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 Obesity   and associated disorders have shifted from an 
epidemic state to pandemic proportions ( 1 ). Although 
factors responsible for obesity are still unclear, the increase 
in lipid content of adipocytes is considered relevant. These 
cells constitute roughly 1/6 of body weight and are in-
volved in both catabolic and anabolic processes. By virtue 
of their capacity to secrete various adipokines and cyto-
kines, adipocytes have gained the status of an important 
endocrine tissue ( 2 ). In a constant renewal process,  � 50% 
of subcutaneous adipocytes are replaced every 8 years ( 3 ); 
thus, adipocytes are a good target for pharmacological in-
tervention of obesity. Many natural products like genistein, 

       Abstract   We developed a common feature pharmacophore 
model using known antiadipogenic compounds (CFPMA). 
We identifi ed rohitukine, a reported chromone anticancer al-
kaloid as a potential hit through in silico mapping of the 
in-house natural product library on CFPMA. Studies were 
designed to assess the antiadipogenic potential of rohitukine. 
Rohitukine was isolated from  Dysoxylum binacteriferum  Hook. 
to  ⬧ 95% purity. As predicted by CFPMA, rohitukine was in-
deed found to be an antiadipogenic molecule. Rohitukine 
inhibited lipid accumulation and adipogenic differentiation 
in a concentration- and exposure-time-dependent manner in 
3T3-L1 and C3H10T1/2 cells. Rohitukine downregulated 
expression of PPAR � , CCAAT/enhancer binding protein  � , 
adipocyte protein 2 (aP2), FAS, and glucose transporter 4. It 
also suppressed mRNA expression of LPL, sterol-regulatory 
element binding protein (SREBP) 1c, FAS, and aP2, the 
downstream targets of PPAR � . Rohitukine arrests cells in 
S phase during mitotic clonal expansion. Rohitukine was bio-
available, and 25.7% of orally administered compound 
reached systemic circulation. We evaluated the effect of rohi-
tukine on dyslipidemia induced by high-fat diet in the ham-
ster model. Rohitukine increased hepatic expression of liver 
X receptor  �      and decreased expression of SREBP-2 and as-
sociated targets. Rohitukine decreased hepatic and gonadal 
lipid accumulation and ameliorated dyslipidemia signifi -
cantly.   In summary, our strategy to identify a novel antiadi-
pogenic molecule using CFPMA successfully resulted in 
identifi cation of rohitukine, which confi rmed antiadipogenic 
activity and also exhibited in vivo antidyslipidemic activity.  —
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PPAR � , CCAAT/enhancer binding protein (C/EBP)  � , 
adipocyte protein 2 (aP2), FAS, and glucose transporter 
(GLUT) 4 and leads to inhibition of adipogenesis. Rohi-
tukine also exhibited in vivo antidyslipidemic effects in the 
HFD-fed hamster model. 

 MATERIALS AND METHODS 

 Common feature pharmacophore model 
 Sixteen diverse compounds of varying antiadipogenic capacity 

were used as a training set ( 27   ). Pharmacophore was generated 
using the Hiphop algorithm of Catalyst implemented in the Dis-
covery Studio 2.0 software (DS 2.0). All compounds used in the 
study were built using ISIS Draw 2.5 and imported to DS 2.0 Win-
dows. These compounds were optimized using the CHARMM 
force fi eld ( 14, 28, 29 ).The module of DS generated 255 diverse 
conformations of molecules with the energy cutoff range of 
20 kcal/mol above the global minimum. The most potent com-
pound (rutin) in the training set inhibited 83%, and the least 
active (LA) compound (sinapinic acid) 2.3% of total increased 
lipid accumulation during adipogenesis ( 27 ). The most active 
compound, rutin, was assigned a principal value of 2 and Max-
OmitFeat value of 0 to insure that all features of this molecule are 
considered for generation of the hypothesis. For other molecules 
of the training set, principal and MaxOmitFeat values were set as 
1 and 0. The minimum interfeature distance was set to 2 Å from 
the default value of 2.97 Å in order to consider the functional 
groups that are present in the training set compounds as closely 
as 2 Å. This was done to include the closely related functional 
groups present in the training set compounds (C = O and –OH) 
in carboxylic acid, which are present in most of the training set 
compounds involved in the 3T3-L1 inhibition. Feature mapping 
protocol was used to identify the common features present in the 
training set compounds. As predicted, hydrogen bond acceptor 
lipid [HBAL; minimum (min.) 1 to maximum (max.) 5], ring 
aromatic (RA; min. 1 to max. 5), and hydrogen bond donor 
(HBD; min. 1 to max. 5) were selected during the pharmacoph-
ore generation. 

 Extraction, fractionation, and isolation of pure 
compounds 

 Rohitukine was isolated and characterized as mentioned previ-
ously ( 16 ). Briefl y, air-dried, powdered stem bark of  Dysoxylum 
binectariferum  (2.0 kg) was extracted with distilled ethanol (5 × 5.0 
liters) by cold percolation. The combined extracts were fi ltered 
and concentrated under reduced pressure below 50°C to a brown 
viscous mass. It was dried under high vacuum to remove the last 
traces of solvent yielding 80 g crude extract. Twenty grams of 
ethanolic extract was macerated and fractionated into  n -hexane 
soluble (0.8 g), chloroform soluble (10.2 g),  n -butanol soluble 
(4.2 g), and  n -butanol insoluble (4.8 g) fractions. The MA chlo-
roform soluble fraction on repeated chromatography yielded 
a known alkaloid, rohitukine (5,7-dihydroxy-2-methyl-8-[4-(3-
hydroxy-1-methyl)-piperidinyl]-4H-1-benzopyran-4-one). The com-
pound was then characterized using infrared spectroscopy, nuclear 
magnetic resonance spectroscopy, mass spectrometry, derivatiza-
tion, and comparison with the available literature. Purity was de-
termined by HPLC and found to be >95%. 

