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Adipogenesis is a cascade of processes that entail the differentiation of ﬁbroblasts into mature adipocytes,
which results in the accumulation of triglycerides in the adipose cells due to high dietary supplements. This
physiological condition increases the risk of type 2 diabetes. Apocynin (4-hydroxy-3-methoxyacetophenone),
an organic compound from the root extracts of the medicinal herb Picrorhiza kurroa, has been used in various
experimental studies. The current study focuses on deciphering the cellular and molecular mechanisms
interlinking obesity and diabetes by validating the various key targets involved in insulin signaling and
adipogenesis. Apocynin exhibited enhanced glucose uptake and decreased lipid accumulation in the adipocytes. Furthermore, the expression of molecular markers involved in the insulin signaling pathway, such as
IRTK, IRS-1, PI3K, GLUT-4, and the adipogenic pathway, such as PPARa, adiponectin, C/EBP-a and
SREBP1C, by qPCR supported our hypothesis largely. Apocynin mimicked insulin in the insulin-signaling
pathway by showing equivalent gene expression. It ameliorated adipogenesis by downregulating the key
markers in the adipogenic pathway. Corroborating the hypothesis that Apocynin is antihyperlipidemic in
nature, it reduced the expression of PPARa and adiponectin. These results substantiate that Apocynin exerts
anti-diabetic and anti-adipogenic effects by regulating resistin and antioxidant enzyme levels in vitro.
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1. Introduction
Diabetes is a pervasive metabolic condition, which has
been on the rise for the past two decades. This malady
is typiﬁed by an increase in blood glucose level
(BGL)—hyperglycemia, loss of insulin sensitivity, and
increased free fatty acid production (DeFronzo 2004;
Kamaraj et al. 2017; Praveen et al. 2018). Typically, in
healthy cells, insulin binds to the insulin receptors,
which leads to a phosphorylation cascade, resulting in
the activation of enzymes such as IRTK and PI3K and
the expression of proteins such as GLUT-4 down the
signaling pathway. However, aberrations in this
http://www.ias.ac.in/jbiosci

cascade lead to the manifestation of insulin resistance
and other metabolic complications. Insulin resistance
(IR) can be broadly deﬁned as the cells’ incompetence
to exercise insulin-mediated glucose uptake. The onset
of IR leads to a failure in the glucose transporter’s
expression on the plasma membrane, resulting in its
inability to take up glucose from the blood. This leads
to an upsurge in BGL as the cells cannot take up the
glucose circulated through blood (DeFronzo 2004;
Pirola et al. 2004; White 2012).
Obesity is a pathophysiological condition of prolonged imbalance of energy when the energy intake
exceeds the energy utilized. It leads to type 2 diabetes
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via insulin resistance, a condition in which the insulin
receptor tyrosine kinase fails to recognize the available
insulin present in the body (Weisberg et al. 2006;
Praveen et al. 2017). Numerous mechanisms linking
obesity and insulin resistance, such as endocrine,
inﬂammatory, and neuronal mechanisms, have been
extensively studied in various aspects. These mechanisms occur when—the serine/threonine receptor is
triggered, upon the recognition of free fatty acids, by
altering the molecular key factors responsible for adipogenesis (Qatanani and Lazar 2007). The alteration of
the key factors involved in adipogenesis initiated by the
activation of pre-adipocytes leads to the macrophage
inﬁltration into the adipocytes. This results in the
altered expression of adipokines (IL-10, CCL2). It also
induces changes in the expression of transcription
factors (PPAR-c, C/EBP-a) and adipoproteins (resistin,
adiponectin, and leptin), thereby increasing the size and
mass of the adipocytes. Resistin is a predominant
marker responsible for inducing IR (Petruzzelli et al.
1982; Nishimura et al. 2007). Furthermore, it reduces
the activity of anti-oxidant enzymes, leading to an
exponential rise of free radicals in the cells. Free radicals such as reactive oxygen species (ROS), superoxide anions, etc., have been shown to exacerbate
diabetic conditions and cause secondary complications
such as diabetic nephropathy, atherosclerosis, etc., (Son
et al. 2015). The adipocytes building in their size and
number is the morphological hallmark of obesity, and
hence, they serve as potential targets for obesity-linked
diabetes (Olefsky and Glass 2009).
Every year, 90 million people, globally, are diagnosed with this widespread metabolic disorder. In
India, 66.8 million people are affected by diabetes. Of
these, more than 60% are diagnosed with type 2 diabetes (Kaveeshwar and Cornwall 2014). These staggering numbers have driven the scientiﬁc community
to explore for compounds that would alleviate this
metabolic disorder. The existing synthetic drugs,
although efﬁcient, present insurmountable challenges
in the form of side effects. Several drugs, released in
the market, such as thiazolidinediones, had to be called
off due to their potential side effects on the users. This
has necessitated the development of natural and semisynthetic drugs with greater efﬁcacy and minimal side
effects (Kamaraj et al. 2017; Praveen et al. 2018).
Apocynin (4-hydroxy-3-methoxyacetophenone) is a
natural organic compound extracted from Picrorhiza
kurroa (Scrophulariaceae), a native plant grown in the
mountains of India, Nepal, Tibet, and Pakistan (Stefanska and Pawliczak 2008). It has been evaluated for
several beneﬁcial properties such as anti-oxidant, anti-

inﬂammatory, and anti-cancer properties (Meng et al.
2010, 2011; Sun et al. 2017). Although there have been
reports regarding its anti-diabetic activity, the mechanism by which it exerts its activity still eludes us.
The present study aims to unravel the distinct pathways by which apocynin regulates insulin resistance
and adipogenesis. The objective of our study is to
determine the anti-diabetic and anti-adipogenic effects
of apocynin in 3T3-L1 adipocytes and to ﬁnd the cellular and molecular mechanisms involved in the process of diabetes and obesity.

