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ABSTRACT

Objective: To investigate whether the acetylated and propionated derivatives (LMP‑09‑1 and ‑2) of swertiamarin 
have anti‑adipogenic effects. Materials and Methods: 3T3‑L1 pre‑adipocytes were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM) containing 10% calf serum; fully confluent cells were differentiated 
with insulin, dexamethasone, and 3‑isobutylmethylxanthine in the presence and absence of LMP‑09‑1 
and ‑2 (100 µg/mL) for 10 days. Control cells received same amount of dimethylsulfoxide (DMSO). On day 
ten, cells were analyzed for triglycerides accumulation and the expression of genes involved in adipogenesis, 
lipogenesis, and lipolysis. In another set of experiment, effects of LMP‑09‑1 and 2 were studied for isoproterenol 
induced lipolysis using fully mature adipocytes. Results: LMP‑09‑1 and ‑2 caused a significant (P < 0.001) 
reduction in intracellular triglycerides accumulation. Both LMP‑09‑1 and ‑2 significantly (P < 0.001) decreased 
the mRNA expression of peroxisome proliferator activated receptor‑γ and acetyl-CoA carboxylase-1, and 
increased isoproterenol induced lipolysis in adipocytes. LMP‑09‑1 induced lipolysis even in the absence of 
isoproterenol, and also showed a significant up‑regulation of carnitine palmitoyl transferase‑1α and hormone 
sensitive lipase (HSL) gene expression. Conclusions: These findings show that swertiamarin derivatives, 
LMP‑09‑1 and ‑2 have a potent anti‑adipogenic effect.

Key words: Isoproterenol, lipolysis, acetylated swertiamarin, propionated swertiamarin, peroxisome 
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INTRODUCTION

Obesity is characterized by an increase in the number and size of 
adipocytes after differentiating from fibroblastic preadipocytes 
in the mature adipose tissue. An increase in adipose tissue mass 

occurs through the proliferation of preadipocytes followed by 
differentiation of these cells into mature adipocytes.[1] Adipocytes 
differentiation is accompanied by coordinated changes in cell 
morphology, hormone sensitivity, and gene expression.[1] 
These changes are regulated by two main transcription factors, 
including peroxisome proliferator-activated receptor-γ (PPAR-γ) 
and CCAAT/enhancer-binding proteins (C/EBPs),[2] which are 
involved in the sequential expression of adipocytes-specific 
proteins during adipocyte differentiation.[3]

Adipocytes are metabolically active in de novo fatty acid 
synthesis and fat oxidation to maintain homeostasis. Acetyl-CoA 
carboxylase (ACC) catalyzes the rate-limiting step in de-novo 
fatty acid biosynthesis to produce immediate metabolite 
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malonyl-CoA.[4] Malonyl-CoA controls mitochondrial 
fatty acid uptake through allosteric inhibition of carnitine 
palmitoyl transferase-1α (CPT-1α) that catalyzes the first 
committed step in fatty acid oxidation.[5] Thus, acetyl-CoA and 
malonyl-CoA are the key metabolic signals for the control of 
fatty acid production and oxidation. Inhibition of ACC offers 
an attractive modality to target a multitude of cardiovascular 
risk factors associated with obesity, diabetes, insulin resistance, 
and metabolic syndrome such as obesity.[6] Furthermore, obese 
subjects have an impaired ability to mobilize stored fat via the 
action of catecholamine.[7] Hormone sensitive lipase (HSL) is 
the chief enzyme responsible for mobilization of non-esterified 
free fatty acids (NEFA) from adipose tissue. HSL knockout 
mice are resistant to both high fat diet-induced and genetic 
obesity, displaying a reduction in white adipose tissue, thereby 
indicating the importance of HSL in adipogenesis and obesity.[8]

