
 

 

PUBLICATIONS 

 
 

 

 

 

 

 



Biomedicine & Pharmacotherapy 83 (2016) 785–791
Swertiamarin ameliorates oleic acid induced lipid accumulation and
oxidative stress by attenuating gluconeogenesis and lipogenesis in
hepatic steatosis
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A B S T R A C T

Swertiamarin, a bitter secoiridoid glycoside, is an antidiabetic drug with lipid lowering activity
meliorates insulin resistance in Type 2 Diabetes condition. Therefore, the study was designed to explore
the antioxidant and hypolipidemic activity of swertiamarin in ameliorating NAFLD caused due to hepatic
lipid accumulation, inflammation and insulin resistance. Steatosis was induced in HepG2 cells by
supplementing 1 mM oleic acid (OA) for 24 h which was marked by significant accumulation of lipid
droplets. This was determined by Oil Red O (ORO) staining and triglyceride accumulation. Swertiamarin
(25 mg/ml) decreased triglyceride content by 2 folds and effectively reduced LDH release (50%) activity by
protecting membrane integrity thus, preventing apoptosis evidenced by reduced cleavage of Caspase 3
and PARP1. We observed that swertiamarin significantly increased the expressions of major insulin
signaling proteins like Insulin receptor (IR), PI(3)K, pAkt with concomitant reduction in p307 IRS-1. AMPK
was activated by swertiamarin action, thus restoring insulin sensitivity in hepatocytes. In addition, qPCR
results confirmed OA up-regulated Sterol Regulatory Element Binding Protein (SREBP)-1c and fatty acid
synthase (FAS), resulting in increased fatty acid synthesis. Swertiamarin effectively modulated PPAR-a, a
major potential regulator of carbohydrate metabolism which, in turn, decreased the levels of the
gluconeogenic enzyme PEPCK, further restricting hepatic glucose production and fatty acid synthesis.
Cumulatively, swertiamarin targets potential metabolic regulators AMPK and PPAR-a, through which it
regulates hepatic glycemic burden, fat accumulation, insulin resistance and ROS in hepatic steatosis
which emphasizes clinical significance of swertiamarin in regulating metabolism and as a suitable
candidate for treating NAFLD.
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1. Introduction

Swertiamarin, a bitter secoiridoid glycoside, is a known potent
compound for complementary and alternative medicine for many
human diseases. Swertiamarin is the major compound found in
Enicostemma littorale Blume. It’s pharmacokinetic study suggested
that it rapidly distributed in most of the tissues and was absorbed
through the liver and eliminated by the kidney [1]. Evidences
suggest that swertiamarin possesses multifactorial effects which
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are hypoglycemic, hypolipidemic, antioxidant, hepatoprotective
and insulin sensitizing activity [2–5].

Central obesity, insulin resistance, and altered fat metabolism
are causative factors associated with the development of NAFLD
globally in 20–30% and 15% in western population and Asians
respectively. Obesity leads to ectopic fat deposition in liver giving
rise to NAFLD [6]. Ectopic fat deposition in hepatocytes enhance
inflammatory responses as the activated macrophages of liver
called Kupffer cells release pro-inflammatory cytokines like TNFa,
IL6, etc. that provoke intrahepatic inflammatory response and
oxidative stress [7]. Elevated PAT (perilipin, adipophilin and TIP47),
a family of lipid droplet-associated proteins actively involved in
droplet formation, and their turnover directs lipase to digest the
neutral lipids and prevent lipolysis [8]. This leads to ectopic fat
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deposition converting hepatocytes to bulky, signet shaped, leaky
cells.