2. Materials and methods
2.1 Chemicals and reagents
Swiss murine 3T3-L1 ﬁbroblasts were acquired from
National Center for Cell Science (NCCS) (Pune, India).
Dulbecco Modiﬁed Eagle Medium (DMEM) with
4.5 g glucose, 4.0 mM L-glutamine and sodium pyruvate was obtained from GE Healthcare (India). Fetal
Bovine Serum (FBS) was purchased from GIBCO Life
Technologies (USA). 3-(4,5-Dimethylthiazol-2-yl-)2,5-Diphenyltetrazolium bromide (MTT), Dexamethasone (DXM), Human Recombinant Insulin, 2-NBDG
(2-(N-(7-Nitrobenz-2-oxa-,3-diazol-4-yl)Amino)-2Deoxyglucose), Oil Red O powder and all cell culture
supplements were obtained from Himedia Laboratories
(Chennai, India). 3-Isobutyl-1-Methylxanthine (IBMX)
was purchased from Merck India Biosciences (Mumbai, India). Apocynin was obtained from Calbiochem,
Sigma Aldrich, India.
2.2 Culturing of 3T3-L1 ﬁbroblasts
and differentiation to adipocytes
Adipogenesis is a cascade of processes in which the
pre-adipocytes differentiate into adipocytes, resulting
in the accumulation of intercellular triglyceride lipid
globules. At conﬂuence, the induction of differentiation
by appropriate media leads the cells to become spherical, accumulate lipid droplets, and acquire the morphological and biochemical characteristics of a mature
adipocyte. The amount of lipid synthesis can be controlled in a dose-dependent manner by varying the
amount of serum in growth media. Differentiation can
be enhanced by inducing agents such as dexamethasone, which is used to stimulate the glucocorticoid
receptor pathway, and 3-isobutyl-1-methylxantine
(IBMX) (or 1-methyl-3- isobutylxanthine, MIX),
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which is used to stimulate the cAMP-dependent protein
kinase pathway (Christy et al. 1989).
3T3-L1 ﬁbroblasts were cultured using Dulbecco’s
Modiﬁed Eagle Medium (DMEM) medium supplemented with 10% Fetal Bovine Serum (FBS) along
with 1X Antibiotic solution containing streptomycin
and penicillin in 5% CO2 incubator at 37°C. The preadipocytes were subjected to differentiation by
chemical induction process in the presence of differentiation medium (DMEM with 10% FBS ? 0.5
mM/L IBMX ? 0.25 lM/L DXM ? 1 mg/L Insulin)
for 3 days followed by adipocyte maintenance medium (DMEM with 10% FBS ? 1 mg/L Insulin) for
the next 3 days. The cells were later subjected to
proliferation in the adipocyte proliferation medium
(DMEM ? 10% FBS) for 3 days. The extent of
differentiation was observed based on the formation
of lipid globules inside the cells, and the lipids
released into the medium (Anand et al. 2010;
Ahmadian et al. 2013).
2.3 Assessment of Cell Viability assay by MTT
The pre-adipocyte viability was assessed on treatment
with apocynin using MTT assay (Muthusamy et al.
2008; Praveen et al. 2020). 3.6 9 105 cells/0.2 ml/well
of 3T3-L1 ﬁbroblasts were seeded in a 96-well cell
culture plate. The subconﬂuent cells were treated with
varying concentrations of apocynin (1 nM, 10 nM,
100 nM, 1 lM and 10 lM) for 24 h with 0.01%
Dimethyl Sulphoxide (DMSO) as solvent control and
0.01% Triton X-100 as a positive control. MTT (5 mg/
ml) was added to the wells and incubated for 4 h. The
formazan crystals formed were dissolved in 100 ll of
0.01% DMSO, and the absorbance was measured at
570 nm using an ELISA reader (Multiskan Go ELISA
reader, Thermo Scientiﬁc, Finland).
2.4 Assessment of glucose uptake using 2-NBDG
2- NBDG assay (Blodgett et al. 2011) was performed
by seeding and culturing 3 9 105 3T3-L1 cells until
they were conﬂuent. These cells were then differentiated into matured adipocytes. 9-day-old matured adipocytes were treated with Apocynin at different
concentrations (1 nM, 10 nM, 100 nM, 1 lM, and
10 lM) for 24 h. Then, the medium was removed, and
the cells were incubated at 37°C with freshly prepared
KRPH (Krebs-Ringer-Phosphate-HEPES) buffer (NaCl
118 mM, KCl 5 mM, CaCl2 1.2 mM, MgSO4 1.2 mM,
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KH2PO4 1.2 mM, HEPES 30 mM, and pH 7.2) with
100 lM of 2-NBDG((2-(N-(7-Nitrobenz-2-oxa-,3-diazol-4-yl)Amino)-2-Deoxyglucose) for 60 min. The
buffer was discarded, and 0.1 M of SDS was used to
lyse the cells. The ﬂuorescence was measured at 485
and 528 as its excitation and emission wavelengths
(Blodgett et al. 2011).
2.5 Assessment of lipid accumulation by Oil Red
O staining
Oil red O stain was used to qualitatively assess the
intracellular lipid content (Ilavenil et al. 2014).
3 9 105 3T3-L1 pre-adipocytes were seeded in a
6-well plate and differentiated to mature adipocytes for
nine days. These were co-incubated with apocynin at
various
concentrations
(1 nM,
10 nM,
100 nM,1 lM,10 lM). The drug-treated adipocytes
were rinsed with 1X Phosphate Buffer Saline (PBS)
followed by incubation with 10% Formalin for an hour.
The cells were then washed with 60% isopropanol and
incubated with 3% Oil Red O staining solution for
15-30 minutes. The cells were viewed under a microscope for qualitative analysis of lipid accumulation. For
quantitative analysis, the cells were incubated with
100% isopropanol for 15 minutes, and the absorbance
was measured at 490 nm.
2.6 Estimation of Superoxide Dismutase (SOD)
activity
SOD activity was estimated by the epinephrine
method (Misra 1972). 3 9 105 3T3-L1 cells were
seeded and cultured in a 6-well plate until they were
conﬂuent. Adipocytes were used as the untreated
control. The treatment group includes preadipocytes
which were then differentiated into mature adipocytes
in presence of apocynin (1 lM) for 9 days. Cells were
disintegrated with 1 ml of lysis buffer comprising of
HEPES (50 mM), NaCl (150 mM), EDTA (10 mM),
Na4P2O7 (10 mM), sodium orthovanate (1 mM), NaF
(50 mM), Aprotinin (10 lg/ml), Leupeptin (10 lg/
ml), and Triton X 100 (1%). Cell lysates were
homogenized using a Dounce homogenizer with 20
strokes, 0.5 cycles, 10 pulses; 2 min each, with a lag
time of 1 min for each pulse. The homogenate was
centrifuged at 12,000 rpm for 20 min at 4°C
(Kanaujia et al. 2010).
Cell lysates were diluted using 0.1 M carbonate
buffer, to which an equal proportion of 0.6 mM EDTA
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and 1.3 mM epinephrine was added. This was thoroughly mixed and absorbance was read at 480 nm.

