hyperlipidemic activity of bark
extract of Bauhinia purpurea Linn. [12]. In the present study, we have made an attempt to isolate and
purify the active principle, Bauhiniastatin-1, evaluated its anti-NAFLD and anti-obesity activity and
underlying molecular mechanisms using diet induced obese rat model. Adipogenic, lipogenic and lipolytic
studies are complemented using the most widely used white adipogenesis cell culture model of 3T3-L1
preadipocytes. In addition, in silico molecular docking studies were carried out to understand the
mechanisms of action of BSTN1.

Methods
Chemicals

Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), 3isobutyl1methylxanthine
(IBMX), penicillin and streptomycin, isopropanol, insulin, dexamethasone (DEXA) were procured from
Thermo Scientifics, USA. MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) and Oil-Red-
O (ORO) stain were procured from Sigma Aldrich, USA. Analytical Grades’ of other solvents, chemicals
and reagents were to be utilized for the experiments.
Isolation and purification of Bauhiniastatin-1 (BSTN1)

The bark of B. purpurea was collected from the Seshachalam forests, Tirupati, Andhra Pradesh, India. It is
authenticated by taxonomist in the department of Botany, Sri Venkateswara University, Tirupati, voucher
number is 136 and specimen was preserved in departmental herbarium. The bark of B. purpurea was
powdered, extracted with ethanol and further fractionated by column chromatography using different
solvents [12]. The collected fractions were subjected to LC-MS analysis on 6520 Accurate Q-TOF (Agilent
Santa Clara, CA) mass spectrometer to identify the major compounds. Bauhiniastatin-1 was purified
using an HPLC system equipped with a binary gradient system, a variable UV-VIS-detector and a
Rheodyne Model 7725 injector with a loop size of 20 µL, and an integrator. Reverse phase
chromatographic analysis was carried out in isocratic conditions using a C-18 reverse phase column (250
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x 4.6 mm id., 5 µL C-18) at 40°C. Mobile phase consisted of methanol:water (20:80 v/v) with a flow rate
of 1mL/min. The detection of compounds was performed at 220 nm. A single sharp peak at 5.942 min of
retention time was identified as BSTN1 [13].
Cell culture and differentiation of adipocytes

The 3T3L1 pre-adipocytes of American Type Culture Collection (ATCC) cells were maintained and
cultured in DMEM supplemented with 10% FBS at 37°C in a humidified atmosphere with 5% CO2. For
adipogenesis studies, 3T3-L1 were grown to confluence, cells were stimulated with adipogenesis
differentiation medium of induction (DMI) consisting of DMEM, 5% FBS, 0.5 mM IBMX, 1 µM DEXA and
10 µg/mL insulin for 2 days followed by treating cells with differentiation medium (DMEM with 5% FBS
and 10 µg/mL insulin) for additional 8–10 days [14]. All the media that we used contained 100 IU/mL
penicillin and 100 mg/mL streptomycin. A volume of 0.01 % DMSO was used as vehicle control for in-
vitro experiments. For evaluating anti-adipogenic effects of BSTN1, 3T3-L1 cells cultured and
adipogenesis was induced in 12 well plates with different concentrations of BSTN1 (5, 10 and 20 µM) in
differentiation medium. The adipocytes were stained for neutral lipids (lipid droplets) and observed under
a bright field microscope or used for other studies.
Cytotoxicity studies / Cell viability assay (MTT assay)

The 3T3L1 preadipocytes were cultured in DMEM and cell viability assays were conducted as previously
described [15, 16].
Determination of adipocyte lipid content using quantitative Oil Red O staining

Lipid contents in adipocytes were visualized as well as measured using Oil Red O (ORO) staining [17, 18].
Lipolysis studies

The lipolysis studies were conducted by measuring glycerol levels released into the cell culture medium,
using commercial kit (Lipolysis assay kit, ab185433, Abcam, Shangai) following manufacturer’s
instructions [19]. The glycerol content was expressed as nmol/well.
RT-PCR studies

Total RNA was isolated from 3T3-L1 cells by using tri-reagent (Sigma Aldrich, USA) according to
manufacturer’s protocol and reverse transcribed to obtain cDNA using cDNA synthesis kit (Applied Bio
Systems, Foster City, USA) [20]. Two nano grams of cDNA was used for RT-PCR. The PCR amplification
was performed with transcript specific primers (Additional file S1).
Animal studies