Var ious  phytochemica ls  such  as  i sof lavonoids , 
flavonoids, and catechins have been reported to inhibit 
adipogenesis.[9] Swertiamarin, a secoiridoid glycoside, is 
a bioactive phytochemical; we have previously reported 
anti-diabetic and anti-hyperlipidemic effects of swertiamarin 
in animal models.[10-13] Later on swertiamarin was found 
to have a low plasma half-life,[14] thereby having a low 
potency, which may be due to the hydrophilic nature of 
swertiamarin. In the current study, we synthesized less water 
soluble derivatives of swertiamarin (LMP-09-1 and -2) to 
improve the stability of swertiamarin in the blood and to 
increase the potency of swertiamarin. We investigated the 
effects of LMP-09-1 and -2 on adipogenesis.

MATERIALS AND METHODS

The 3T3-L1 cells were obtained from American Type 
Culture Collection (ATCC # CL-173, USA). Insulin, 
3-isobutylmethylxanthine (IBMX), dexamethasone (DEX), 
Dulbecco’s Modified Eagle’s Medium (DMEM) and 
dimethylsulphoxide (DMSO) were from Sigma Aldrich, 
USA. Foetal Bovine Serum (FBS), penicillin-streptomycin, 
amphotericin-B, trypsin and calf serum were obtained 
from Gibco (USA). Oil Red O Dye and dye extracting 
solution was from Millipore, USA. Other reagents were: 
TriZol (Invitrogen, USA), random primers (Invitrogen, 
USA), dNTPs (Invitrogen), Taq polymerase (Invitrogen, 
USA), isoproterenol (Sigma Aldrich), fatty acid free bovine 
serum albumin (Sigma Aldrich, USA), triglycerides assay 
kit (236-60, SEKISUI diagnostic, USA), and NEFA-C 
kit (999-34691, Wako Chemicals, USA).

Synthesis of LMP-09-1 and LMP-09-2
LMP-09-1 and LMP-09-2 were synthesized from 
swertiamarin (isolated from Enicostemma littorale Blume) as 
discussed earlier.[11] Briefly, Swertiamarin (0.53 mmol) was 

dissolved in 5 mL of dry dimethylformamide (DMF) and stirred 
for 5 min at 0-8˚C. During stirring, pyridine (2.1 mmol) was 
added as a catalyst, followed by drop wise addition of 2.1 mmol 
of either acetic anhydride (for LMP-09-1) or propionic 
anhydride (for LMP-09-2). Stirring was continued till the 
reaction was complete (based on visual identification of spots 
appearing on thin layer chromatography, and disappearance 
of starting material). Reaction mixture was decomposed with 
crushed ice and then extracted twice with diethyl ether (6 mL). 
Diethyl ether was evaporated under vacuum, and the remaining 
solid residue was re-crystallized using hot water. Structure of 
the products was characterized using melting point, mass, and 
NMR spectroscopic techniques and purity was determined 
using High Pressurized Thin layer Chromatography (HPTLC), 
while using ethyl acetate: methanol: water (9.5:0.4:0.1) solvent 
system. These methods are also used by others to assess 
pharmaceutical product quality.[15]

Cell culture and adipocytes differentiation
The 3T3-L1 preadipocytes were cultured (37ºC; 5% CO2) 
in DMEM supplemented with 10% calf serum, 100 U/ml 
penicillin and 100µg/ml streptomycin until confluent. Two 
days post-confluency, cell were differentiated with 1 µM 
insulin, 1 µM dexamethasone and 0.5 mM IBMX with or 
without 100 µg/ml LMP-09-1 and LMP-09-2 in DMEM 
containing 10% FBS. This dose was selected based on a dose 
response curve established in preliminary experiments.[10] After 
48 hours, the medium was changed to DMEM containing 10% 
FBS and 10 µg/ml insulin along with the treatments; medium 
was replaced every 48 hours till day 10. Control cells received 
vehicle (DMSO, 0.05%), while untreated cells received media 
alone (NC). LMP-09-1 and -2 were dissolved in DMSO for 
treatment. On the 10th day, fully differentiated adipocytes 
were used for Oil Red O staining, and to measure intracellular 
triglycerides accumulation and gene expression.