temperature. A stop solution was added, and OD was
taken at 450 nm.

2.7 Estimation of catalase (CAT) activity

2.9 Isolation of RNA and RT-PCR analysis

The activity of CAT was assessed by the hydrogen
peroxide decomposition method (Goth 1991). 3 9 105
3T3-L1 cells were seeded and cultured until they were
conﬂuent. Adipocytes were used as the untreated control. The treatment group includes preadipocytes which
were then differentiated into mature adipocytes in
presence of apocynin (1 lM) for 9 days. Stock solutions of 65 lM H2O2 in 60 mmol Phosphate Buffer pH
7.4, 32.4 mmol ammonium molybdate were prepared.
In a 96 well plate, to the cell lysate, H2O2 was added,
and it was incubated at 37°C for 60 seconds. Then,
ammonium molybdate was added with no delay to stop
the enzymatic reaction. The yellow complex formed by
ammonium molybdate and H2O2 is measured at
405 nm against the reagent.

The pre-adipocytes were seeded in 6-well plates
(4 9 105 cells/well) and treated with 1 lM Apocynin
during the differentiation process. Trizol reagent was
used to homogenize the differentiated 3T3-L1 adipocytes. RNA was isolated and converted into cDNA by
reverse transcription (Chomczynski and Sacchi 1987)
and subjected to qPCR. The real-time PCR analysis of
the cDNA was performed using KAPA SYBRÒ FAST
qPCR Master Mix (2X) reagents in a volume of 20 ll
with speciﬁc primers as mentioned in table 1. PCR was
carried out at 95°C for 5 min (initial denaturation),
followed by 95°C for 1 min for denaturation. The
annealing temperature was maintained for 1 min for the
markers IRTK, IRS, PI3K, GSK-3b, GLUT-4, adiponectin, and PPAR-a. The extension was performed at
72°C for 1 min. This entire process was repeated for 40
cycles. It was followed by a ﬁnal extension at 72°C for
10 min and hold at 4°C. The -DDct value was calculated after normalizing with GAPDH, and fold change
was estimated using 2-DDct.

2.8 ELISA for resistin
4 9 105 3T3-L1 pre-adipocytes cells/well were seeded
in a 6-well plate and differentiated into mature adipocytes for nine days. These were incubated with apocynin at 1 lM concentrations, 50 lM troglitazone,
100 nM insulin, and 0.01% DMSO as solvent control
for 24 h. The cells were detached with trypsin EDTA
and collected by centrifugation. They are washed three
times in PBS. The washed cells were re-suspended in
PBS and subjected to ultra-sonication (20 strokes, 0.5
cycles, 10 pulses; 2 min each and lag time of 1 min for
each pulse). Centrifuge at 3000 rpm for 15 min at
2–8°C to remove cellular debris and store the samples
at - 20°C or - 80°C.
The assay was performed as laid out by (DiSilvestro et al. 2016). All reagents and standard dilutions
were done as mentioned in the QuantikineÒ ELISA
kit. 50 ll of assay diluent was added to each well.
50 ll of the sample was added to the wells and
incubated at room temperature for 2 h. The contents
were washed 5 times using wash buffer, and the wash
buffer was removed completely. 100 ll of mouse
resistin conjugate was introduced in each well. The
strips were allowed to settle for 2 h at room temperature. The contents were washed 5 times using the
wash buffer, and the wash buffer was removed completely. The substrate solution was added and let
without being disturbed for 30 min at room

2.10 Western blot
3T3-L1 cells were seeded in 6-well plates (5 9 105
cells per well) and differentiated into adipocytes. These
were co-incubated with 1 lM apocynin during the
differentiation process. plasma membrane (PM) fractions were separated by density gradient centrifugation
method using sucrose (Yonemitsu et al. 2001; Anand
et al. 2010; Sujatha et al. 2010). Brieﬂy, the treated
cells were washed with 1X PBS and suspended in the
lysis buffer (250 mM/L sucrose, 5 mM Sodium azide,
20 mM HEPES, 200 lM/L PMSF, 1 lM/L pepstatin,
1 lM/L aprotinin, 2 mM/L EGTA). The cell lysate
thus obtained was homogenized using Dounce
homogenizer (2 min for 20 strokes, 0.5 cycles, 10
pulses with a lag time of 1 min for each pulse). The
obtained homogenate was centrifuged at 750 g for
5 min at 4°C to remove cell debris, and the obtained
supernatant was further centrifuged at 30,000 9 g for
40 minutes at 4°C. The resultant PM fraction was used
to evaluate the expression of GLUT-4 protein. Similarly, whole-cell lysate was obtained by lysis buffer
(50 nM HEPES, 150 mM NaCl, 10 mM EDTA,
10 mM Na4P2O7, 1 mM sodium orthovanate, 50 mM
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Table 1. Primer sequences for the molecular targets used in insulin signaling and adipogenic pathways
Primer
IRTK