Male WNIN rats (aged 5–6 weeks), normal pellet diet and high fat diets were obtained from National
Institute of Nutrition (NIN), Hyderabad, India. After one-week acclimatization period, rats were fed with
either normal diet or HFD, water ad-libitum and maintained at standard laboratory conditions
(temperature: 23°C ± 2°C; humidity: 40–60%) for 18 weeks as described in experimental design. Among
different types of HFDs used to induce obesity, a HFD with 60% calories from fat induces obesity most
effectively comparable to western diet [21, 22]. Animals were fed on 20% protein diet (normal pellet diet)
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(low fat control diet, percent of energy from carbohydrate-64%, protein-20% and fat-16%) (Additional file
S2) or high fat diet (percent of energy from carbohydrate-20%, protein-20% and fat-60%) (Additional file
S3) contained all the recommended macro and micronutrients. To test the therapeutic activity of BSTN1,
1.25, 2.5 and 5 mg/kg b.wt. of BSTN1 was suspended in 0.5% carboxymethylcellulose (CMC) and orally
administered for 6 weeks from 13th week onwards using an intra-gastric tube. We selected these
concentrations based on our initial pilot studies using solvent extracts [12].

IAEC approval (No:55/2012/(i)/a/CPCSEA/IAEC/SVU/MBJ, dated: 8-7-2012) were followed to conduct
the animal experiments.
Experimental design

Rats initially weighing 160–180 g were randomly divided into six groups of six each (n = 6).

Group I: Normal pellet diet fed rats

Group II: HFD-fed rats (Placebo)

Group III: HFD fed + BSTN1 (1.25 mg/kg. b.wt./day) treated rats

Group IV: HFD fed + BSTN1 (2.5 mg/kg. b.wt./day) treated rats

Group V: HFD fed + BSTN1 (5 mg/kg. b.wt./day) treated rats

Group VI: HFD fed + Orlistat (5 mg/kg. b.wt./day) treated rats
Measurement of body weight and body composition parameters

The body composition, body weight, fat percent of each rat was measured by Total Body Electrical
Conductivity (TOBEC) using a small animal body composition analysis system (EM-SCAN, Model SA-
3000 Multi detector, Springfield, USA). At the end of the experiment, animals were anesthetized using
isoflurane, blood was collected by heart puncture method. Plasma and/or serum were separated by
centrifugation at 2500 rpm for 15 min. Various organs and tissues including abdominal adipose tissue
and liver were dissected, and stored appropriately. For histology studies tissues were fixed and processed
as described in later sections.
Plasma leptin and adiponectin levels

Plasma leptin and adiponectin are key adipokines secreted by adipocytes. Adipokine levels were
measured in experimental rats using enzyme-linked immunosorbent assay kits (Crystal Chem, Downers
Grove, IL, USA). These assays were performed in duplicates (n = 6), as per the manufacturer’s guidelines
and adipokine levels were expressed in ng/mL [23].
Estimation of serum lipid profile

Serum total cholesterol (TC) was estimated by CHOD-PAP method, triglycerides (TGs) was estimated by
GPO-TOPS method, HDL-cholesterol, VLDL-cholesterol, LDL-cholesterol were estimated by selective
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inhibition method (Agappe Diagnostics Ltd., Kerala, India), phospholipids (PLs) and free fatty acids
(FFAs) were assessed as previously described [24].
Estimation of hepatic lipid levels

Lipids were extracted from the livers of experimental animals as described [25]. In brief, the tissues were
rinsed with ice-cold physiological saline, homogenized in cold chloroform-methanol (2:1, v/v) and the
contents were extracted for 24 h. The extraction was repeated four times. The combined filtrate was
washed with 0.7% potassium chloride and the aqueous layer was discarded. The organic layer was made
up to a known volume with chloroform and used for hepatic lipid analysis.
Measurement of AST and ALT activities

Hepatic marker enzymes, aspartate transaminase (AST) and alanine transaminase (ALT) activities were
estimated at the end of the experiment by using commercially available kit (Agappe Diagnostics Ltd,
Kerala, India) following the manufacturer's protocol.
Western blot analysis

Adipose and hepatic tissue proteins were extracted with lysis buffer (Sigma Aldrich, USA) and quantified
using Bradford method [26]. Equal amount of protein (40 µg) was resolved on 10% SDS-PAGE gel and
transferred onto a nitrocellulose membrane. To block non-specific binding sites, blots were incubated at
room temperature with 5% skimmed milk (v/v) for 1 h followed by overnight incubation with primary
antibodies of anti-PPAR-γ, anti-AMPK and mouse anti-β actin (1:1,000 dilution, ABclonal Technology,
USA) at 4°C. The immuno-reactive antigen was then recognized by incubation with HRP-conjugated
secondary antibody (1:1,000 dilution, Abclonal Technology, USA). Immuno-reactive bands were visualized
using chemiluminescence detection system.
Histopathological examination