The disease progression, as observed from histopathological
studies, categorizes it sequentially into macrovesicular steatohe-
patitis, microvesicular steatosis, steatohepatitis (NASH), NASH
with fibrosis to cirrhosis and liver cancer [9,10]. To study the
pathophysiology of the disease, various in vivo experiments have
been carried out. Transcriptional factors regulating lipid metabo-
lism and pro-inflammatory cytokines responsible for NAFLD in
LIRKO mice elucidated the molecular mechanism of this disease.
HepG2 cells (human hepatoblastoma cells) are considered as the
best model for understanding the pathophysiology of this disease
[11]. Oleic acid (OA) (monounsaturated), treated at pathophysio-
logical dose for 24 h, has been used for induction of steatosis in
hepatocytes by enhanced ROS, fatty acid synthesis, elevated
triglyceride (TG) accumulation and hampered insulin sensitivity
in the model cells which lead to hepatosteatosis [12].

Inflammation in hepatocytes activate PKCs and serine/threo-
nine kinases that downregulate tyrosine kinase activity and insulin
receptors of insulin signaling pathway, thus causing insulin
resistance. Moreover, accumulated fatty acids activate PEPCK
which produces hepatic glucose production thus, leading to
hepatic glycemic burden [13,14]. SREBP-1c gets activated, further
stimulating synthesis of lipids by activating the major transcrip-
tional factor PPAR-a (predominant in hepatocytes) and lipogenic
genes like FAS, ACC-1, fatty acid translocase (CD36) and fatty acid
oxidizing Carnitoyl Palmitoyl Transferase I (CPT-1) enzyme [15,16].
Cumulatively the hepatocytes embark a sign of cell damage and
injury that leads to loss in the cell membrane integrity, detected by
percent release of Lactate dehydrogenase (LDH) and caspase
activation [17,18]. 50 AMP-activated protein kinase (AMPK), a
metabolic sensor, controls (HGP) fatty acid synthesis and induces
insulin signaling by regulating PEPCK, SREBP-1c translocation and
AKT phosphorylation respectively [19].

Major objective of this study is to treat type 2 diabetes
associated complications like NAFLD by potent insulin sentizer.
However, chemically synthesized insulin senstizer drugs have side
effects with high dosage. Therefore, herbal compounds are the best
choice as alternative medicine. In our in vivo study, NA-STZ induced
NIDDM Charles foster rats were treated with swertiamarin to
understand it’s potentials on insulin signalling proteins along with
carbohydrate and lipid metabolism genes. The study depicted that
swertiamarin, a bitter glycoside effectively reduced insulin
resistance, restored carbohydrate and lipid metabolism in liver
and adipose tissues of NIDDM rat. Henceforth, in the present study
We used HepG2 cells in which hepatosteatosis was induced using
OA, and explored the antioxidant and hypolipidemic activity of
swertiamarin in ameliorating NAFLD in insulin resiatance condi-
tion.

2. Materials and methods

2.1. Chemicals and media

Dulbecco’s modified eagle’s medium (DMEM) low glucose,
trypsin-EDTA, OA, fat free BSA and Oil Red O stain were purchased
from Sigma Aldrich. Isolation and characterization of swertiamarin
from Enicostemma Littorale Blume was carried out by recording
melting point and UV spectrometry with a standard sample of
swertiamarin. Purity of the sample was checked by HPTLC using
ethyl Acetate:Methanol:Water (0.7:0.2:0.1) as solvent system [20].
Ultraviolet absorption spectrum showed lmax in the range of 240–
245 nm. Melting point of the compound was 190–192 �C. The mass
fragmentation pattern of compound represented base peak m/z of
374 representing molecular weight and m/z of 212 (M-162), a
characteristic peak after removal of sugar moiety from the
compound. TLC profile observed under UV 254 nm; and Densito-
grams of tracks [4]. Fetal bovine serum (FBS) and Penicillin-
Streptomycin were procured from Gibco, Life Technologies and cell
culture experiments were carried out in tissue culture plastic
wares (Nunclon). RNA extraction was performed using Trizol
(Invitrogen), gene specific primers were designed from IDT and all
the other reagents required for molecular biology experiments
were procured from Life Technologies. TG and LDH kits were
purchased from Reckon Diagnostics, Vadodara, India and all
proteomics grade reagents were obtained from Bio-Rad and
antibodies for protein expression were obtained from CST.