 Differentiation of 3T3-L1 and C3H10T1/2 adipocytes 
 The 3T3-L1 and C3H10T1/2 cell lines were purchased from 

the American Type Culture Collection. Cells were cultured in a 
humidifi ed atmosphere at 37°C and 5% CO 2  in DMEM containing 

conjugated linolenic acid, docosahexanoic acid, epigallo-
catechin gallate (EGCG), quercetin, resveratrol, and ajo-
ene affect adipogenic differentiation at various life cycle 
stages of adipocytes ( 4–10 ). These effects are exerted ei-
ther by induction of apoptosis, inhibition of adipogenesis, 
stimulating lipolysis, or combinations thereof ( 11 ). Al-
though many compounds are reported to have antiadi-
pogenic activity, systematic analysis of the structure and 
activity relationship   based on common features is still a 
knowledge gap. This can be performed by different mo-
lecular modeling tools such as SYBYL/comparative mo-
lecular fi eld analysis (CoMFA) and comparative molecular 
similarity indices analysis (CoMSIA) and Catalyst (Hypo-
Gen Module for quantitative analysis and Hiphop Module 
for qualitative pharmacophore analysis) ( 12–14 ). Pharma-
cophore-based virtual screening methods have added 
advantage over CoMFA, CoMSIA, or docking in terms of 
screening speed and their tendency to retrieve more struc-
turally diverse leads. Therefore, exploiting the literature 
on diverse antiadipogenic compounds, we developed and 
validated a Hiphop model to fi nd common pharmacoph-
ore properties of antiadipogenic molecules [common fea-
ture pharmacophore model using known antiadipogenic 
compounds (CFPMA)]. We used this model to perform 
virtual screening of an in-house natural compound library 
in compliance with  a ) feature requirements of pharma-
cophore  b ) not reported earlier for antiadipogenic effects. 
We identifi ed rohitukine as a potential hit candidate. Ro-
hitukine is a chromone alkaloid reported to be isolated 
from  Dysoxylum binectariferum  Hook. f. (Maliaceae) and 
 Amoora rohituka . It had earlier been reported for various 
biological activities, namely anti-infl ammatory, anticancer, 
immunomodulatory, and antiulcer properties ( 15–20 ). 
Two of its analogs, Flavopiridol and P-276-00, are currently 
being evaluated in advanced phase 2 clinical trials for po-
tential anticancer therapy ( 15 ). Many natural compounds 
like EGCG, genistein, and kaempferol, which show anti-
adipogenic potential, have also been found to be antican-
cer agents ( 21–23 ). Recently, there have been reports 
that establish an association between obesity and cancer 
( 24–26 ). The phosphoinositide 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/AKT/mTOR)   path-
way is the key signaling pathway that links both obesity and 
cancer. As antiadipogenic activity of rohitukine was not re-
ported earlier, it was intriguing to assess its antiadipogenic 
potential. 

 In the present study, we investigated the effects of ro-
hitukine on adipocyte differentiation in 3T3-L1 and 
C3H10T1/2 cells under the infl uence of hormonal induc-
ers. We measured effects in terms of lipid accumulation 
and changes in gene and protein level expression for vari-
ous adipogenesis-associated markers. Moreover, we stud-
ied the effect of rohitukine in a high-fat diet (HFD)-fed 
Syrian golden hamster   ( Mesocricetus auratus ) model of dys-
lipidemia. Our studies conclude that rohitukine affects 
the early phase of adipogenic differentiation by inhibiting 
AKT-mTOR phosphorylation and also leads to S-phase cell 
cycle arrest during mitotic clonal expansion (MCE). Rohi-
tukine, at later time points, downregulates expression of 
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without rohitukine (20 µM) in the presence of 1 mCi of [ 3 H]
thymidine for 48 h. After that, cells were washed with PBS, once 
with ice-cold 10% TCA, and twice more with PBS. Cells were lysed 
in 2 N NaOH, and samples were analyzed after 24 h by scintilla-
tion counter. 

 Animals and diets 
 HFD (Cat. No. D12451, 45% kcal) was procured from Re-

search Diets Inc. to induce dyslipidemia in 8-week-old (100–120 g 
body weight) Syrian golden hamsters ( M. auratus ). All experi-
mental procedures were carried out as per the guidelines of 
Committee for the Purpose of Control and Supervision on Ex-
periments on Animals, India, and approved by the Institutional 
Animal Ethics Committee  . 

 A group of fi ve animals was kept in controlled conditions. The 
animals with identifi cation marks were acclimatized for 7 days 
before experimentation. The control group of hamsters was fed 
with normal chow diet. All other groups like HFD, pair-fed diet 
(PFD), and rohitukine-treated were fed with 45% kcal HFD for 
10 days (day 1 to day 10). All groups had free access to diet and 
water. Fresh HFD kept at 4°C was administered daily (40 g diet/
cage) at the same fi xed time. The leftover diet of the previous day 
was weighed for the net food intake before being discarded. Like-
wise, the body weight of the animals was recorded daily before 
feeding and drug administration. Rohitukine was suspended in 
the 0.1% gum acacia solution and gavaged orally once daily at a 
fi xed time for 7 consecutive days (days 4–10) to the treated group, 
and vehicle was administered to the parallel control. 

10% (v/v) heat-inactivated fetal bovine serum and penicillin-
streptomycin antibiotics (cDMEM). For adipogenic induction, 
cells were seeded in 24-multiwell plates. Two days postconfl u-
ence, culture medium was replaced with differentiation medium 
[medium containing insulin 5 µg/ml, 3-isobutyl-1-methylxanthine 
0.5 mM, and dexamethasone 250 nM (MDI)]. This medium was 
replaced after 48 h with medium containing 5 µg/ml insulin. 
This medium was replaced after 48 h, and cells were maintained 
in cDMEM. Lipid droplets started appearing from day 4, and 
>90% of cells showed lipid globules 6–8 days after induction. To 
study the effect of rohitukine on adipogenic differentiation, cells 
were differentiated at given concentrations and/or time exposed 
to rohitukine as indicated in the fi gures. 

 Oil Red O staining 
 Differentiated 3T3-L1 (with or without rohitukine) adipocytes 

were rinsed in PBS (pH 7.4). The adipocyte lipid globules were 
stained with Oil Red O (ORO; 0.36% in 60% isopropanol) for 
20 min. Accumulated dye was extracted using 100% isopropanol, 
and absorbance was measured at 492 nm. 