Adipose and liver tissues were collected from both control and experimental rats and fixed in formalin
solution. A small piece of tissue was cut, trimmed, processed and prepared paraffin blocks. Then the
paraffin blocks were sectioned (5–8 µm) using microtome and stained using haematoxylin and eosin
(H&E) following standard histology protocol [27].
Molecular docking studies (Accession of target protein)

The three-dimensional structure of FAS (6NNA), AMPK (6C9F), PPAR-γ (3WMH) and BSTN1 were
downloaded from the RCSB protein Data Bank and Pub chem. The atomic coordinates of the ligand were
geometrically optimized using Argus Lab 4.0.1. [28]. In-silico studies were carried against FAS (6NNA),
AMPK (6C9F) and PPAR-γ (3WMH), with ligand (BSTN1) using the docking program Patchdock [29]. After
the docking, protein–ligand complexes were studied using PyMol viewer tool (www.pymol.org)1. Protein
and ligand interactions were analysed and visualized through PyMol viewer tool (www.pymol.org)1.
Statistical analysis

The results are expressed as the mean ± standard deviation (SD), and comparison was made by using
one-way ANOVA programme followed by Tukey’s post hoc tests to study the significance level (SPSS,

http://www.pymol.org%29/
http://www.pymol.org%29/


Page 7/25

version 17.0; SPSS Inc., Chicago, IL, USA).

Results
LC-MS & HPLC analysis

The chloroform fraction of ethanolic extract of B. purpurea was subjected to LC-MS analysis. Seventeen
compounds were identified from which BSTN1 (m.wt.: 283.0496) was isolated, purified and confirmed by
HPLC (Figs. 1A–1C).

Cytotoxicity studies by MTT assay
The effect of BSTN1 on cell viability of 3T3-L1 cells and cytotoxicity was analysed at 48 h using MTT
assay. BSTN1 showed IC50 value of 118 µM in the dose range of 10–160 µM, dose was optimized to less
than 10% for further in-vitro analyses (Fig. 2D).

Effect of BSTN1 on adipogenesis and lipid content
BSTN1 at 20 µM markedly reduced adipogenesis and intracellular lipid levels of 3T3-L1 cells, as observed
by Oil-Red-O-stained images (Fig. 2A). We further quantified the lipid content by extracting the (using
isopropanol) Oil-Red-O stain from 3T3-L1 adipocytes (Fig. 2B). To complement these studies, we verified
the lipolytic capacity of BSTN1 by quantifying the levels of glycerol release from treated versus control
and vehicle control 3T3-L1 adipocytes. Significantly high level of glycerol release was observed in
adipocytes treated with BSTN1 than untreated cells and the maximum lipolytic activity was noticed at a
concentration of 20 µM (Fig. 2C).

mRNA expression (RT-PCR) studies
The mRNA expression levels of key adipogenic transcriptional and lipogenic factors, FAS, SREBP1, AMPK
and PPAR-γ in differentiated 3T3-L1 adipocytes were estimated in the absence and presence of BSTN1 (5,
10 and 20 µM) (Fig. 3). The expression of FAS, SREBP1 and PPAR-γ were down-regulated, while AMPK
was up-regulated with increasing concentration of BSTN1 as represented in Figs. 3A to 3D.

Adipogenic and lipogenic protein markers expression in adipose and hepatic tissues
Figure 4 shows the protein expression levels of AMPK and PPAR-γ in hepatic and adipose tissues of
placebo and obese-treated rats. BSTN1 treated obese rats showed significant alteration in the key
adipogenic and energy homeostasis proteins, PPAR-γ and AMPK respectively. The expression of these
proteins was normalized to house-keeping gene β-actin. BSTN1 mediated normalized levels of AMPK and
PPAR-γ proteins could reduce the fat accumulation in liver and adipose tissues, reduce non-alcoholic fatty
liver disease and lead obesity ailments.