IRS-1

PI3K

GLUT-4

Adiponectin

PPAR-a

C/EBP-a

SREBP1C

GAPDH

Primer sequence
0

F: 5 ATC TGG ATC CCC CTG
ATA ACT GTC 30
R: 50 ATG TGG GTG TAG GGG
ATG TGT TCA 30
F: 50 AAG TGG CGG CAC AAG
TCG AG 30
R: 50 CGG GTG TAG AGA GCC
ACC AG 30
F: 5’ TGA CGC TTT CAA ACG
CTA TC30
R: 50 CAG AGA GTA CTC TTG
CAT TC30
F: 50 CGG GAC GTG GAG CTG
GCC GAG GAG 30
R: 50 CCC CCT CAG CAG CGA
GTG A 30
F: 50 CTA CTG TTG CAA GCT
CTC C 30
R: 50 CTT CAC ATC TTT CAT
GTA CAC C 30
F: 50 AGC CCG TTA TCT GAA
GAG TTC 30
R: 50 CAT CCC GAC AGA AAG
CAC TT30
F: 50 GCG GGC AAA GCC AAG
AA 30
R: 50 GCG TTC CCG CCG TAC
C 30
F:50 GGATTGCACTTTCGAAGA
CATG30
R:50 ACTCTGGACCTGGGTGT
GCAAG30
F:50 CCA CCC ATG GCA AAT
TCC ATG GCA 30
R: 50 TCT AGA CGG CAG GTC
AGG TCC ACC 30

NaF, 10 lg/ml aprotinin, 10 lg/ml leupeptin, and 1%
Triton-x 100) (Sujatha et al. 2010; Praveen et al. 2020).
The homogenate was centrifuged at 12,000 rpm for
20 min at 4°C. This lysate was used to analyze the
expression levels of IR-b, PPARa, and adiponectin.
These proteins were subjected to SDS-PAGE (12%
separating gel and 5% stacking gel) and transferred to
the nitrocellulose membrane using a semi-dry blotting
method. The membrane was blocked with 5% skimmed
milk at 4°C and immunoblotted with anti-insulin
receptor (b-subunit) clone CT3, anti-glucose transporter-4 rabbit pAb, mouse anti-peroxisome proliferator-activated receptor a monoclonal antibody, and
rabbit anti-adiponectin, mouse puriﬁed polyclonal
antibody for IR-b, GLUT-4, PPARa, and adiponectin,
respectively, for 2 h. After washing the membrane, it
was incubated with goat anti-mouse alkaline

Annealing

Reference

64°C

Genbank accession
number
NM_0170711

62°C

NCBI-Reference
Sequence:XM_002749
924.3

62°C

Laville et al. (1996)

63°C

Buhl et al. (2001)

63°C

Gene bank accession
number:
NM_1447443

63°C

Pettinelli et al. (2009)

60°C

Lee et al. (2015)

65°C

Pettinelli et al. (2009)

62°C–64°C

Sahni et al. (1999)

phosphatase conjugate for GLUT-4 and goat antimouse IgG-HRP conjugate for the rest of the proteins.
The membrane was then kept in substrate buffer (0.1 g
Tris in 10 mL 1X PBS) for 20–30 min. The immune
signals were detected using Luminol/H2O2 reagent and
visualized using Chemidoc XRS ? imaging system
(BioRad, USA), and the proteins were semi-quantitatively analyzed densitometrically using ImageJ
software.

2.11 Statistical analysis
All experiments were performed in triplicates,, and the
data were expressed as mean ± SD of triplicates,
which were analyzed by One way ANOVA followed
by Turkey’s test with a statistical signiﬁcance of
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Figure 1. Assessment of cell viability by MTT assay in presence of apocynin (1 nM to 10 lM) in 3T3-L1 pre-adipocytes.
Triton-X (0.01%) was used as positive control and DMSO (0.01%) was used as a solvent control. Data represents the
mean ± SD of triplicates (N = 3). *p \ 0.05 as compared to control.

p \ 0.05, and the data was analyzed using Graph pad
Prism 5.03 statistical software (Graph pad software Inc.
La Julla, CA).

3. Results
3.1 Cell viability assay
The viability of 3T3-L1 pre-adipocytes on treatment
with apocynin was effectuated by MTT assay.
Untreated cells were used as the control, whereas the
cells treated with triton-X (0.01%) were used as the
positive control, which showed maximum cell lysis
(7.64%), and 0.01% DMSO was used as solvent control. Figure 1 shows that the treated cells evinced viability on par with the control, which indicated that
apocynin and solvent control did not interfere with cell
viability. The results instigated that the cells remain
viable upon apocynin treatment as it doesn’t pose
cytotoxicity.

3.2 Glucose uptake by 2-NBDG
3 9 105 3T3-L1 cells were seeded and cultured until
they attained 70% conﬂuence. The conﬂuent cells were
differentiated and treated with different concentrations
of apocynin. Cells treated with insulin were used as a