Cell viability
Cell viability was measured using an MTT (3-(4, 
5-Dimethyl thiazol-2-yl) -2 ,5-diphenyl te t razol ium 
bromide ,  a  ye l low te t razole)  assay  wi th  s l ight 
modifications.[16] 3T3-L1 preadipocytes were grown in 96 well 
microtiter plates (10,000 cells/well), and incubated for 24 h 
prior to treatment with and without different concentrations 
of LMP-09-1 and -2 (10, 50, 100 and 250 µg/ml). After 24 h, 
media was removed and 20 µl of MTT (5 mg/ml) was added to 
each well and incubated for 2 h at 37°C. The MTT reagent was 
then removed and formazan crystals were solubilized in 200 µl 
of DMSO. The coloured solution was quantified at 570 nm 
and cell viability was expressed as a percentage over control.

Oil Red O staining and triglycerides assay
Lipid accumulation in the adipocytes was measured using 
triglycerides assay and Oil Red O staining method as per 
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manufacturer protocol. Briefly, after removal of culture medium, 
cells were washed with 1X PBS (phosphate buffered saline) three 
times. Oil Red-O dye was added and incubated for 15 min at room 
temperature; adipocytes were washed and an image was captured.

To analyse intra-cellular triglycerides accumulation in adipose 
cells, lipids were extracted using Folch extraction method.[17] 
Briefly, cells were washed with 1X PBS, scraped in PBS 
and centrifuged at 1500 rpm for 5 minutes. Cell pellet was 
re-suspended in 1 ml of 1X PBS and lipids were extracted; 
extracted lipids were reconstituted in isopropyl alcohol to 
measure triglycerides. Protein concentration of cell lysate was 
measured using Lowry method[18] and data was expressed as 
mmol triglycerides per mg of protein.

Total RNA isolation and gene expression
Total RNA was isolated from the cells using TriZol 
method[19] and integrity of RNA was confirmed. Multiplex 
reversetranscription polymerase chain reaction (RT-PCR) was 
performed using -actin as the housekeeping gene. Primers 
used for the PCR reaction were designed using National 
Centre of Biotechnology Information (NCBI) blast online 
software and are given in [Table 1]. The RT-PCR products 
were analysed using Chemi-Imager 4400, normalized to 
-actin expression and expressed as arbitrary units.

Catecholamine induced lipolysis
Fully mature adipocytes (10 days after differentiation) were 
pre-incubated in DMEM containing 2% (v/v) fatty acid-free 
bovine serum albumin for 12 h. Lipolysis was stimulated by 
treatment with 10 µM isoproterenol for 1h, in the absence or 
presence of insulin (100 nM), and LMP-09-01 or -2 (100 µg/mL). 
After 1 h of incubation (37ºC, 5% CO2), cell culture medium was 
collected and NEFA were measured immediately using NEFA-C 
kit; protein concentration of cell lysate was measured using Lowry 
method.[18] Data was expressed as mEq of NEFA per mg of protein.

Statistical analysis
The results were analyzed using one-way analysis of 
variance (ANOVA) followed by Tukey’s multiple test to 
determine the level of significance. P values < 0.05 were 
considered significant. The results were expressed as mean ± SD.

RESULTS

Characterization of LMP-09-1 and -2
LMP-09-1 and 2 were characterized using melting point, 
mass and NMR spectroscopic techniques. The yield for 
LMP-09-1 and -2 after derivatization of swertiamarin was found 
to be 54 and 48%, respectively. The melting point of LMP-09-1 
was 103-104˚ C, and the melting point of LMP-09-2 was 
110-115˚ C. Mass spectra showed molecular ion peak (m + 1) at 
543nm for LMP-09-1 and at 599 nm for LMP-09-2 confirming 
molecular weights of acetylated and propionated derivatives 
of swertiamarin. Furthermore, downfield shift of tertiary and 
secondary alcohol protons in proton NMR spectra of both 
compounds confirmed that esterification was successfully 
carried out on sugar alcoholic protons [Supplementary 1], thus 
swertiamarin was successfully derivatized. The purity of these 
compounds was found to be 99%.