Body composition and body weight of obese rats
Table 1 depicts the changes in body weight and body composition of experimental rats. Consumption of
HFD for 18 weeks resulted in significant changes in body weights (486 ± 9.0 g) and total body fat levels
(79 ± 7.8 g) in HFD control group, compared to normal control group of rats whose body weight and total
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fat were 248.1 ± 6.3 g and 10.2 ± 1.4 g, respectively. Oral administration of BSTN1 (1.25, 2.5 and 5 mg/kg.
b.wt.) for 6 weeks (from 13 to 18 weeks) considerably reduced body weight gain and body composition
parameters in a dose dependent manner with maximum reduction (in body weight 320 ± 13.9 g and total
fat levels 24.9 ± 1.9 g) being noted in rats treated with 5 mg/kg. b.wt. of BSTN1.

Table 1
Effect of BSTN1 on body weight and body composition parameters of treated and untreated rats.

Parameters Normal
control

HFD
control

BSTN1-
1.25 mg

BSTN1-2.5
mg

BSTN1-5
mg

ORL-5 mg

Initial body
weight (g)

168.3 ± 
7.0

182.5 ± 
9.4

177.3 ± 8.4 179.3 ± 
10.7

183.2 ± 8.0 180.8 ± 5.9

Final body
weight (g)

248.1 ± 
6.3

486.3 ± 
9.0#

445.2 ± 
11.0*

401.5 ± 
12.0**

320.5 ± 
13.9***

312.7 ± 
7.7***

Body weight
gain (g)

79.8 ± 4.6 303.8 ± 
15.5#

267.8 ± 
10.7*

222.2 ± 
14.8**

137.3 ± 
17.8***

131.8 ± 
10.7***

Lean body
mass (g)

237.9 ± 
7.0

407.3 ± 
7.8#

382.6 ± 
13.6*

358.6 ± 
14.2**

295.7 ± 
14.4***

290.1 ± 
6.5***

Total body fat
(g)

10.2 ± 1.4 79 ± 7.8# 62.5 ± 3.8* 42.9 ± 2.4** 24.9 ± 1.9*** 22.6 ± 
4.6***

Body fat (%) 4.1 ± 0.6 16.2 ± 
1.5#

14.1 ± 1.1* 10.7 ± 0.9** 7.8 ± 0.7*** 7.2 ± 1.4***

Fat free mass
(g)

147.1 ± 
4.1

225.4 ± 
5.3#

215.5 ± 
8.3*

206.8 ± 
8.5**

175.9 ± 
8.3***

173.3 ± 
3.9***

Total body
water

620.1 ± 
18.5

972.6 ± 
23.9#

928.2 ± 
37.4*

888.9 ± 
38.3**

749.7 ± 
37.2***

738 ± 
17.4***

Total body Na+ 859.4 ± 
25.7

1349 ± 
33.1#

1287.3 ± 
52.0*

1232.7 ± 
53.2**

1039.4 ± 
51.7***

1023.2 ± 
24.2***

Total body K+ 1783.1 ± 
51.0

2752.4 ± 
65.6#

2630.3 ± 
103.0*

2522.3 ± 
105.4**

2139.5 ± 
102.3***

2107.3 ± 
48.0***
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Table 2
Effect of BSTN1 on serum lipid profile of treated and untreated rats.

Parameters Normal
control

HFD
control

BSTN1-1.25
mg

BSTN1-2.5
mg

BSTN1-5
mg

ORL-5mg

TC (mg/dL) 84.0 ± 4.1 114.5 ± 
13.2#

98.4 ± 9.4* 92.3 ± 9.3** 82.3 ± 
14.3***

75.6 ± 
15.3***

TGL
(mg/dL)

148.9 ± 9.4 185.9 ± 
8.7#

173.7 ± 6.4* 160.3 ± 
6.6**

137.2 ± 
8.6***

131.0 ± 
9.2***

HDL
(mg/dL)

45.8 ± 11.6 27.9 ± 
10.5#

31.7 ± 12.9* 39.5 ± 
13.5**

41.5 ± 
10.1***

44.1 ± 
13.9***

LDL
(mg/dL)

62.8 ± 1.9 84.2 ± 1.7# 76.7 ± 1.3* 71.1 ± 1.3** 54.4 ± 
1.7***

43.4 ± 
1.8***

VLDL
(mg/dL)

12.4 ± 15.8 29.4 ± 
21.7#

21.0 ± 12.6* 17.8 ± 8.1** 13.4 ± 
13.9***

9.0 ± 
12.8***

PLs
(mg/dL)

57.1 ± 3.2 112.7 ± 
7.6#

101.4 ± 12.1* 84.3 ± 3.7** 63.4 ± 
11.0**

61.7 ± 
6.2**

FFA
(mg/dL)