2.2. Cell culture

Human hepatocellular carcinoma cells (HepG2) obtained from
National Centre for Cell Sciences (NCCS), Pune, India, were seeded
(1 �105cells/T25 Flask) and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) Low Glucose with 10% FBS and 1% antibiotic-
antimycotic solution (10X) at 37 �C with 5% CO2 (Thermo scientific,
CO2 incubator). Cells were subsequently passaged every four days
by trypsinization with 0.25% trypsin-EDTA solution.

2.3. Induction of steatosis in hepatocytes

The experiment was carried out for 24 h, which was divided into
three groups: (1) Control, (2) OA Treated; 1 mM OA was used for
induction of steatosis in HepG2 cells [21] and (3) 25 ug/ml
swertiamarin was added along with OA in HepG2 cells.

2.4. Qualitative and quantitative analysis of in vitro steatosis

At the end of the treatment period (24 h), cells were fixed in
buffered 4% para-formaldehyde for 10 min at RT and were washed
twice with PBS. 1.0 ml of Oil Red O solution (1% in isopropanol) was
then added to each well and incubated at RT for 10 min. After
removing the stain from each well, the cells were washed with PBS
until the solution became clear. Wells were dried, mounted in
glycerin and examined under phase contrast microscope, Nikon.
After washing and drying completely, 1 ml of isopropanol (100%)
was added to each well, incubated for 10 min and then transferred
to 1.5 ml tube and the absorbance were read at 520 nm [21] using
Microplate Reader (Multiskan, Thermo Co.).

2.5. TG accumulation assay

After 24 h of treatment, cells were washed thrice with PBS and
lysed with 1% triton X-100 in PBS. The cell lysate were centrifuged
at 10,000g for 2 min, the supernatant was collected, assayed for TG
using a commercially available enzymatic kit (Reckon Diagnostics,
Baroda, India). Results were expressed as percentage TG. These
values were normalized to total protein in the extract, measured
with the Bradford reagent method (Bio-Rad).

2.6. LDH release assay

Cytotoxicity was measured as the fraction of Lactate dehydro-
genase (LDH) released into the medium. HepG2 cells were
maintained in 6 well plates for 24 h as described above. After
the collection of conditioning media, cells were washed with
phosphate buffered saline (PBS) and lysed in 1% triton X-100 in PBS.
Cell lysates were collected, vortexed for 15 s and centrifuged at
4000g for 5 min. LDH activity was measured in the supernatant and
in the cell lysate by a commercially available kit (Reckon
Diagnostics Ltd, Baroda, India). LDH activity was calculated
for intracellular and supernatant separately from the



Table 1
List of primers sequences with its accession number and amplicon size.

Gene Accession number Sequence (50!30) Product size (bp)

SREBP-1c NM_001005291 F: TGCATTTTCTGACACGCTTC
R: CCAAGCTGTACAGGCTCTCC

171

PPAR-g NM_138712 F: GTGGCCGCAGATTTGAAAGA
R: TGATCCCAAAGTTGGTGGGC

138

ACC-1 NM_198834 F: TTTAAGGGGTGAAGAGGGTGC
R: CCAGAAAGACCTAGCCCTCAAG

171

FAS NM_004104 F: CACAGGGACAACCTGGAGTT
R: ACTCCACAGGTGGGAACAAG

97

CPT-1 NM_001876 F: TCGTCACCTCTTCTGCCTTT
R: ACACACCATAGCCGTCATCA

206

PCK NM_002591 F: ATCCCCAAAACAGGCCTCAG
R: GGTGAATCCGTCAGCTCGAT

179

b-Actin NM_001101 F: ACTCTTCCAGCCTTCCTTCC
R: CGTACAGGTCTTTGCGGATG

101
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formula—DA/min X F (F = 3376) and % LDH release were calculated
as per the formula—(Media/Total LDH activity) � 100.