positive control. A stock solution of 2-NBDG was
prepared, and the cells were treated with 10 ll of
2-NBDG. The ﬂuorescence was measured in a ﬂuorimeter with an excitation/emission wavelength of
485/538 nm. Figure 2 shows that positive controls
Troglitazone standard drug showed 90.32% and
100 nM Insulin showed 92.85% glucose uptake by
2-NBDG. A dose-dependent increase in the accumulation of 2-NBDG was observed in cells treated with
apocynin. However, 1 lM concentration of apocynin
showed 87.72% 2-NBDG accumulation, indicating that
optimum glucose uptake was achieved with that
speciﬁc concentration.
3.3 Oil Red O staining
At the end of differentiation, the 3T3-L1 cells were
treated with oil red O, a lipophilic stain. The lipid
accumulation was quantized after eluting with isopropanol and measuring the OD at 490 nm. Figure 3
suggests that (a) the untreated pre-adipocytes served as
control and (b) differentiated adipocytes did not interfere with higher lipid accumulation, exhibiting basal
lipid content, (c) adipocytes treated with 100 nM
insulin resulted in more signiﬁcant lipid accumulation
with the larger lipid goblets serving as a negative
control, and (d) Adipocytes treated with standard drug
50 lM Troglitazone (d), which served as the positive
control, showed less lipid accumulation with smaller
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lipid goblets. Adipocytes treated with 1 nM, 10 nM,
100 nM 1 lM, and 10 lM of Apocynin (e–i) exhibited
relatively lower lipid accumulation and resulted in
lesser lipid goblets.
In connection with the qualitative observation, ﬁgure 4 shows the cells ministered with 1 lM of apocynin ameliorated the greater lipid accumulation
signiﬁcantly than the control on par with troglitazone
and Insulin (p \ 0.05). Moreover, cells treated with
1 nM, 10 nM and 100 nM apocynin evinced intracellular lipid attenuation in a dose-dependent manner.
3.4 Estimation of Superoxide Dismutase (SOD)
activity
Upon coincubation of apocynin with the preadipocytes
and allowed for differentiation into adipocytes for
9 days, the SOD levels increased by 0.13 units.
Simultaneously, the solvent control and troglitazone
exhibited SOD activity as 0.09 and 0.02 units,
respectively, when compared to the adipocytes which
are used as untreated control (ﬁgure 5). This in turn
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indicates that apocynin activates the SOD mechanism
against the ROS generation.
3.5 Estimation of catalase (CAT) activity
Estimation of the CAT activity was performed in preadipocytes coincubated with 1 lM apocynin and
allowed for differentiation into adipocytes for 9 days.
Adipocytes served as the untreated control. Figure 6
represents the catalase activity, which signiﬁcantly
increased on 1 lM apocynin treatment, indicating 0.26
units of ROS generation. Solvent control and troglitazone exhibited CAT activity of 0.17 and 0.19 units
respectively when compared with the control, indicating that the activation of the CAT mechanism against
ROS generation (ﬁgure 7).
3.6 ELISA for resistin
Lysates isolated from 100 nM insulin-treated cells
showed resistin levels at 12.312 ng/mg protein. This

Figure 2. Assessment of glucose uptake by 2-NBDG on treatment with apocynin (1 nM to 10 lM). The graph represents
the percentage uptake of glucose corresponding to the samples tested for the uptake of 2-NBDG—a ﬂuorescent glucose
analog. According to the graph, 1 lM and 10 lM apocynin exhibited ﬂuorescence on par with insulin in 3T3-L1 adipocytes.
DMSO (0.01%) was used as solvent control. 50 lM Troglitazone and 100 nM Insulin were used as positive controls. Data
represents the mean ± SD of triplicates (N = 3).*p \ 0.05 as compared to control.
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indicated the high adipogenic nature of insulin. The
untreated cells, serving as control, had basal resistin
expression. 7.32 ng/mg protein of resistin was quantiﬁed in apocynin treated cells, which ensured the antiadipogenicity similar to that of the control. The
troglitazone treated cells (positive control) showed
7.14 ng/mg protein, ensuring basal resistin expression
levels. The solvent control, however, has no inﬂuence
on higher resistin levels, which had equivalent levels of
expression to control, positive control, and apocynin.

3.7 Gene expression studies by q-PCR
The effect of Apocynin on glucose uptake-targeting
the genes (IRTK, PI3K, IRS-1, GLUT 4) in the
insulin signaling pathway and adipogenesis-targeting
genes (PPARa, adiponectin, C/EBP-a, SREBP1C)

were investigated using qPCR. The adipocytes were
treated with 100 nM Insulin, 50 lM troglitazone as
positive controls, and 1 lM Apocynin. Solvent control 0.01% DMSO was excluded from treatment
based on its no negative inﬂuence on glucose uptake
and lipid accumulation from the previous cellular
assays.
As seen in ﬁgure 8, in the insulin signaling
pathway, the mRNA of the regulatory enzymes
such as IRTK and PI3K have shown higher
expression like insulin, positive control, and 1 lM
apocynin treated cells, evincing 6-fold and 4-fold
increase over control, respectively. Additionally,
the effect of troglitazone on the same genes
exhibited relatively higher expression (5.9- and
3.8-fold increase) over control. The key molecular
targets in the insulin signaling pathway such as
IRS-1 and GLUT-4 expressed a high signiﬁcant

Figure 3. (a–i) Qualitative analysis of lipid accumulated upon treatment with different concentrations of apocynin
(Magniﬁcation: 20X). Cells were stained by oil red O stain, which is lipophilic in nature. Cells treated with 2 ll DMSO (a),
control cells untreated pre-adipocytes (b), differentiated adipocytes (c), 100 nM Insulin and (d) 50 lM Troglitazone served
as solvent and positive controls respectively. Cells treated with 1 nM (e), 10 nM (f), 100 nM (g), 1 lM (h) and 10 lM (i) of
apocynin showed a conspicuous decrease in lipid accumulation.
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Figure 4. Quantitative analysis of intracellular lipid accumulation. The graph represents the amount of lipid present in the
cells upon treatment with various concentrations of apocynin. The pre-adipocytes are almost devoid of any pronounced lipid
content. DMSO (0.01%) was used as solvent control and 100 nM Insulin and 50 lM Troglitazone served as positive controls
respectively. The data represents Mean ± SD. *p \ 0.05 as compared with control (undifferentiated pre-adipocytes),
#p \ 0.05 as compared with differentiated adipocytes.