46.7 ± 2.2 96.3 ± 9.6# 87.4 ± 11.7* 64.1 ± 9.4** 50.5 ± 
15.7***

44.7 ± 
8.7***

 
Effect of BSTN1 on leptin and adiponectin levels and adipose tissue architecture

Figure 5 shows the systemic levels of leptin and adiponectin in control and experimental obese rats. We
observed markedly elevated levels of plasma leptin but decrease in adiponectin levels in HFD fed rats,
when compared to the normal rats. Interestingly, treatment with BSTN1 has significantly (p < 0.01)
decreased leptin levels, while the levels of adiponectin were increased. The H&E-stained adipose tissue
sections of control rats showed the normal adipocyte structure (Fig. 5B). In contrast, adipocytes of HFD-
induced obese rats are significantly larger (Fig. 5C) (hypertrophy) with indistinct cell walls compared to
adipocytes of control rats. Relatively smaller sized adipocytes were visualized in BSTN1 treated rats
indicating reduced lipid droplets, and this effect was more significant than even orlistat treated group
(Figs. 5D and 5E).
Effect of BSTN1 on hepatic enzymes (AST and ALT) and hepatic tissue architecture

Figure 6 depicts the activities of aspartate transaminase (AST) and alanine transaminase (ALT) in control
and experimental obese rats. Administration of BSTN1 (1.25, 2.5 and 5 mg/kg. b.wt.) markedly reduced
AST and ALT levels (p < 0.01) in dose dependent manner when compared to HFD control rats. Hepatic
tissues of untreated and treated rats were sectioned, stained with H&E staining that represents normal
hepatic structure made up of healthy hepatic lobules and a central vein possessing radiating strands in
untreated rats (Fig. 6B). But an accumulated lipid content around the central vein and in between the
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hepatocytes lead to inflated and disruption of lobules were seen in obese rats (Fig. 6C). Interestingly, the
liver sections from obese rats treated with BSTN1 (Fig. 6D) were seem to be better/equally recovered than
that of Orlistat treated group (Fig. 6E). However, central veins were found to be a little dilated in BSTN1
groups than normal but cells as such were found to be healthy.

Effect of BSTN1 on serum and liver lipid profiles
The HFD-induced obese rats exhibited significant alterations in serum and liver lipid levels (over their
respective control rats). Treatment with BSTN1 (1.25, 2.5 and 5 mg/kg. b.wt.) had significantly
normalized the altered levels of serum total cholesterol (TC), triglycerides (TGL), high-density lipoprotein
(HDL), low-density lipoprotein (LDL), very low-density lipoproteins (VLDL), phospholipids (PLs) and free
fatty acids (FFA) (Table-2). Similarly, the liver tissue lipids including total cholesterol (TC), triglycerides
(TGL) and free fatty acids (FFA) were also markedly normalized in the presence of BSTN1 (Table 3).

Table 3
Effect of BSTN1 on hepatic lipid profile of treated and untreated rats.

Parameters Normal
control

HFD
control

BSTN1-1.25
mg

BSTN1-2.5
mg

BSTN1-5
mg

ORL-5mg

TC
(mg/dL)

61.37 ± 5.3 118.2 ± 
7.4#

111.6 ± 12.2* 91.3 ± 11.0** 67.6 ± 
8.0***

62.9 ± 
7.5***

TGL
(mg/dL)

84.9 ± 2.7 156.1 ± 
7.7#

127.7 ± 1.3* 97.8 ± 2.5** 79.07 ± 
1.7***

81.6 ± 
2.1***

FFA (mg/g) 69.34 ± 3.0 125.8 ± 
2.3#

104.9 ± 3.0* 84.1 ± 2.3** 70.3 ± 
2.7***

62.3 ± 
2.1***

 
In-silico molecular docking

The outcome of the docking studies indicated that BSTN1 interacts with FAS (6NNA) with − 100 binding
energy. Consequently, the results showed that BSTN1 binds to FAS at the fatty acid binding site
(substrate binding cleft), at amino acid residues His1263, Asn1458, Arg1461 and Arg14622 through
multiple hydrogen (H) bonds. In addition, the site at which BSTN1 binds to the enzyme is very similar to
that of the binding site for NADP and ethane diol, which suggests a stronger regulatory position for
BSTN1 (Figs. 7A-7C). Docking studies predict that BSTN1 binds to AMPK by H-bonds close to the
adenosine monophosphate (AMP) binding site with a binging energy of − 148.62 (Figs. 7D-7F). But, close
to the recognized inhibitor (JAA) binding location, BSTN1 interacts strongly with PPAR-γ with a binging
energy of − 194.0. Three H-bond interactions (–OH group of Tyrosine, –OH group of Serine, –NH group of
Histidine) were observed between PPAR-γ and Bauhiniastatin-1 (Figs. 7G-7I) (Table 4).
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Table 4
Molecular docking of BSTN1 (11687814) ligand-protein binding interactions.