 Western blotting 
 Cells were lysed in mammalian lysis buffer containing pro-

tease and phosphatase inhibitors (Roche). Similarly, tissues were 
freeze thawed and triturated in liquid nitrogen, and protein 
lysates were prepared using lysis buffer as mentioned previously. 
Protein lysates were denatured, and an equal quantity of protein 
was resolved by SDS-PAGE. It was electrotransferred to nitrocel-
lulose paper. The membranes were blocked with 5% skimmed 
milk in Tris-buffered saline containing 0.05% Tween-20 (TBS-T). 
After washing with TBS-T, the membranes were incubated with 
target-protein-specifi c antibodies for 14 h at 4°C, followed by in-
cubation with HRP-conjugated secondary antibodies for 1 h. The 
target proteins were detected using chemiluminescent substrate 
(Millipore) using Chemidoc (GE). For equal loading and nor-
malization purposes,  � -actin was used as internal control. 

 Real-time PCR 
 Total RNA was isolated from 3T3-L1 cells and tissues using TRI-

ZOL reagent (Invitrogen, CA). First strand cDNA synthesis was 
performed using Megascript reverse transcriptase kit (Applied 
Biosystems) and subsequently used for quantitative real-time PCR 
analysis on Light Cycler 480 (Roche Diagnostics). Statistical analy-
sis of the quantitative real-time PCR was obtained using the (2 - �  � Ct ) 
method, which calculates the relative changes in gene expression 
of the target, normalized to an endogenous reference (GAPDH in 
in vitro and  � -actin for in vivo experiments) and relative to a cali-
brator that serves as a control group. Gene-specifi c primer pairs 
used in these studies are listed in   Table 1  .   

 Cell cycle analysis using fl ow cytometry 
 Two-day postconfl uent 3T3-L1 preadipocytes were incubated 

in adipogenesis MDI with or without rohitukine at different con-
centrations. The cells were harvested after 24 h, washed, and re-
suspended in PBS. Then, cells were fi xed in 70% ice-cold ethanol. 
Pelleted cells were suspended in propidium iodide for 30 min at 
room temperature. At least 10,000 events were acquired per sam-
ple on a fl ow cytometer (FACSCalibur, BD). Analysis was per-
formed using Modfi t software to determine the relative number 
of cells in G1, S, and G2/M phases. 

 Cell proliferation assay/[ 3 H]thymidine uptake assay 
 To assess cell proliferation, [ 3 H]thymidine incorporation was 

measured after induction of differentiation of 3T3-L1 with or 

 TABLE 1. Primer sequences used for real-time PCR gene 
expression studies     

Gene Name Primer Pairs

Mouse-specifi c primer pairs
 LPL F 5 ′ tttgtgaaatgccatgacaag3 ′ 

R 5 ′ cagatgctttcttctcttgtttgt3 ′ 
 aP2 F 5 ′ gaaaacgagatggtgacaacg3 ′ 

R 5 ′ gccctttcataaactcttgtgg3 ′ 
 SREBP-1c F 5 ′ ttcctcagactgtaggcaaatct3 ′ 

R 5 ′ agcctcagtttacccactcct3 ′ 
 FAS F 5 ′ caacatgggacaccctgag3 ′ 

R 5 ′ gttgtggaagtgcaggttagg3 ′ 
 PPAR � F 5 ′ aagacaacggacaaatcacaa3 ′ 

R 5 ′ gggggtgatatgtttgaacttg3 ′ 
 C/EBP � F 5 ′ aaacaacgcaacgtggaga3 ′ 

R 5 ′ gcggtcattgdcactggtc3 ′ 
 Wnt3a F 5 ′ gagacatggggacacagtca3 ′ 

R 5 ′ gggaatcagatgggtcctg3 ′ 
 GATA2 F 5 ′ cacccctatcccgtgaatc3 ′ 

R 5 ′ cagcagtagagagtaagagacacca3 ′ 
Hamster-specifi c primer pairs
 LXR � F 5 ′ tcagcatcttctctgcagaccgg3 ′ 

R 5 ′ tcattagcatccgtgggaaca3 ′ 
 LDL R F 5 ′ gcagtgtttctgtggctgacac3 ′ 

R 5 ′ gccatgcacagggtcca3 ′ 
 HMGC R F 5 ′ gagctacatttgtgcttggcg3 ′ 

R 5 ′ ttcattaggccgaggctcac3 ′ 
 SREBP-2 F 5 ′ gcaaggtgttcctgcatgaa3 ′ 

R 5 ′ tggtgttctgactggtacgcc3 ′ 
 LPL F 5 ′ gattcacttttctgggactga3 ′ 

R 5 ′ gccactgtgccgtacagaga3 ′ 
 PPAR � F 5 ′ ggccaatggcatccaaaata3 ′ 

R 5 ′ ccttggcgaattctgtgagc3 ′ 
   � -Actin F 5 ′ tgctgtccctgtatgcctctg3 ′ 

R 5 ′ agggagagcgtagccctcat3 ′ 

GATA2, GATA binding protein 2; HMGC R, HMG-CoA reductase; 
LDL R, LDL receptor; LXR, liver X receptor; SREBP, sterol-regulatory 
element binding protein; Wnt3a  , Wingless-type MMTV integration site 
family, member 3A.
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 Statistical analysis 
 For in vivo studies, data were expressed as mean ± SEM, and 

for in vitro studies, data were expressed as mean ± SD; the Stu-
dent’s  t -test was used for comparisons of measured parameters. 
Probability values of  P  < 0.05 (*), 0.01 (**), and 0.0001 (***) 
were used as measures of statistical signifi cance. Data were ana-
lyzed on GraphPad Prism (Version 3.00, GraphPad Software 
Inc., San Diego, CA). 

 RESULTS 

 Rohitukine maps on CFPMA 
 The developed common feature pharmacophore mod-

els consisted of 3 main features, namely HBAL, RA, and 
HBD. Among the resulting 10 pharmacophore models 
with ranking scores ranging from 85.23 to 80.90 (  Table 2  ), 
 the top 5 pharmacophore models were analyzed for the 
best fi t values of the training set molecules. Four out of the 
fi rst 5 pharmacophore models had same features and in-
terfeature distances, except the fi rst hypothesis (Hypo-1) 
with RA [1] and HBAL [2  ], which had different orienta-
tions of groups in 3D space. To select the appropriate 
model, the predictability of Hypo-1 was analyzed against 
the remaining four hypotheses, which revealed that the 
third hypothesis (Hypo-3) predicted the most active  , mod-
erately active, and LA compounds better than the other 
four hypotheses (  Fig. 1  , fi t value).  Thus, on the basis of the 
predictability of the third hypothesis (Hypo-3) and the 
mapping of the MA and the LA compounds ( Fig. 1 ), 
Hypo-3 was selected for further validation studies. The vali-
dation of this pharmacophore model was carried out using 
an external test set of 20 reported anti-adipogenic com-
pounds that were not included in the training set. These 
compounds were screened on Hypo-3 using ligand phar-
macophore mapping protocol using fl exible fi t method 
applying best conformation generation. The structures of 
these molecules were shown in the supplementary  Fig. I . 
The Hypo-3 well predicts these external test set com-
pounds in their respective classes. The fi t value based 
prediction of these compounds are shown in (supplemen-
tary Table I). The selected hypothese, Hypo-3 perfectly 
maps MA compound (rutin) with phenyl ring maps the 