Effect of LMP-09-1 and LMP-09-2 on the viability of 
3T3-L1 adipocytes
The viability assay was used to determine suitable dose and 
possible cytotoxic effect of LMP-09-1 and -2 on adipocytes. 
3T3-L1 preadipocytes were incubated in the presence 
of different doses of LMP-09-1 and -2 (10, 50, 100 and 
250 µg/ml) for 48 h. As shown in Figure 1a, treatment with 
LMP-09-1 and -2 at all tested concentrations did not affect 
cell viability.

Effects of LMP-09-1 and LMP-09-2 on intracellular 
triglycerides accumulation
Treatment with LMP-09-1 and-2 (100 µg/ml) markedly 
inhibited fat accumulation in 3T3-L1 cells compared to the 
control cells [Figure 1b] as observed by a decrease in lipid 
droplet formation using Oil Red O staining [Figure 1b]. 
Furthermore, treatment with LMP-09-1 and -2 showed a 
significant (P < 0.001) decrease in intracellular triglycerides 
accumulation compared to the control cells [Figure 1c].

Effects of LMP-09-1 and LMP-09-2 on adipogenesis 
and lipogenic genes
PPAR-γ is a marker gene associated with adipogenesis. We 
measured the effects of LMP-09-1 and -2 on the mRNA 
expression of PPAR-γ to investigate whether a decrease in 
triglycerides accumulation corresponds with inhibition of 

Table 1: Sequence of primers used for reverse transcriptase PCR reaction
Primers Forward Reverse
Peroxisome proliferator activated receptor‑γ GAGCTGACCCAATGGTTGCTG GCTTCAATCGGATGGTTCTTC
CCAAT/enhancer binding proteinα AGGTGCTGGAGTTGACCAGT CAGCCTAGAGATCCAGCGAC
Acetyl‑CoA carboxylase 1 GGACCACTGCATGGAATGTTA TGAGTGACTGCCGAAACATCTC
Carnitine palmitoyl transferase 1α GCACGGCAAAATGAGCCGGCA TCGGCCCCGCAGGTAGATGT
Hormone sensitive lipase AGACACCAGCCAACGGATAC GGGCATAGTAGGCCATAGCA
β‑actin ATGGTGGGAATGGGTCAGAAG CACGCAGCTCATTGTAGAAGG

PCR=Polymerase chain reaction
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PPAR-γ. Both LMP-09-1 and -2 significantly (P < 0.001) 
reduced the mRNA expression of PPAR-γ compared to the 

control cells [Figure 2a]; however there was no effect of 
the treatments on C/EBP-α mRNA expression [Figure 2b].

Figure 1: a) Effects of LMP-09-1 and LMP-09-2 on cell viability of 3T3-L1 cells, b) Oil Red O staining of 3T3-L1 cells on day 10; the original magnification 
was × 100, c) Intracellular triglycerides accumulation was measured using triglycerides assay kit after lipid extraction in 10 day fully differentiated 
3T3-L1 cells as described in methods. Values are presented as mean ± SD, n = 3. * indicates significantly (P < 0.001) different than control

ba

c

Supplementary 1: (a) Mass spectrum of LMP-09-1 and -2, (b) NMR spectrum of LMP-09-1 and -2

ba
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An increase in ACC-1 gene expression increases lipogenesis, 
thereby increasing obesity and insulin resistance; thus the 
effects of LMP-09-1 and -2 were measured on the mRNA 
expression of ACC-1. Treatment with both LMP-09-1 
and -2 (100 µg/ml) significantly decreased ACC-1 mRNA 
expression, however the extent of decrease for LMP-09-1 
was greater than LMP-09-2 (60% decrease v/s 37% decrease, 
respectively) [Figure 2c].