2.7. RNA extraction and real time quantitative PCR

Total RNA was isolated from treatment groups using Trizol
Reagent and 2 mg of total RNA was reverse transcribed into first
strand cDNA, synthesized by using Reverse Transcription Kit
(Fermentas INC, USA). Quantitative PCRs were performed in two
independent experiments, in triplicates. 10 ml of total reaction
volume containing 5 ml Power SYBR-Green master mix, 10pM of
each forward and reverse primers (Table 1) using 100 ng cDNA was
taken for Real Time PCR (ABI 7500 Real Time PCR). All qPCR results
Fig. 1. OA-induced steatosis in HepG2 cells determined by Oil Red O staining and Triglyce
contrast microscope. (b) Quantification of Oil Red O stain (OD at 520 nm) after extraction p
** � 0.005 as compared to control; p-value ##� 0.005 as compared to OA, n = 3. (c) Intrace
and were represented as % Tg accumulation; p-value ** � 0.005 as compared to contro
were normalized to the level of b-actin determined in parallel
reaction mixtures to correct any differences in RNA input. Fold
changes in qPCR gene expression was analyzed using 7500 Real
time PCR software V.2.0.6 and Data assist software (Applied
Biosystems Inc.) which led to a possible estimation of the actual
fold change. The qPCR results are expressed as mean � S.E.M of RQ
values versus target gene.

2.8. Protein extraction and western blotting

Western blot was performed for expression of various proteins.
Briefly, HepG2 cells were subjected to all respective treatments for
24 h, and then the cell pellets were lysed with 1 ml of the lysis
ride accumulation (a) Oil Red O staining observed at 20X magnification under Phase
rocedure is represented in terms of % of Oil Red O stain compared to control; p-value
llular Triglyceride accumulation values were normalized with the protein estimation
l; p-value ##� 0.005 as compared to OA. n = 3.



Fig. 2. Protective effect of swertiamarin on membrane integrity and cellular
activation of apoptosis. (a) Effect of swertiamarin on % LDH release. p-value
** � 0.005 as compared to control; p-value ##� 0.005 as compared to OA. n = 3 (b)
Western blotting for checking protective effect of swertiamarin by analyzing TNFa,
activated Caspase 3 and its most well-known death substrate PARP1 that is cleaved
to an apoptotic signature 89 kDa fragment when compared to OA treated group.

788 T.P. Patel et al. / Biomedicine & Pharmacotherapy 83 (2016) 785–791
buffer (1 mM EDTA, 50 mM Tris-HCl pH 7.5, 70 mM NaCl, 1% Triton,
50 mM NaF) supplemented with protease inhibitor cocktail
(Fermentas). Protein estimation in all samples was carried out
using Bradford reagent according to the manufacturer’s sugges-
tions (Bio-Rad). Cell lysate (20 mg) were separated on SDS-
polyacrylamide gel using Mini-tetrapod electrophoresis system
(Bio-Rad) and transferred onto nitrocellulose membrane (Thermo
Inc). Blots were then incubated with blocking milk buffer (5% fat
free skimmed milk with 0.1% Tween-20 in PBS). The blots were
then probed for IR-b, pIRS-1, pAKT, PI(3)K, PPAR-a, pAMPK, AMPK,
TNFa, Caspase 3 and PARP1 with primary antibodies (1:1000) and
were incubated overnight at 4 �C. Anti-rabbit or anti-mouse IgG
conjugated with HRP were used as secondary antibodies and the
blots were developed using ultra-sensitive enhanced chemilumi-
niscence reagent (Millipore, USA) and image was captured by
Alliance 4.7 UVI Tec Chemidoc.

2.9. Statistical analysis

The results were analyzed using one-way analysis of variance
(ANOVA) and Student’s T-test to determine the level of signifi-
cance. p < 0.05 was considered to be significant. Results were
expressed as mean � SEM. The statistical analysis was carried out
using the Graph Pad Prism 3.0 software.