 Blood collection, plasma analysis, and histological 
analysis 

 The blood withdrawn from the retro-orbital plexus of anes-
thetized animals was collected in citrate-phosphate-dextrose 
containing microcentrifuge tubes, and plasma was separated. 
Total cholesterol (TC), HDL cholesterol (HDL-c), LDL cho-
lesterol (LDL-c), and TGs were estimated from blood plasma 
using Cobas Integra 400 TM  Clinical Bio-analyzer (Roche Diag-
nostics). The sections of epididymal adipose tissue, pancreas, 
and liver were fixed in 10% formalin, dehydrated, and em-
bedded in paraffi n. Adipose tissue and liver sections were stained 
with hematoxylin and eosin (HE) to examine the morphology. 

 Pharmacokinetics studies: bioavailability estimation 
 In vivo pharmacokinetics study was performed in male Syr-

ian golden hamsters (n = 3, weight range 120.0 ± 10 g). Oral 
and intravenous pharmacokinetics of rohitukine were carried 
out at 50 mg/kg and 5 mg/kg, respectively, for bioavailability 
estimation. Animals were kept on fasting overnight prior to 
dosing. Blood samples were collected from the retro-orbital 
plexus into microcentrifuge tubes containing heparin (20 IU/ml) 
as anticoagulant at 0.25–48.0 h post-oral dosing and 0.08–24 h 
post-intravenous dosing. Plasma separation was performed 
by centrifuging the blood samples at 2,000  g  for 5 min. Plasma 
samples (300  � l) were extracted by the solid phase extraction 
method using 1 cc, C-18 (DSC-18, Supelco) cartridge. Cartridges 
were conditioned with 2 ml methanol and followed by 2 ml 
10 mM sodium acetate buffer pH 5.5 (SAB). Plasma samples 
(300 µL) were diluted to 1 ml with SAB and then loaded into 
the cartridges. Then cartridges were washed with 2.0 ml of SAB. 
Analytes were eluted with 2 ml of methanol. The eluents were 
collected in glass tubes and evaporated to dryness under nitro-
gen in a water bath set at 40°C. These dry residues were fi nally 
reconstituted in 100 µl methanol, and 50 µl supernatant was 
injected to HPLC analysis. Rohitukine resolution and better 
peak shape were achieved on a Phenomex C 18  column (4.6 × 
250 mm, particle size 5 µm) protected with a Phenomenex C 18  
guard column. Phenacetin was used as internal standard (IS). 
The system was analyzed in isocratic mode with a mobile phase 
consisting of methanol-10 mM SAB (pH 5.5) 38:62, at a low 
rate of 1.0 ml/min. The absorption wavelength was set to 257 nm 
and 240 nm for rohitukine and IS, respectively. The pharma-
cokinetic parameters of plasma concentration-time profi le 
were determined using the standard noncompartmental anal-
ysis module of WinNonlin (version 1.5, Pharsight, Mountain 
View, CA). 

 TABLE 2. Summary of hypothesis run       

Hypo. Features  a  Rank Direct Hit Partial Hit Max. Fit

1 RAA 85.024 1111111111111111 0000000000000000 3
2 RDA 84 1111111111111111 0000000000000000 3
3 RDA 83.013 1111111111111111 0000000000000000 3
4 RDA 82.187 1111111111111111 0000000000000000 3
5 RDA 82.185 1111111111111111 0000000000000000 3
6 RAA 82.18 1111111111111111 0000000000000000 3
7 RDA 81.838 1111111111111111 0000000000000000 3
8 RAA 81.231 1111111111111111 0000000000000000 3
9 RDA 81.213 1111111111111111 0000000000000000 3
10 RDA 80.891 1111111111111111 0000000000000000 3

Direct Hit (DH) indicates whether (1) or not (0) a training set molecule mapped every feature of the 
hypothesis. Similarly, Partial Hit (PH) indicates whether (1) or not (0) a molecule mapped to all but one feature in 
the hypothesis. 

  a   A, Hydrogen bond acceptor lipid (HBAL); Hydrophobic (H); Ring Aromatic (RA or R).
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observation showed that rohitukine decreased lipid droplet 
accumulation in differentiated 3T3-L1 and C3H10T1/2 
derived adipocytes in a concentration-dependent manner 
(  Fig. 2A  ).  Absorbance of extracted ORO accumulated in 
lipid droplets confi rms that rohitukine inhibits adipogene-
sis signifi cantly at a 5 µM concentration, and >80% of MDI-
induced increased lipid accumulation was inhibited at a 20 
µM concentration ( Fig. 2B, C ). At this concentration, rohi-
tukine was found to be nontoxic in 3T3-L1 cells using 
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] based cell viability assay (data not shown). Rohi-
tukine (20 µM) was added during days 0–2, 0–4, 0–6, 2–4, 2–6, 
and 4–6 of adipogenesis. Every rohitukine exposure condi-
tion led to decreased lipid accumulation in adipocytes, with 
a maximum inhibition at 0–6 days. Minimum exposure of 
0–2 days was enough to yield signifi cant decrease ( P  < 0.001) 
in lipid accumulation and adipogenesis in 3T3-L1 adipo-
cytes ( Fig. 2 D–F ). Consistent with these results, we observed 
that at a 20 µM concentration, mRNA expression levels of 
adipogenesis-associated genes, including PPAR � , aP-2, 
SREBP-1c, FAS, and LPL, were signifi cantly reduced ( P  < 0.01); 
whereas a nonsignifi cant but decreasing trend was observed 

RA function of the pharmacophore, the oxygen atom of 4H 
chroman maps one HBA, and the hydroxyl group at the 
3-[beta-L-rhamnopyranosyl-(1  →  6)-beta-D-glucopyranosy-
loxy] maps one HBD function. Further, this model was 
used as a contrivance for in-house library-based virtual 
screening of compounds that resulted in identifi cation of 
the top-ranked lead, rohitukine, which was selected for 
further studies in the targeted activity. Rohitukine mapped 
to the highest fi t value (2.88318) on Hypo-3 ( Fig. 1 ) as com-
pared with the MA compound (rutin) fi t value (2.99981) 
of the training set. Thus, rohitukine maps well to the phar-
macophore model (Hypo-3) where its hydroxyl (–OH) 
group of 3-hydroxy-1-methylpiperidin function present at 
position 8 of the basic chroman ring corresponds to the 
one HBD, the aromatic ring of its basic chroman ring fea-
ture as RA feature, and its carbonyl (C = O) function at the 
C-4 position of the chroman ring (chroman  -4-one) fulfi lls 
the requirement of one HBA function. 