Effects of LMP-09-1 and LMP-09-2 on lipolysis
A decrease in fat accumulation may also be due to an 
increase in fat breakdown and release, thus isoproterenol 
induced lipolysis was measured in fully mature adipocytes. 
Isoproterenol treatment increased NEFA levels in the 
medium (15% increase) compared to control cells. 
Treatment with both LMP-09-1 and -2 increased NEFA 
concentrations in the presence of isoproterenol (26 and 
28% respectively) [Figure 3a]. It was interesting to note 
that LMP-09-1 showed an increase in NEFA concentrations 
even in the absence of isoproterenol compared to DMSO 
control [Figure 3a].

HSL involved in fat mobilization, while CPT-1α is involved in 
fat oxidation; thus their expression was measured to investigate 
if LMP-09-1 and -2 mediated decreased in fat accumulation 
is due to an increased breakdown of fat. LMP-09-1 treatment 
showed a significant (P < 0.01) increase in the mRNA 
expression of HSL [Figure 3b]; while there was no effect of 
LMP-09-2. Moreover, we also found that treatment with both 
LMP-09-1 and -2 significantly increased the mRNA expression 
of CPT-1α [Figure 3c].

DISCUSSION

Adipose tissue is an endocrine organ that plays a crucial 
role in the regulation of whole-body fatty acid homeostasis 
thereby controlling energy balance and regulation.[20] In 
periods of calorie abundance, adipocytes store free fatty 
acids in the form of triglycerides, while releasing stored 
fat during times of energy shortage. In the present study, 
we are reporting for the first time that less water soluble 
derivatives of swertiamarin (LMP-09-1 and -2) possess potent 
anti-adipogenic effect by decreasing fatty acid synthesis and 
increasing release of stored fat and its oxidation.

Previously, we have shown anti-diabetic and anti-hyperlipidemic 
effects of swertiamarin in animal models.[11-13] However, 
recent reports have shown that swertiamarin has a very short 
plasma half-life,[14] thus may not be very potent. We designed 
less water soluble derivatives of swertiamarin namely; 
acetylated (LMP-09-1) and propionated (LMP-09-2) forms 
to improve bioavailability and potency of swertiamarin, and 
tested their anti-adipogenic properties using 3T3-L1 adipocytes. 
Treatment with LMP-09-1 and -2 markedly inhibited adipocytes 
differentiation and intracellular triglycerides accumulation in 
3T3-L1 cells compared to the control cells. During adipogenesis 
process, pre-adipocytes change their morphology and convert 
to mature adipocytes phenotype by arresting their growth with 
differentiation cocktail; cells start accumulating triglycerides 
and become terminally differentiated adipocytes by day 8-10.[2] 
Adipocyte differentiation is regulated by a complex mechanism 
including transcriptional regulation by coordinated changes in 
the expression of adipocytes-specific genes, i.e. PPAR-γ and 

Figure 2: Effects of LMP‑09‑1 and LMP‑09‑2 on the mRNA expression of a) PPAR‑γ, b) C/EBPα; and c) ACC‑1 in 10 day fully differentiated 
3T3‑L1 adipocytes. Values are presented as mean ± SD, n = 3. * indicates significantly (P < 0.001) different than control

a b

c
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Figure 3: Effects of LMP-09-1 and LMP-09-2 on a) Isoproterenol induced lipolysis b) The mRNA expression of hormone sensitive lipase (HSL) 
and c) The mRNA expression of carnitine palmitoyl transferase (CPT)-1α; in 10 day fully differentiated 3T3‑L1 adipocytes. Values are presented 
as mean ± SD, n = 3. * indicates significantly (P < 0.05) different than DMSO, + indicates significantly (P < 0.05) different than isoproterenol 
control and # indicates significantly (P < 0.05) different than control

a

b

c

C/EBPs.[21] Both LMP-09-1 and -2 treatments significantly 
decreased the mRNA expression of PPAR-γ. This observation, 
combined with a decrease in fat accumulation, suggests that 
LMP-09-1 and -2 are anti-adipogenic. Previous reports have 
shown that adipose tissue specific inhibition of PPAR-γ protects 
against high fat diet induced obesity and insulin resistance.[22] 
Others have also reported inhibition of PPAR-γ in adipose tissue 
as a target for anti-obesity effect.[23,24]