3. Results

3.1. Confirmation of steatosis in OA induced HepG2 cells

After HepG2 cells were treated with 1 mM OA for 24 h, epithelial
morphology of hepatocytes was found to be transformed into
bulky lipid laden round cells, stained red due to Oil Red O stain. The
stain was extracted with isopropanol and estimated spectropho-
tometrically at 520 nm, revealing that there was significant
reduction in the lipid content in steatic hepatocytes treated with
swertiamarin (25 mg/ml) when compared to OA induced steatic
hepatocytes without SM treatment. This was the primary
confirmatory step for hepatosteatosis (Fig. 1a and b).

3.2. Swertiamarin lowers the triglyceride (TG) content

Spectrophotometric analysis of triglyceride content in steatotic
hepatocytes treated with swertiamarin showed significant reduc-
tion in the accumulated (50%) triglyceride content (Fig. 1c).

3.3. Swertiamarin rescues membrane integrity, apoptotic cleavage of
PARP and caspase 3 activation of inflammatory mediated apoptotic
pathway

Swertiamarin treatment significantly reduced (50%) LDH
activity when compared to HepG2 cells treated with OA
(Fig. 2a). Swertiamarin treatment significantly reduced the pro-
inflammatory cytokine levels and thus, proved its anti-inflamma-
tory activity. Swertiamarin significantly reduced the cleavage of
Caspase 3 and PARP1 (Fig. 2b).

3.4. Effect of swertiamarin on insulin signaling proteins in insulin
resistant HepG2 cells

Immunoblotting of various insulin signaling proteins from
hepatosteatosis cells revealed that swertiamarin reduced insulin
resistance by decreasing the expression levels of phosphorylated
ser-307 IRS1 with concomitant increase in the levels of IR-b, PI(3)K
and pAKT, proteins of insulin signaling. Swertiamarin reduced the
expression of PPAR-a, the master regulator which was found to be
elevated in OA induced insulin resistant hepatocytes (Fig. 3a and
b).

3.5. Swertiamarin activates AMPK in OA induced insulin resistance in
HepG2 cells

Swertiamarin was co-treated with OA for 24 h in HepG2 cells,
phosphorylation of AMPK at Thr-172 verses AMPK protein was
noted by immunoblotting with total AMPKa antibody. AMPK
phosphorylation at threonine 172 is currently accepted as a marker
of AMPK activity. Exposure of HepG2 cells to OA (1 mM) decreased
phosphorylated AMPK (Thr 172) by 39% without a change in total
AMPKa protein. Swertiamarin conserved phosphorylation of
AMPKa (Thr 172) to the normal levels in insulin-resistant
hepatocytes (Fig. 3c and d).

3.6. Swertiamarin reduces fat accumulation by regulating fat
metabolic enzymes and HGP in steatotic hepatocytes

Swertiamarin treatment significantly reduced the expressions
of major lipogenic genes like FAS, ACC-1. Also the levels of
transcriptional factors like SREBP-1c and PPAR-g were significantly
down regulated in swertiamarin treated NAFLD cells.

Swertiamarin treatment markedly decreased expressions of
this gene, with reduction in CPT-1 levels, thus altering fatty acid
oxidation. There was also a significant decrease in the expression



Fig. 3. Effect of swertiamarin on signaling pathways using insulin resistant HepG2. (a) Western blot study showing the effect of SM treatments on the expression of PPAR-a
and Insulin signaling proteins: IR-b, ser307pIRS-1, pAKT and PI(3)K in the HepG2 as compared to OA treated group. b-actin was taken as an internal control. (b) Densitometric
analysis for the Insulin signaling proteins done using Image J software. (c) Swertiamarin on AMP-Kinase activation using insulin resistant HepG2. Western blot study showing
the effect of SM treatments on the expression of phopho-AMPKa(Thr172) and total AMPKa in the HepG2 as compared to OA treated group. (d) Densitometric analysis for
AMPKa activity done by Image J software, Data presented as Mean � SEM of n = 3. p-value ** � 0.005 as compared to control; p-value ##� 0.005 as compared to OA. p-value;
ns > 0.05 as compared to control & OA. (20 mg protein).