 Rohitukine inhibits adipogenesis 
 Varying concentrations of rohitukine (0–20 µM) were 

added to the MDI during differentiation. Microscopic 

  Fig.   1.  The CFPMA pharmacophore model and in silico virtual screen. The common feature pharmacophore model was generated using 
a diverse set of antiadipogenic compounds. CFPMA is shown along with the inter-feature distance. The pharmacophore mapping of the 
MA compound, the LA compound (sinapinic acid), and virtual screen-identifi ed hit rohitukine is shown. The actual % inhibition of MDI-
induced lipid accumulation by molecule ( a ) that was used in model generation as well as fi t value ( b ) generated on each molecule in phar-
macophore mapping are shown next to the compound name.   
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  Fig.   2.  Rohitukine inhibits adipogenesis. A: 3T3-L1 preadipocytes and C3H10T1/2 were cultured in the DMEM and MDI medium con-
taining 0, 5, 10, 15, and 20  � M rohitukine for 8 days. Culture dish images were acquired after lipid droplet staining with ORO; microscopic 
images were taken with Nikon Eclipse TI. Absorbance of extracted ORO accumulated in lipid droplets of 3T3-L1-derived (B) and 
C3H10T1/2-derived (C) adipocytes was measured spectrophotometrically at 492 n  . D: 3T3-L1 preadipocytes and C3H10T1/2 were cul-
tured in the MDI medium with 20  � M rohitukine for 0–2, 0–4, 0–6, 2–4, 2–6, and 4–6 days. The lipid droplets were stained with ORO, and 
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cycle (i.e., MCE is prerequisite for adipogenesis). Addition 
of rohitukine to MDI perturbed MCE (  Fig. 4A  ).  At a 
20  � M concentration of rohitukine where maximum sup-
pression of adipogenesis was observed, 41.15% of cells 
were in S phase compared with only 19.28% of cells treated 
with MDI alone ( Fig. 4B ). This highly signifi cant increase 
demonstrates that cells either get delayed entry into S 
phase or get arrested in S phase. 

 MCE arrest was further evidenced in immunoblot ex-
pression analysis of cell cycle regulatory proteins per-
formed at 16 and 24 h time points. Rohitukine causes 
reduction of cyclin-D, Cyclin Dependent Kinase (CDK)6  , 
CDK4, cyclin-E, and CDK2 protein expression. These pro-
teins are required to accomplish MCE in response to MDI 
induction. Furthermore, addition of rohitukine in MDI 
causes rescue of degradation of P27, as well as a reduced 
expression of C/EBP � , which can be attributed to inhibi-
tion of CDKs and MCE arrest, respectively ( Fig. 4C ). MCE 
blockade was also confi rmed by [ 3 H]thymidine uptake as-
say. Rohitukine signifi cantly inhibited MDI-induced [ 3 H]

in the case of C/EBP �  in real-time PCR analysis (  Fig. 3A  ). 
 This was also supported by the fact that protein level expres-
sion of PPAR � , C/EBP � , aP2, FAS, and GLUT-4 expression 
was found to be suppressed signifi cantly as compared with 
control during late phase (i.e., day 2, day 4, and day 6 of 
adipogenesis induction) ( Fig. 3 B ). AKT phsophorylation, 
mTOR phosphorylation, and its target phosphorylation of 
4EBP were reduced signifi cantly in early rohitukine ex-
posure (0–2 h) during adipogenesis ( Fig. 3C ). The gene 
expression of antiadipogenic transcription factors GATA2 
and Wnt3a was increased signifi cantly 30- and 50-fold by 48 h 
of rohitukine exposure ( Fig. 3D ). 

 Collectively, these results indicate that rohitukine pos-
sesses an antiadipogenic potential in vitro without any cy-
totoxic effect, and early 48 h exposure was suffi cient for 
signifi cant suppression of adipogenesis. 

 Rohitukine arrests MCE in S phase 
 When MDI was added to growth arrested confl uent 

cells, it caused cells to enter into 2–3 rounds of the cell 

microscopic images were taken with Nikon Eclipse TI. Absorbance of extracted ORO accumulated in lipid droplets of 3T3-L1-derived 
(E) and C3H10T1/2-derived (F) adipocytes was measured spectrophotometrically at 492 nm. All values are presented as the mean ± SD of 
three experiments performed in triplicate. Statistical signifi cance: *  P  < 0.05, **  P  < 0.01, ***  P  < 0.001.   