fold increase of 5 and 7 over control, respectively,
in apocynin treated cells, although not equivalent
to the insulin’s 5.7 and 6.9-fold increase over
control. The mRNA of troglitazone-treated cells
had signiﬁcantly higher expression of markers over
that in control (4.9- and 6.8-fold increase over
control), indicating the positive effects of glucose
uptake. However, the genes that regulate the adipogenesis pathway were downregulated in apocynin-treated cells.
The mRNAs of PPARa, adiponectin, and SREBP1C
showed a 2-fold decrease in their expression whereas
C/EBP-a was downregulated by 1-fold when compared
with insulin-treated cells on treatment with apocynin.
The mRNA of troglitazone treated cells was signiﬁcantly higher over the control; however, insulin-treated
cells exhibited higher mRNA expression of PPARa
(6.8-fold), adiponectin (5.8-fold), C/EBP-a (4.8-fold),
and SREBP1C (4.5-fold), which indicates higher adipogenesis over control. This expression proﬁle suggests that apocynin exerts anti-diabetic activity in a
PI3K-dependent manner. The attenuation of adipogenic

markers by apocynin is suggestive of its anti-adipogenic property.

3.8 Analysis of protein expression by Western blot
The effect of apocynin on insulin signaling pathway
key targets IR-b, GLUT-4, and on adipogenesis key
targets PPARa and Adiponectin was analyzed by
Western Blot. The cells were treated with 100 nM
insulin, 50 lM troglitazone for positive controls and
1 lM apocynin. It was observed that 1 lM apocynin
exerted activity similar to that of positive controls as
there was an equivalent fold increase in insulin as
well as apocynin treated cells in the expression of
IR-b (5.5-fold) and GLUT-4 (5-fold) respectively
(ﬁgure 9a and c) over the control. Troglitazone treated
group showed a 2.9-fold increase in IR-b expression.
On the contrary, as seen in ﬁgure 9b and d, a 2-fold
decrease in the expression of adipogenic markers
PPARa and adiponectin in apocynin treated cells were
observed. Insulin-treated cells showed a 5-fold
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Figure 5. The graph represents SOD activity in 3T3-L1
adipocytes. Adipocytes were used as untreated control. The
treatment groups include 1 lM apocynin (coincubated with
the preadipocytes and allowed for differentiation for 9 days),
DMSO (0.01%) (solvent control) and 50 lM Troglitazone as
positive control. Data represents the means ± SD of triplicates. *p \ 0.05 as compared to control.

Figure 7. The graph shows resistin levels determined using
ELISA. Control is the untreated cells and DMSO (0.01%)
was used as solvent control. Insulin (100 nM) and Troglitazone (50 lM) served as positive controls. Data represents
the means ± SD of triplicates, *p \ 0.05 as compared to
control.

4. Discussion

Figure 6. The graph represents catalase activity in 3T3-L1
adipocytes. 1 lM apocynin (coincubated with the preadipocytes and allowed for differentiation for 9 days), DMSO
(0.01%) was used as solvent control and 50 lM Troglitazone served as positive control. Adipocytes were used as
untreated control. Data represents the means ± SD of
triplicates. *p \ 0.05 as compared to control.

increase, which equates to the targets basal expression
in control, corroborating that apocynin exerts antihyperlipidemic activity.

Type 2 diabetes is characterized by insulin resistance;
the inability of the body to respond to insulin due to
aberrations down the insulin signaling pathway. This
disorder attenuates glucose uptake, causing abnormal
blood sugar levels, which results in its major lifethreatening associated complications such as
atherosclerosis and obesity. However, the pathophysiology of diabetes remains to be fully understood;
experimental evidence suggests the involvement of free
radicals in the pathogenesis of diabetes and more
importantly, in the development of diabetic complications. Free radicals can damage cellular molecules,
DNA, proteins, and lipids, leading to altered cellular
functions (Hsieh et al. 2011; Kalimanan and Parrizas
2011). On either hand, obesity is positively associated
with insulin resistance and is the most signiﬁcant risk
factor for non-insulin-dependent diabetes mellitus
(Scacchi et al. 1999; Maquoi et al. 2002). The
molecular basis of this common syndrome, however, is
poorly understood. However, the mechanisms linking
obesity and diabetes need to be understood entirely.
Synthetic drugs, such as thiazolidinediones, even
though they were effective, have side effects. Hence, it
is imperative to look for alternatives such as natural
and semi-synthetic drugs. Apocynin is one such compound, which has shown promising primary results
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Figure 8. (a–h) Effects of apocynin on (a) IR-b, (b) IRS-1, (c) PI3K, (d) GLUT-4, (e) PPARa, (f) adiponectin, (g) C/EBP-a
and (h) SREBP1C. The reactions were prepared according to the standard protocol for 1 step KAPA SYBR Ò FAST qPCR kit
Master Mix (2X). DMSO (0.01%) was used as solvent control and 100 nM Insulin and 50 lM Troglitazone served as
positive controls respectively. Data represents the means ± SD of triplicates, *p \ 0.05 as compared to control.

in vitro. Apocynin is a catechol compound extracted
from Picrorhiza kurroa (Stefanska and Pawliczak
2008). Aqueous extracts of Picrorhiza rhizome have
been shown to elucidate a conspicuous drop in the
intracellular lipid bodies (Lee et al. 2006) and signiﬁcantly reduced total cholesterol, LDL, triglycerides

while HDL was signiﬁcantly increased in high-fat dietfed rats (Nareshrao and Godatwar 2017). Thus, apocynin plays a role in controlling the adipogenic pathway.
Further, the extracts of Picrorhiza kurroa were orally
administered to streptozotocin-induced diabetic rats,
and a signiﬁcant increase in GLUT-4 protein
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Figure 9. (a) Effect of apocynin on the expression of key regulatory proteins in insulin signaling IR-b, GLUT-4 and as well
as the PPAR-a and adiponectin in adipogenic pathways. Lane 1 represents expression of respective proteins in control group.
Lane 2 and lane 3 demonstrate protein expression in lysate obtained from insulin (100 nM) and troglitazone (50 lM) treated
cells and lane 4 represents the 1 lM apocynin treated cells respectively. b-actin served as a housekeeping gene. (b) Semiquantitative analysis of expressed proteins by densitometric method. 100 nM Insulin and 50 lM Troglitazone served as
positive controls respectively. Data represents the means ± SD of triplicates, *p \ 0.05 as compared to control.