Fig. 4. Effect of swertiamarin on the expression of fat metabolism genes and HGP in
liver steatosis. The expression levels of fat metabolic genes SREBP-1c, PPAR-g , ACC-1,
FAS, CPT-1 and PEPCK(PCK) were checked using quantitative PCR. Data presented as
Mean � SEM of n = 3. p-value ** � 0.005 as compared to control; p-value ##� 0.005
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level of PPAR-a, the master transcriptional regulator responsible
for glucose oxidation. OA treated hepatocytes showed increased
expressions of PEPCK, an enzyme responsible for production of
glucose that caused hepatic glucose production, which was found
to be reduced in swertiamarin treated group (Fig. 4).

4. Discussion

Central obesity with dysregulated adipocyte metabolism is
causative factor for NAFLD, worldwide. Excess of fat accumulation
in hepatocytes activates cytotoxic macrophages that cause
inflammation in the hepatocytes which worsens the pathophysi-
ology by enhanced fibrosis and liver damage [22]. Insulin
sensitizers are better choice of treatment. However, to overcome
their side effects, swertiamarin, a potent anti-diabetic drug as
proven from our in vivo study, was further studied to understand
its molecular mechanism in ameliorating NAFLD in OA induced
steatosis in HepG2 cells. Current study states that swertiamarin
inhibits translocation and accumulation of free fatty acids into OA
treated hepatocytes, which prevent insulin resistance [6,23].
Hepatocytes were prevented from damaging their cytoskeletal
organization, thus preventing their conversion to signet bulky and
leaky cells resembling the myofibroblastic phenotype [11,22].
Significant reduction in LDH release provides evidence that
swertiamarin prevents oxidative stress and disruption of cell
membrane, hence, reducing cytotoxicity in hepatocytes. All the
alterations evidenced cumulatively in the OA induced steatosis in
hepatocytes activated cleavage of caspase and PARP1 [24].
Swertiamarin treatment significantly reduced caspase and PARP-
1 cleavage.

AMPK acts as a nutrient sensor and plays a central role in
promoting catabolism by regulating PPARs, the transcriptional
as compared to OA.
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factors responsible for lipogenesis and fatty acid oxidation. It
regulates SREBP-1c nuclear translocation, thus inhibiting the
PPAR-g mediated activation of lipogenic genes like ACC-1, FAS and
CD36, hence decreasing fat accumulation and mobilization
[19,25,26].

Swertiamarin treatment potentially increased the levels of
AMPK with concomitant reductions in lipogenic enzymes. Also,
with increased fat production, fatty acid oxidation is elevated in
NAFLD by increased CPT-1 expressions, which were found down-
regulated upon swertiamarin treatment by regulating PPAR-a
transcription, thus providing a clear line of evidence that
swertiamarin would be a potential drug used for treating hepatic
steatosis. PPAR-a is predominantly expressed in liver and senses
fatty acid. The normal function of PPAR-a/PGC-1 pathway is to
maintain fasting to feeding state by maintaining balance between
fatty acid oxidation to hepatic glucose production, which is also
controlled by AMPK. Carbohydrate metabolism in liver is tightly
regulated by many key enzymes among which PEPCK is the key
regulatory enzyme of gluconeogenesis and increased ketosis [15].
Swertiamarin treatment significantly reduced the expressions of
PEPCK, thus preventing hyperglycemic burden and toxicity in
hepatocytes. Effects of swertiamarin with respect to fat and
carbohydrate metabolism, delineates it as a potent regulator of fat
and carbohydrate metabolism in hepatocyte in steatosis. The
present study supports that swertiamarin exhibits hypolipidemic
and cholesterol reducing activity at systemic level in vivo [4,27].