  Fig.   3.  Molecular markers of adipogenic inhibition. A: Relative mRNA abundance of LPL, aP2, SREBP-1c, FAS, PPAR � , and C/EBP �  on 
day 6 of adipocyte differentiation was measured by real-time PCR in the absence and presence of 20  � M rohitukine in MDI. B: Rohitukine 
addition to MDI signifi cantly downregulates the late phase protein level expression of GLUT-4, C/EBP � , PPAR � , aP2, and FAS in 3T3-L1 
adipocytes (i.e., on day 2, day 4, and day 6 of differentiation). C: Rohitukine inhibits early phosphorylation states of p-AKT (Ser473), mTOR 
(Ser2448), and 4EBP (Thr37/46) observed by Western blotting. D: Rohitukine increases the relative mRNA abundance of Wnt3a and 
GATA2 on day 2 measured by real-time PCR. The results were verifi ed by three independent experiments, mean ± SD. Signifi cance of dif-
ference between the MDI-induced control and rohitukine-treated groups: *  P  < 0.05, **  P  < 0.01, ***  P  < 0.001.   
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  Fig.   4.  Effects of rohitukine on MDI-induced cell cycle progression in 3T3-L1 preadipocytes. A: Rohitukine arrested MDI-induced cell 
cycle progression in S phase. B: The population of cells in each stage of the cell cycle was quantifi ed and showed concentration-dependent 
arrest in S phase. C: Postconfl uent 3T3-L1 preadipocyte cells were incubated with MDI containing 20  � M rohitukine for 0, 16, and 24 h; 
rohitukine downregulated the expression of cyclin-D, CDK6, CDK4, cyclin-E, CDK2, C/EBP �  but stabilized P27 protein as observed by 
Western blotting. Represented cut blots were run, transferred, and exposed for the same time but separated away by unrelated samples. 
D: Rohitukine signifi cantly inhibited the incorporation of [ 3 H]thymidine into newly synthesized DNA after 48 h, measured by using a scintil-
lation counter. The data are representative of three independent experiments that give similar results. Signifi cance of differences between 
the MDI-induced control and rohitukine-treated groups: *  P  < 0.05, **  P  < 0.01, ***  P  < 0.001.   

 TABLE 3. Pharmacokinetic profi le of rohitukine after oral 
(50 mg/kg) and intravenous (5 mg/kg) administration (n = 3)    

Parameters

Estimates (mean ± SD)

Oral (50 mg/kg) Intravenous (5 mg/kg)

C max  (µg/ml) 6.62 ± 0.66 5.37 ± 2.12
T max  (h) 0.25 —
AUC 0– ∞   (µg * h/ml  ) 10.66 ± 2.34 4.14 ± 1.08
MRT (h) 6.64 ± 1.39 7.07 ± 3.02
F abs  (%) 25.7 —

AUC, area under the curve from 0 to  ∞  h; C max , maximum 
concentration; F abs , absolute bioavailability; MRT, mean residence time; 
T max , time of maximum concentration.  

thymidine incorporation after 48 h exposure ( Fig. 4D ) at a 
20 µM concentration. 

 Oral bioavailability of rohitukine in hamster 
 The therapeutic response correlates with drug avail-

ability in systemic circulation. Bioavailability studies in ro-
hitukine have not been reported yet  . Oral bioavailability 
(50 mg/kg) was carried out in the Syrian golden hamster, 
which showed that rohitukine was readily bioavailable and 
that  � 25.7% of rohitukine gets absorbed into systemic cir-
culation when administered orally. It could be detected in 
plasma within 15 min post-oral dose and remained in cir-
culation for more than 24 h (  Table 3  ).   

 Rohitukine inhibits HFD-induced dyslipidemia in the 
Syrian golden hamster model 

 Initial experiments were designed to evaluate in vivo ef-
fects of rohitukine at 30 mg/kg and 100 mg/kg doses. We 
noticed the following major effects:  i ) very signifi cant 
reduction of all lipid parameters like total TGs, TC, and 
LDL-c; and  ii ) reduced diet consumption as well as signifi -
cant body weight loss (supplementary Fig. IV, A–H). These 
observations indicated that the lipid parameter reduction 
might be associated with decreased food intake due to an-
orexia, central regulation of appetite, or any other reason. 
To remove this variable, we planned a PFD group study to 
evaluate the true contribution of rohitukine toward associ-
ated lipid parameter changes. Compound dosing was initi-
ated for 4 days in HFD-fed hamsters and continued until 
day 10. The PFD group was fed with an equivalent quantity 
of diet that was consumed by the rohitukine-treated group, 
but signifi cant reduction in body weight gain was observed 
in the rohitukine-treatment group (  Fig. 5A  ).  Serum from the 
PFD group was collected a day later, and comparative lipid 
profi ling was performed between PFD and rohitukine-
treated groups. We observed signifi cant reduction in TG, 
TC, and LDL-c levels ( Fig. 5B–D ). We also observed re-
duction in HDL levels in the rohitukine treatment group 

similar to earlier mentioned lipid parameters, but the 
HDL-c/TC ratio was signifi cantly increased ( Fig. 5E, F ). 
We collected liver, pancreas, and adipose tissues of ham-
sters. Rohitukine increased hepatic LXR �  mRNA expres-
sion  � 4-fold, while expression levels of LDL R, HMGC R, 
and SREBP-2 were reduced signifi cantly. However, we did 
not observe signifi cant changes in the hepatic mRNA ex-
pression levels of PPAR �  and LPL ( Fig. 5H ). Epididymal 
fat tissue weight was signifi cantly increased in the HFD-
treated group, while it was reduced very signifi cantly in the 
rohitukine-treated group ( Fig. 5I ). Protein level expres-
sion studies in adipose tissue showed PPAR �  expression 
was reduced slightly, while signifi cant reduction was ob-
served in FAS, aP2, and GLUT-4 expression, exhibiting the 
effects of rohitukine on FA synthesis ( Fig. 5J ). Tissues were 
subjected to histological sectioning and staining. Careful 
observation showed that HFD-fed hamster adipocytes 
were hypertrophied compared with the rohitukine-treated 
group. We also observed more lipid droplet accumula-
tion in the liver as usually seen in hepatic steatosis in 
HFD-fed animals. However, these droplets were absent in 
rohitukine-treated animals. In pancreatic tissue, we also 
observed more lipid/fat droplet accumulation in HFD-fed 
animals, which was reduced in the rohitukine-treated 
group ( Fig. 5K ). 

 DISCUSSION 

 In this study, we developed for the fi rst time a CFPMA. 
We validated its predictability. Exploiting the potential of 
this model, we screened an in-house library of natural 
compounds and identifi ed rohitukine as a top-ranking 
lead molecule. Indeed, rohitukine showed antiadipogenic 
activity in more than one cell model of in vitro adipogen-
esis. Rohitukine inhibition was prominent when added in 
the early phase of differentiation, possibly by affecting S-
phase arrest in MCE. In vivo studies in rohitukine showed 
antidyslipidemic activity potentially affecting both liver 
and adipocyte metabolism. 