Ligand Proteins Binding
Energy

Bond
Length (Å)

Bonding Interaction

Bauhiniastatin-
1

(BSTN1)

PPAR-γ
(3WMH)

– 194.0 2.3–3 H-bond interaction

(–OH group of Tyrosine (Tyr327),

JJA – OH group of Serine (Ser289),

–NH group of Histidine (His449))

AMPK
(6C9F)

–148.62 3–3.3 H-bond interaction

(AMP binding site – Thr86, Val127
and Pro129)

FAS (6NNA) –100.0 3–3.6 H-bond interaction

(His1263, Asn1458, Arg1461 and
Arg14622)

 

Discussion
In the present study, Bauhiniastatin-1, an oxepin derivative was isolated and purified from Bauhinia
purpurea and evaluated for its anti-obesity and anti-NAFLD efficacy. Accumulation of lipid droplets in
adipocytes plays a central role in the growth and hypertrophy of adipose tissue. For the prevention and
management of obesity, inhibition of adipocyte differentiation and promotion of glycerol release by
breakdown of triglycerides present in adipocytes is therefore essential [30]. Activated AMPK attenuates
lipid accumulation during adipogenesis by inhibiting the expression of PPARγ, C/EBPα, SREBP1 and FAS
[31]. AMPK also plays a critical role in regulating hepatic lipid metabolism, glucose transport and
gluconeogenesis, hence, AMPK may also be considered as a target for the treatment of obesity and
NAFLD [32]. In this study, as evident from the Oil Red O stain and glycerol estimation assay, the purified
BSTN1 showed substantial inhibition of adipogenesis and lipid accumulation in 3T3-L1 cells compared
to untreated cells (Figs. 2A-2C). With BSTN1 treated adipocytes, down-regulation of gene expression of
PPARγ, SREBP1 and FAS and up-regulation of AMPK was observed, indicating their role in energy
homeostasis, attenuating adipogenesis and lipogenesis (Figs. 3A-3D). PPARγ consists of DNA binding
domain, agonist-dependent- and agonist-independent-activation domain expressed ubiquitously but
abundantly in adipocytes [33]. PPARγ activates fatty acid uptake leading to neutral lipid accumulation in
adipocytes [34] and sufficient for adipogenic induction [35, 36] making it a master regulator of
adipogenesis. PPARγ sensitizers, thiozolidinediones, induce adipocyte differentiation [37, 38] but improve
glycemic control, insulin sensitivity and β-cell function implicating PPARγ's role in metabolic regulation
[39, 40]. Overall, PPARγs are important transcriptional factors that play a central role in glucose
homeostasis, fatty acid synthesis and adipogenesis [41]. Obese condition leads to insulin resistance
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which causes activation of PPAR-γ and triggers glucose transporters (Glut-2) in liver that favour glucose
uptake by hepatocytes and synthesis of triacylglycerols (TAGs) in liver ultimately leading to the
pathogenesis of NAFLD [42, 43]. However, in our studies, BSTN1 down regulated PPARγ thus, might
reduce ectopic fat accumulation in hepatic tissue and prevents non-alcoholic fatty liver condition.

In animal experiments we did analysis of body composition parameters. A substantially reduced body
weight gain and total fat mass was noticed with BSTN1 treated rats over their HFD controls. Biochemical
assays of serum AST, ALT, serum and liver lipid and plasma adipokine profiles indicated the therapeutic
role of BSTN1 in attenuating HFD induced alterations in rats. Adipokines are adipose tissue-derived
bioactive molecules that play important role in human health or disease. Leptin and adiponectin might
promote lipolysis, fatty acid oxidation and inhibit lipogenesis in liver and adipose tissue through AMPK
activation [44, 45, 46]. AMPK gets activated through phosphorylation of a conserved threonine in the
activation loop of kinase domain in the α subunit [47, 48] or binding of AMP that can be mimicked by
ADP and can be antagonized by ATP [49]. Many of the AMPK activators including natural plant derived
therapeutics like resveratrol and berberine activate AMPK by indirectly inhibiting ATP levels through
increasing AMP and/or ADP [50, 51, 52].