Since both LMP-09-1 and -2 inhibited triglycerides 
accumulations in 3T3-L1 cells, it was imperative to investigate 
whether a decrease in triglycerides accumulation was due to 
inhibition of de novo lipid synthesis or an increase in lipolysis. 
We found that treatment with both LMP-09-1 and -2 
significantly (P < 0.001) decreased the mRNA expression of 
ACC-1 in differentiated 3T3-L1 adipocytes compared to the 
control cells. Levert et al.[6] also found inhibition of ACC-1 
by biotin analog that caused a decrease in adipogenesis 
in 3T3-L1 cells; hence inhibition of ACC-1 could be an 
effective means of treating lipid disorders, obesity-associated 
dyslipidemia and insulin resistance. Moreover ACC-1 
negatively regulates CPT-1α activity, thereby increasing fatty 
acid oxidation.[25] CPT-1α is a rate limiting enzyme in fatty 
acid oxidation[26] by transporting long chain fatty acids from 
cytosol into mitochondrial matrix.[27] Treatment with both 
LMP-09-1 and -2 significantly increased the mRNA expression 
of CPT-1α compared to control cells; however the increase 

was greater for LMP-09-1 than -2 (2.9 v/s 1.65 times increase 
respectively). Others have also shown that stimulation of free 
fatty acid transport through CPT-1α in adipose tissue as well 
as in liver is beneficial in obesity.[28] Ejaz et al.[29] have also 
shown a decrease in PPAR-γ, ACC-1 and an increase in CPT-1α 
gene expression in 3T3-L1 adipocytes as a mechanism for 
anti-adipogenic and anti-obesity effects of curcumin.

Pharmacological targeting of obesity involves: (1) stimulating 
hydrolysis of triglycerides to diminish fat stores, and 
(2) increasing oxidation of newly released fatty acids; 
this approach led to the development of beta 3-adrenergic 
agonists.[30] Plasma fatty acid levels reflect lipolysis, which 
is strictly regulated by several hormones like catecholamine 
and natriuretic peptides to stimulate the catabolic pathway in 
humans.[30] Impairments in catecholamine-induced lipolysis 
have been suggested to contribute to the development or 
maintenance of increased adipose tissue stores and obesity.[31] 
Treatment with LMP-09-1 increased lipolysis even in the 
absence of isoproterenol, while both LMP-09-1 and -2 
significantly increased lipolysis when given along with 
isoproterenol. There was a cumulative effect of LMP-09-1, 
when given with isoproterenol (26% increases v/s 5% increase 
when given alone). LMP-09-1 treatment also showed a 
significant increase in the mRNA expression of HSL, which 
was not observed with LMP-09-2, suggesting that LMP-09-1 
has the ability to act like a catecholamine to induce lipolysis.
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Overall, our findings strongly indicate that LMP-09-1 and -2 
act via multiple pathways in adipocytes, that is inhibition of 
fat uptake and fat synthesis, breakdown of stored fat, along 
with an increase in fat oxidation, thus both LMP-09-1 and -2 
has the potential to act as anti-adipogenic agents.

CONCLUSION

LMP-09-1 and LMP-09-2 possess potent anti-adipogenic 
effects by inhibiting de novo fatty acid synthesis, increasing 
fat breakdown and promoting fatty acid oxidation in 3T3-L1 
adipocytes.
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