 Preadipocyte fi broblast clonal cell line 3T3-L1 is consid-
ered an excellent model system to identify molecules af-
fecting adipogenesis. Many phytochemicals have been 
studied in great detail for their potential to inhibit adipo-
genesis and/or lipid accumulation capacities and have 
been reviewed comprehensively ( 11 ). Similarly, many phe-
nolic and fl avonoid compounds are able to inhibit lipo-
genesis and adipogenesis ( 27 ). In this study, we report a 
pharmacophore model built using a set of 16 chemically 
diverse compounds of natural and synthetic origin capable 
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  Fig.   5.  Effect of rohitukine administration on normal chow diet (ND)-, HFD-, and PFD-fed dyslipidemic Syrian golden hamsters. A: Mean body 
weight gain of different groups showed that rohitukine signifi cantly decreased body weight gain by the end of the experiment. Rohitukine showed 
signifi cantly decreased TC (B), total TG (C), LDL-c (D), and HDL-c (E) compared with PFD. F: Rohitukine signifi cantly increased the HDL-c/
TC ratio. G: Rohitukine reduced gonadal fat mass as compared with the HFD-fed group. H: Hepatic mRNA expression levels in HFD-fed and 
HFD+rohitukine-fed (50 mg/kg) groups were analyzed at the end of the experiment. LXR �  expression was increased signifi cantly to 4-fold, while 
signifi cant reduction was observed in LDL R, HMGC R, and SREBP-2 in the HFD+rohitukine-fed group. I: Signifi cantly increased epididymal fat 
weight in the HFD-fed group is reduced signifi cantly in the rohitukine-fed animal group. J: Protein level expression of PPAR � , FAS, aP2, and 
GLUT-4 in epididymal fat tissue in control, HFD-fed, and HFD+rohitukine-fed groups. K: HE staining of liver, adipose, and pancreas tissues. Im-
ages in the insets are magnifi ed images from the same section. Rohitukine decreased the lipid accumulation in liver compared with HFD-fed ani-
mals. Each bar represents mean ± SEM, with signifi cance expressed as ***  P  < 0.0001, **  P  < 0.001, *  P  < 0.05.   

of inhibiting adipogenesis (CFPMA). Our virtual screen 
efforts yielded 10 natural molecules out of which we 
screened the top-ranking hit at an initial concentration of 
20  � M. Rohitukine showed adipogenic inhibition in our 
primary assay. In subsequent investigations, rohitukine ex-
hibited concentration-dependent as well as exposure-time-
dependent decrease in ORO accumulation during 3T3-L1 
and C3H10T1/2 adipogenic differentiation ( Fig. 2 ). 

 In general, PPAR �  is considered a master regulator of 
adipogenic programming. C/EBP �  and PPAR �  cross-
regulate each other through positive feedback loops and 
transactivate downstream target genes such as aP2, LPL, 
and SREBP-1c ( 30, 31 ). GATA2 and GATA3 negatively 
regulate PPAR �  and C/EBP �  expression and are thus re-
sponsible for decreased adipogenesis ( 32, 33 ). Similarly, the 
Wnt pathway is also a negative regulator of adipogenic in-
duction ( 34 ). In general, rohitukine addition to differ-
entiation media suppresses pro-adipogenic mRNA and 
protein expression and increases antiadipogenic gene ex-
pression ( Fig. 3 ). It is noteworthy that  i ) maximum inhibi-
tion can be achieved at a concentration of 20 µM, where 
total lipid accumulation was equivalent to undifferentiated 
cells, and  ii ) the activity at this concentration was limited 
but not exclusive to exposure to the compound in the early 
adipogenic phase. So, at this concentration of maximum 
suppression, we studied early signaling events during 
adipogenesis. 

 The PI3K-AKT pathway is involved in wide variety of 
metabolic actions ( 35 ). The AKT pathway gets upregu-
lated in cancer ( 36 ). The rohitukine analog Flavopiridol 
inhibits the AKT signaling pathway and exerts its antican-
cer activity ( 37 ). AKT/mTOR activation is necessary for adi-
pogenesis programming ( 38, 39 ). Adipogenic stimuli strongly 
induce AKT phosphorylation, which is sustained up to 2 h. 
Rohitukine (20 µM) coincubation leads to significant 
suppression of AKT phosphorylation at the Ser473 resi-
due. It was also found that mTOR phosphorylation at 
Ser2448 was reduced signifi cantly. Rohitukine abrogates 
phosphorylation of the substrate of the AKT/mTOR path-
way, 4EBP at Thr37/46, which is necessary for protein syn-
thesis during adipogenesis. extracellular signal-regulated 
kinase (ERK) signaling has also been reported to be re-
sponsible for early adipogenic programming and has 
been the cause of inhibition of adipogenesis by C1q/
tumor necrosis factor-related protein 11 (CTRP11), su-
phoraphane-mediated adipogenic inhibition ( 40, 41 ). In 
our experiments, we could not see any rohitukine-medi-
ated alteration in this pathway. Thus, rohitukine may exert 

an antiadipogenic effect in very early phase signaling 
through the PI3K/AKT/mTOR pathway. 

 Phytocompounds such as piceatannol and resveratrol 
affected early insulin signaling events, which ultimately 
translated into inhibition of MCE ( 42–44 ).These changes 
in early signaling on hormonal induction are important in 
that they allow fully confl uent cells to reenter clonal expan-
sion. In view of early blocking in adipogenesis ( Fig. 2D–F ), 
we performed cell cycle regulation studies. As anticipated, 
we found a concentration-dependent cell number increase 
in S phase post 24 h of MDI induction ( Fig. 4 A, B ). 

 The cell cycle and its regulation play important roles in 
completion of MCE, which is a prerequisite for early adi-
pogenesis. Activation and assembly of cyclin-D to CDK4 
and 6, cyclin-E with CDK2, and degradation of the CDK 
inhibitor are required for G1/S-phase progression and to 
reenter MCE. Many natural compounds have been re-
ported to inhibit adipogenesis by affecting MCE. Sul-
foraphane arrests cells in the G0/G1 phase ( 41 ); widdrol 
causes cell cycle arrest in the G1/S-phase transition ( 45 ); 
genistein, piceatannol, and curcumin arrest cells in the 
S/G2/M phase ( 46 ); and garcinol and pterostilbene cause 
G2/M-phase arrest ( 47 ). Rohitukine decreases CDK4, 
CDK6, CDK2, cyclin-D, and cyclin-E and stabilizes P27 levels 
( Fig. 4C ), which can be corroborated to observed S-phase 
arrest in cell cycle analysis by fl ow cytometry. Furthermore, 
decreased C/EBP �  expression further strengthens the 
phenomenon of adipogenesis inhibition in the early stage. 
Thus, to summarize, rohitukine modulated early phase adi-
pogenesis and caused MCE arrest by modulation of cell 
cycle regulatory proteins (  Fig. 6    ).   