Histological examination of liver and adipose tissue micrographs clearly demonstrated the anti-
adipogenic and anti-lipogenic or pro-lipolytic effect of BSTN1 (Figs. 5 and 6). Western blot and RT-PCR
analysis of liver and adipose tissue showed down regulated expression of PPAR-γ but up-regulation of
AMPK in BSTN1 treated groups confirming anti-adipogenic and anti-lipogenic roles of BSTN1 (Figs. 3 and
4). This is in agreement with the fact that, when AMPK is activated, it diminishes the expression of
C/EBPα, PPARγ, SREBP1 and acyl-CoA carboxylase (ACC) in adipose and hepatic tissues and thus
inhibits synthesis of fatty acids and triglycerides [53]. Green tea extract, capsaicin, guggulsterone,
genistein and piperine were shown to regulate glucose homeostasis and fatty acid synthesis in liver as
well as adipogenesis in adipose tissue through PPARγ and AMPK mediated signaling [54].

Binding of BSTN1 against PPAR-γ and AMPK showed favourable binding interaction compared to FAS
and other adipogenic pathway transcriptional factors that we tested, demonstrating them as possible
targets for BSTN1 to attenuate NAFLD, adipogenesis and obesity. Our docking studies also suggest that
BSTN1 binds AMPK at the AMP binding site through hydrogen bonding with Thr86 and two other
residues, Val127 and Pro129. BSTN1 binding with Thr86 implicates that BSTN1 potentially activates
AMPK function as well as expression through the interactions or vice versa.

In addition to the observed effects of BSTN1 on PPAR-γ gene expression changes at transcriptional and
translation levels, our receptor-ligand docking studies further demonstrate that BSTN1 binds to PPAR-γ
mediated by hydrogen bonding with amino acids Ser289, Tyr327 and His449. Previously MEKT75, a
partial agonist of PPAR-γ (3WMH/JJA, N-(phenlysulfonyl)-4-propoxy-3-({[4-(pyrimidin-2-
yl)benzoyl]amino}methyl)benzamide), was shown to interact at positions His266, Tyr327, His449 of
PPAR-γ to inhibit its function. Instead of His266 another amino acid close to this Ser289 interacting with
BSTN1 in the binding site of JJA agonist in addition to the binding of amino acids, Tyr327 and His449.
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MEKT75 show similar scaffold like MEKT-21 and 9i (antagonist), implicating direct inhibitory activity of
BSTN1 on PPAR-γ function [55]. The observed reduction of PPAR-γ expression could be in part due to
these interactions initiating negative feedback loop. In addition, potential binding prediction of BSTN1
with FAS indicates the inhibitory function of BSTN1 on FAS as well. BSNT1 binding at fatty acid binding
site of FAS seem to be very interesting, but the lower negative energy of these interaction warrants to
further investigate these enzyme substrate/inhibitor interactions.

Our studies further demonstrate that BSTN1 binds to AMPK near the adenosine monophosphate (AMP)
binding site there by potentially mimicking AMP to activate AMPK. However, the binding of BSTN1 to the
AMPK and PPAR-γ proteins seems to have positive and negative regulatory action on the transcription of
AMPK and/or PPAR-γ respectively. Additionally, 5-aminoimidazole-4-carboxamide riboside (AMPK
activator) mediated activation of AMPK was shown to inhibit PPAR-γ and PPAR-α which may not be
mediated through RXR or PPAR/RXR binding to DNA implicating potential multiple level regulation of
BSTN1 on PPAR-γ [56]. This suggests complex agonist/antagonist binding dynamics with AMPK and
PPAR-γ explaining BSTN1 binding to these two key proteins.

MTT assay showed non-significant reduction in 3T3-L1 cell viability up to 48 hours, however the observed
anti-adipogenic functions in our studies might also be partially due to additional BSTN1 mediated
adipocyte specific apoptotic pathway regulation as observed in Oil-Red-O stain photomicrographs. Cell
viability (in vitro assays), histology studies and hepatic health markers status indicate the safety of
BSTN1.

Conclusions
In this study, both in vivo and in vitro studies have clearly demonstrated the therapeutic efficacy of
BSTN1 against adipogenesis, obesity and NAFLD via PPAR-γ and AMPK modulation. These observations
are further complimented and confirmed by molecular docking studies. Therefore, BSTN1 can be
considered as a potential therapeutic molecule for managing obesity ailments.
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Figures

Figure 1

Molecular characterization of isolated compound/s from the chloroform fraction of Bauhinia purpurea
ethanolic extract. (A-B) LC-MS analysis showing TOF MS ES+BPI and Diode Array (Retention Time) (C)
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HPLC peak representing structure and retention time (5.942) of BSTN1.