expression was evinced in the soleus muscle of the
diabetic group, which resulted in enhanced glucose
uptake (Husain et al. 2014). Meng et al., 2010 have
projected an intraperitoneal glucose tolerance test in
four-week-old male C57BL/6 mice. Apocynin administration (2.4 g/L) to the high-fat diet group has signiﬁcantly improved fasting glucose and fasting insulin
levels compared with the control group. The high-fat

diet-fed mice exhibited apocynin treatment dramatically decreased this insulin resistance (Meng et al.
2010).
Adipocytes are highly specialized cells that play a
signiﬁcant role in energy homeostasis in vertebrate
organisms. Excess adipocyte size or number is a hallmark of obesity, which is currently a global epidemic.
The majority of studies that have identiﬁed
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transcriptional regulators of adipogenesis have been
performed in vitro (Balba and Knutson 1997). These
studies have been primarily conducted in the 3T3-L1
preadipocyte cell lines (Green and Meuth 1974; Green
and Kehinde 1976).
Viability of 3T3-L1 pre-adipocytes on treating with
apocynin was effectuated by MTT assay (ﬁgure 1).
Apocynin treated cells evinced viability on par with the
control, which indicated that apocynin did not interfere
with cell viability, indicated that the cells are not
cytotoxic towards apocynin at the concentration from
1 nM to 10 lM. This observation supports the postulations of Kang et al. 2013, who reported that the
Gambisan compounds do not interfere with the viability of 3T3-L1 cells (Kang et al. 2013).
Glucose uptake is facilitated in adipocytes by GLUT4 protein. This protein is expressed on the plasma
membrane of the cell when insulin binds to the insulin
tyrosine kinase receptor. However, the conventional
glucose, utilized by the cell for its metabolic functions,
cannot be quantitated. Therefore, 2-NBDG is a ﬂuorescent glucose analog, which cannot be metabolized
by the cells, was used to assess glucose uptake. It is
accumulated within the cell, making it easier to quantify it. Cells treated with apocynin at the concentrations
of 1 lM indicated optimum glucose uptake a signiﬁcant (p \ 0.05) accumulation of 2-NBDG; this could
be due to the translocation of GLUT-4 from the cytosol
to the plasma membrane on par with insulin and
troglitazone, which was used as a positive control.
Hence, apocynin is found to mimic insulin, enhancing
glucose uptake in the cells. This is in line with the
ﬁndings of Husain et al., 2014, who stated that the
extracts of Picrorhiza kurroa enhanced glucose uptake
up to 90% (Husain et al. 2014).
One of the hallmark features of type 2 diabetes is the
production of excessive free fatty acids. These are
responsible for the formation of triglycerides, which
are found as intracellular lipid droplets. Differentiated
3T3-L1 cells are excellent in vitro models, which
replicate these conditions. The cells were co-incubated
in apocynin during differentiation to effectively evaluate its role in attenuating lipid production. A dosedependent decrease in the intracellular lipid accumulation and the size of lipid goblets was observed in the
cells treated with 1 nM, 10 nM, 100 nM, 1 lM, and
10 lM apocynin cells (ﬁgure 3e to i). In contrast,
insulin induced adipogenesis rather than the control
with basal lipid content. This was equivalent to
Troglitazone exerting less triglyceride accumulation
with small lipid goblets as of control (ﬁgure 3d). This
is corroborated by the reports of Nareshrao and
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Godawaret 2017, which stated that the aqueous extracts
of Picrorhiza kurroa exert anti-hyperlipidemic activity
(Nareshrao and Godatwar 2017). As the lipid accumulation was relatively lesser in cells treated with
1 lM apocynin, thereby showing smaller sized lipid
goblets on par with the troglitazone, it was taken as the
optimum concentration to carry out further anti-adipogenic studies
The accumulation of free fatty acids increases the
production of free radicals in the body. In insulin-resistant conditions, the production of antioxidant
enzymes such as superoxide dismutase (SOD) and
catalase (CAT) is reduced. The reduced activity of
these enzymes enhances the accumulation of free radicals such as superoxide anions and oxygen-free radicals. These free radical species are known to deteriorate
the preliminary conditions of diabetes and lead to f
hyperglycemia thereby aggravating the condition.
Insulin does not affect anti-oxidant activity and is
excluded from SOD and CAT assay. Treatment of
1 lM apocynin to the differentiating adipocytes
increased the SOD and CAT activities than the
untreated control (adipocytes). This indicates that the
mode of action of SOD and CAT towards ROS scavenging is facilitated and the ability of apocynin to
restraint its antioxidant property. This result corroborates the ﬁndings of Shi et al. 2010, who postulated that
the antioxidant enzyme activity is enhanced by the
various extracts from Artemisisa selengensis Turcz (Shi
et al. 2010). The in vitro antioxidant activity of
troglitazone has been demonstrated in alloxan-induced
hyperlipidemic mice. In this study, troglitazone had
shown a scavenging effect on reactive oxygen produced by xanthine-xanthine oxidase, similar to a-tocopherol (Inoue et al. 1997). Similarly, in our study
50 lM Troglitazone increased the SOD and CAT
(ﬁgures 5 and 6) when compared with the untreated
control cells.
The key marker, which connects oxidants to diabetes, is resistin. Resistin, which is also known as
Found in Inﬂammatory Zone 3 (FIZZ3), is inﬂuenced
by Control Element Binding Protein alpha (C/EBPa).
The activation of resistin is dependent on the recruitment of p300 and CREB Binding Protein (CBP), which
are the co-activators involved. Therefore, by ameliorating the expression of C/EBPa, it is possible to suppress the expression of resistin. Resistin protein levels
in control were quantiﬁed to be 7.42 ng/mg protein,
which is within the desirable range of resistin expression for normal metabolic conditions in adipocytes
whereas 7.32 ng/mg protein of resistin was quantiﬁed
in apocynin treated cells, which is lesser than insulin
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and equivalent to Troglitazone. This result is corroborated by the ﬁndings of Hartman et al. 2002 who
reported that the resistin levels in 3T3-L1 adipocytes
would be modulated by the expression of C/EBPa and
activity of key antioxidant enzymes such as SOD and
CAT. Thus, resistin is reduced on apocynin treatment.
Since resistin is a key marker in inducing insulin
resistance, apocynin could potentially serve as a viable
treatment option (Hartman et al. 2002).
Gene expression studies revealed the molecular
mechanism by which apocynin exerts the anti-diabetic
as well as the anti-adipogenic activity. The cascade of
the insulin signaling pathway is chieﬂy regulated by
key markers viz. IRTK, IRS, PI3K, and GLUT-4. These
qPCR results propound that apocynin triggers insulin
to bind to its tyrosine kinase receptor, leading to tyrosine phosphorylation of insulin receptor substrate
(IRS-1), followed by the activation of PI3K. The
downstream targets of PI3K include AKT/PKB (Protein Kinase B) and PKC, whose activation/phosphorylation triggers the translocation of GLUT-4 to the
plasma membrane and increases glycogen synthase
through inhibition of GSK-3b. Previous studies
demonstrated that tannins present in Cichorium intybus
enhanced GLUT 4 and PI3K mRNA expression
(Muthusamy et al. 2008). Sujatha et al., 2010 reported
that crude as well as (3b)-STIGMAST-5-EN-3-OL
were capable to augment mRNA expression of IRTK,
IRS-1 and PI3K followed by downstream kinases
activation (Sujatha et al. 2010). Cinnamaldehyde at
altered concentrations such as 10, 20, and 50 lm in the
C2C12 cell line increased GLUT 4 gene expression by
1.25, 1.6, and 3.01-folds, compared with the control
cells (Nikzamir et al. 2014).
Similarly, regulatory markers such as C/EBP-a,
PPAR-a, SREBP1C, and adiponectin control the
pathway of adipogenesis. The expression of these
genes down-regulated the signaling cascades of the
adipogenic marker. Xiao et al. (2010) demonstrated in
3T3-L1 cells mRNA that the effect of p204 on the
endogenous adipogenic marker genes in C/EBP-a.
Upon initiation of adipogenic induction, the level of
interferon-induced p204 transiently elevated C/EBP-a
expression level compared with the control (Xiao et al.
2010). A number of studies using AMPKa siRNA
displayed that the AMPK stimulation affects the regulation of PPAR, C/EBP-a and SREBP1C expression
and adipocyte differentiation (He et al. 2013).
Translocation of GLUT-4 from the cytosol to plasma
membrane since a 6-fold increase was observed in the
expression of GLUT-4 over control in Troglitazone and
1 lM Apocynin treated cells. Troglitazone revealed