 Once we established the antiadipogenic effects of rohi-
tukine, we wanted to evaluate its effects in vivo. Inci-
dentally, most of the compounds on which CFPMA was 
developed had also been reported for antidyslipidemic or 
hypolipidemic activity. Although these activities are dis-
tinct from each other, there is an observed link between 
them. The mechanisms of their interdependence are not 
very clear yet. Because adipose tissue and the liver are ma-
jor organs contributing to overall lipid turnover in vivo, 
one can possibly corroborate the interdependence of anti-
adipogenic and antidyslipidemic activity. The MA antiadi-
pogenic compound rutin was found to be antidyslipidemic 
when studied in the HFD hamster model ( 27, 48 ). Nar-
ingin was proved to be hypolipidemic in the diet-induced 
hypercholesterolemia hamster model ( 49 ). Quercetin and 
resveratrol protect hypercholesterolemic hamsters against 
aortic fatty streak accumulation ( 50 ). The resveratrol analog 
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  Fig.   6.  Schematic presentation of time-dependent gene and protein level expression changes imparted by rohitukine addition to MDI 
during adipogenesis.   

pterostilbene has also been reported to reduce the LDL/
HDL-c ratio signifi cantly in HFD-fed hypercholesterolemic 
hamsters ( 51 ). Mulberry water extract, which contains 
chlorogenic acid, rutin  , gallic acid, and anthocyanins, was 
found to be hypolipidemic in a hamster model ( 52 ). A 
mixture of hespiridin   and naringin has shown hypolipi-
demic activity in diet-induced hypercholesterolemic ham-
sters ( 49 ). The LA compound sinapinic acid had not been 
reported yet for antidyslipidemic or hypolipidemic activ-
ity. Besides this, well known antiadipogenic compounds 
such as curcumin ( 46 ), cordycepin ( 39 ), berberine ( 53 ), 
piceatannol ( 43 ) and daidzein ( 54 ) also showed antidys-
lipidemic and hypolipidemic activity in a hamster model 
( 51, 55–58 ). Most of the studies were conducted using the 
Syrian golden hamster because it is a very sensitive model 
system for changes in lipid profi le when fed with HFD. 
Second, these hamsters have closer similarity to the hu-
man lipoprotein profi le in comparisons with rats and mice 
( 59 ). Thus, we decided to evaluate the effect of rohitukine 
in an HFD-fed hamster model. In view of the notable signifi -
cant decrease in food consumption of the high dose-treated 
group by day 8 of the experiment, it was inevitable for us 
to perform studies with the PFD group (supplementary 
data and supplementary Fig. IV  ). We initially checked oral 
bioavailability, and rohitukine was readily bioavailable, 
with more than 25.7% absorbed within 30 min duration, 
and remained in circulation for more than 24 h. We then 

modified the dose regimen to 50 mg/kg body weight. 
To evaluate the true contribution of rohitukine indepen-
dent of diet consumption on changes in lipid parameters, 
we put one animal group on PFD. As shown in the results, 
there was a signifi cant increase in TG, TC, LDL-c, and 
HDL-c in HFD as well as PFD groups when compared with 
normal chow. Rohitukine signifi cantly decreased all of the 
previously mentioned parameters at the 50 mg/kg dose 
( Fig. 5B–D ) and signifi cantly increased the HDL-c/TC ra-
tio ( Fig. 5F ). LXR �  is the main regulator of lipid-control-
ling genes ( 60 ). It is also known that LXR �  is a sensor of 
cholesterol excess ( 61 ), and its activation in dyslipidemic 
hamsters led to an increase in reverse cholesterol trans-
port ( 62 ) and reduced lipid accumulation ( 63 ). SREBP-2 
is involved in cholesterol synthesis ( 64 ), which in turn reg-
ulates expression of HMGC R and LDL R ( 65 ). All these 
gene expression levels in liver were found to be reduced in 
rohitukine-treated groups compared with the HFD-treated 
group ( Fig. 5H ), similar to that observed with fenofi brate, 
the standard antidyslipidemic agent ( 66 ). In adipocytes, 
10 days of HFD intervention showed adipocyte hypertrophy 
as well as epididymal weight gain, which was reduced in 
the rohitukine-treated group. Rohitukine also reduced ex-
pression of PPAR � , FAS, aP2, and GLUT-4 proteins in go-
nadal fat tissue, indicating decreased fat turnover ( Fig. 5G, 
I, J ). Histological sections show that lipid accumulation was 
increased in hepatocytes in the HFD and PFD groups, while 
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rohitukine treatment decreased lipid accumulation and 
brought it back to near normal ( Fig. 5K ). Although it is be-
yond the scope of this manuscript to pinpoint the exact 
mechanism, similar to earlier demonstrated antiadipogenic 
molecules exhibiting antidyslipidemic activity, rohitukine 
also demonstrated in vivo antidyslipidemic effects. 

 Rohutukine derivates, Flavopiridol and P-276-00, are 
currently being pursued in Phase II clinical trial for anti-
cancer activity. The two compounds mapped well on Hypo-3 
and CFPMA predicted fi t values of 2.791 and 2.969, re-
spectively, for these compounds. This may encourage re-
searchers to explore novel antiadipogenic activities for 
these compounds. The pharmacophore mapping of these 
compounds has been presented in the supporting infor-
mation (supplementary  Fig. II ). 

 In summary, our studies led to the development of the 
fi rst pharmacophore model of antiadipogenic compounds 
for successful identifi cation of rohitukine as the lead mol-
ecule. We showed that rohitukine possesses both antiadi-
pogenic activity in vitro and antidyslipidemic activity in vivo. 
However, clinical development of rohitukine for these in-
dications and chronic treatment is dependent on many 
other factors. Nevertheless, rohitukine is the parent phar-
macophore of two leading molecules in the anticancer 
drug development pipeline, Flavopiridol and P-276-00, 
and both of them also map well for feature requirements 
of antiadipogenic compounds. It would be interesting to 
evaluate the antiadipogenic potential of these molecules 
and their impact on the outcome of clinical trials currently 
being conducted.  
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