Figure 2

Effect of BSNT1 on 3T3-L1 cells. (A) Oil Red O stained 3T3-L1 cells illustrates decreased adipocytes
counts, size and lipid droplets (Magnification 40X). (i) Undifferentiated untreated pre-adipocytes stained
(ii) fully differentiated untreated adipocytes (control) stained (iii) differentiated DMSO (0.01%) treated
adipocytes (vehicle control). (iv), (v) and (vi) differentiated BSTN1 treated adipocytes (5, 10 and 20 μM)
showing decreased adipogenesis in dose dependent manner. (B) Quantification of neutral lipid content
(%) by Oil Red O stain extraction in BSNT1-treated and other group cells. (C) Lipolysis assay indicating
the amount of glycerol content released from 3T3-L1 adipocytes into the media. (D) Cytotoxicity assay
results on the percentage of cell viability of untreated, DMSO and BSTN1 treated preadipocytes
determined after 48 h using MTT assay. Data are presented as mean ± SD of triplicate. (* p<0.05, **
p<0.01 and *** p<0.001 indicates significant difference between untreated and treated 3T3-L1 cells).
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Figure 3

Effect of BSTN1 on the quantitation of fold change of key adipogenic and lipogenic markers in 3T3-L1
adipocytes. (A) FAS, (B) SREBP1, (C) AMPK and (D) PPAR-γ. Data are presented as mean ± SD of
triplicate. (* p<0.05 and ** p<0.01 indicates significant difference between untreated and treated 3T3-L1
cells).
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Figure 4

Western blot analysis reveals the effect of BSTN1 on protein expression of p-AMPK and PPAR-γ in (A)
adipose and (B) hepatic tissues. Quantitation of (C) white adipose – p-AMPK/PPAR-γ and (D) hepatic –
p-AMPK/PPAR-γ are represented in histograms. Histograms represent mean ± standard deviation. β-actin
is used as a housekeeping gene. (* p<0.05 and ** p<0.01 indicates significant difference between HFD-C
(HFD-control) (placebo) and treated groups).
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Figure 5

Effect of BSTN1 on adipokines and histology of white adipose tissue. (A) Plasma adipokines levels
represented as mean ± SD, (n=6). (B-E) Effect of BSTN1 on adipocytes morphology and histopathology of
white adipose tissue (H&E staining, 10x magnifications) in normal control and HFD-fed rats. (B) Normal
control white adipose tissue illustrating normal adipocyte morphology. (C) histology of obese rat’s
adipose tissue illustrates distracted and enlarged adipocytes. (D-E) BSTN1 (5 mg) and Orlistat (5 mg)
treated obese rat’s show smaller adipocytes than the adipocytes of obese untreated group. # p<0.001
indicate significant difference between HFD control and normal control groups. * p<0.05 and ** p<0.01
indicates significant difference between HFD control (placebo) and treated groups.
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Figure 6

Effect of BSTN1 on liver enzymes (AST & ALT) levels and liver tissue. (A) Serum AST and ALT levels
represented as mean ± SD, (n=6). Effect of BSTN1 on liver morphology and histopathology (H&E staining,
40X magnifications) in normal control and HFD-fed rats. (B) Normal control groups hepatic tissue
illustrates central vein (cv) with endothelial lining (arrows), hepatocytes, sinusoidal spaces with Kupffer
cells. (C) Obese untreated group animals show non-alcoholic fatty liver illustrating accumulated small
lipid droplets, deranged hepatocyte morphology in different areas with enlarged central veins (with some
tissue destruction) and increased leucocytic infiltrations into the vein and in between vacuolations
(arrows, as damage hallmarks). (D) BSTN1 (40 mg) treated obese rat’s liver show tissue architecture
close to normal livers with less accumulation of fat and tissue architecture including cv. (E) Orlistat
treated obese rat’s liver histology shows improvement compared to HFD-control. # p<0.001 indicate
significant difference between HFD control and normal control groups. * p<0.05 and ** p<0.01 indicates
significant difference between HFD control (placebo) and treated groups.
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Figure 7

BSNT1 docking to FAS, AMPK and PPAR-γ. (A-C) Computational docking of BSTN1 (red) with the FAS
(6NNA). (D-F) Computational docking of BSTN1 (red) with the amino acids of targeting AMPK (6C9F). (G-
I) Computational docking reveals the BSTN1 (red) strongly interacts with hydroxyl and amino groups of
the tyrosine, serine and histidine residues of PPAR-γ (3WMH).
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