that the translocation of GLUT 4 from the light
microsome to the PM attributed to its glucose uptake
efﬁcacy. Previous studies with troglitazone revealed
that the translocation of GLUT 4 from the light
microsome to the PM attributed to its glucose uptake
efﬁcacy, which supports our data (Yonemitsu et al.
2001). This hypothesis is strengthened by a similar
expression of IR-b both in insulin and apocynin treated
cells. The similarity in the activity of PI3K in insulin,
and apocynin, treated cells gives us an insight that
apocynin exerts anti-diabetic activity suggestive of
insulinomimetic effect of apocynin. Reports have proven that triterpenoids (Goodyear et al. 1995), AEG
(Anand et al. 2010), (3b)-STIGMAST-5-EN-3-OL
(Sujatha et al. 2010) can activate IRb and mimic
insulin in exerting the anti-diabetic efﬁcacy.
Contrary to the insulin signaling pathway, apocynin
attenuates the expression of essential proteins in the
adipogenic pathway. The major inducer of adipogenesis, PPARc, is dependent on the upregulation of several
adipogenic proteins such as PPARa, adiponectin and
SREBP1C. The gene and protein expression proﬁle
suggest that apocynin downregulates the expression of
these key adipogenic markers, which are on par with
control to exert anti-adipogenic activity than insulin,
which has pro-adipogenic properties.
5. Conclusion
To conclude, this study investigated the potential antidiabetic and anti-adipogenic activity of apocynin,
focusing on 2- NBDG glucose uptake assay, intracellular lipid quantiﬁcation, and anti-oxidant enzymes
assessment such as SOD, CAT, and ELISA method for
resistin and molecular mechanisms by gene and protein
expression and safety through cytotoxic assay in 3T3L1 cells. Apocynin has shown promising primary
results in in vitro. 2-NBDG ﬂuorimetry analysis corroborates the enhancement of glucose uptake upon
treatment with apocynin. This is due to the translocation of GLUT-4 from cytosol to the plasma membrane.
An increase in the expression of GLUT-4 over control
in 1 lM treated cells corroborates this, which suggests
the insulin-mimetic effect of apocynin. This hypothesis
is strengthened by a similar expression of IR-b and
PI3K in insulin and apocynin treated cells. It gives us
insight that apocynin exerts anti-diabetic activity in a
PI3K-dependent manner. Furthermore, apocynin
downregulated the expression of the key adipogenic
markers such as PPARa, adiponectin and SREBP1 and
exerted anti-adipogenic activity. This leads us to
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conclude that apocynin is a potent candidate that efﬁciently exerts anti-diabetic and anti-adipogenic activity
by regulating resistin and antioxidant enzyme levels
and can be taken further for in vivo studies.
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