In Type 2 DM, gluconeogenesis and fatty acid oxidation are
elevated through CREB-dependent induction of PPAR-a/PGC-1
pathway stimulating the mammalian tribbles homolog TRB-3
which interferes with serine-threonine kinase AKT/PKB of insulin
signaling cascade [28]. Excess of free fatty acids are activators of
various protein kinases (PKCs) that leads to Ser 307 phosphoryla-
tion of IRS-1 and downregulation of tyrosine phosphorylation
[29–34], which is also found in OA induced hepatosteatosis in
hepatocytes. Western blot analysis in the current study depicted
that swertiamarin significantly reduced the levels of IRS-1 (ser
307) phosphorylation, a hallmark of insulin resistance with
increase in IR-b, PI(3)K and pAKT which elevates insulin sensitivity
and could probably restore glycogen storage [7]. The increased
expression of the insulin signaling proteins in the swertiamarin
treated steatotic hepatocytes strengthens the evidence that shows
swertiamarin as a potential insulin sensitizer [4].

The present study explores that swertiamarin activates AMPK
which govern the transcriptional regulators SREBP-1c/PPAR-g and
hence, controls lipogenic genes, ACC-1 and FAS that reduces Tg
accumulation, hence, preventing LDH release and ROS generation.
Transcriptional regulator PPAR-a and insulin signaling proteins are
restored back to their normal levels which delineates swertiamarin
among the group of recent drugs implicated for amelioration of
Diabetes [35]. AMPK activation by swertiamarin reduced hepatic
glucose production, lipogenesis and insulin resistance by control-
ling the major transcriptional factors PPARa, PPARg along with
insulin signaling proteins respectively. Thus, the study provides a
strong evidence that swertiamarin potentially targets all the
master regulators like AMPK, PPAR (a and g) and oxidative stress.
Thus, swertiamarin proves to be a potent AMPK activator and
Insulin sensitizer signifying a powerful drug for the treatment of
hepatosteatosis and insulin resistance in obesity (Graphical
abstract).
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Abstract Sedentary life style and high calorie dietary

habits are prominent leading cause of metabolic syndrome in

modern world. Obesity plays a central role in occurrence of

various diseases like hyperinsulinemia, hyperglycemia and

hyperlipidemia, which lead to insulin resistance and meta-

bolic derangements like cardiovascular diseases (CVDs)

mediated by oxidative stress. Themortality rate due to CVDs

is on the rise in developing countries. Insulin resistance (IR)

leads to micro or macro angiopathy, peripheral arterial

dysfunction, hampered blood flow, hypertension, as well as

the cardiomyocyte and the endothelial cell dysfunctions,

thus increasing risk factors for coronary artery blockage,

stroke and heart failure suggesting that there is a strong

association between IR and CVDs. The plausible linkages

between these two pathophysiological conditions are altered

levels of insulin signaling proteins such as IR-b, IRS-1,
PI3K, Akt, Glut4 and PGC-1a that hamper insulin-mediated

glucose uptake as well as other functions of insulin in the

cardiomyocytes and the endothelial cells of the heart.

Reduced AMPK, PFK-2 and elevated levels of NADP(H)-

dependent oxidases produced by activated M1 macrophages

of the adipose tissue and elevated levels of circulating

angiotensin are also cause of CVD in diabetes mellitus

condition. Insulin sensitizers, angiotensin blockers,

superoxide scavengers are used as therapeutics in the ame-

lioration of CVD. It evidently becomes important to unravel

the mechanisms of the association between IR and CVDs in

order to formulate novel efficient drugs to treat patients

suffering from insulin resistance-mediated cardiovascular

diseases. The possible associations between insulin resis-

tance and cardiovascular diseases are reviewed here.

Keywords Insulin resistance � CVD � Dyslipidemia �
Metabolic syndrome � Oxidative stress � Inflammation
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Introduction

Cardiovascular diseases (CVDs) are often associated with

metabolic diseases and are one of the major cause of early

deaths in diabetic population. In diabetic patients, 65 % of

the deaths are listed due to CVD [1]. In Framingham

studies, it has been reported that diabetes is a precursor of

cardiovascular morbidity, mortality and congestive heart

failure [2, 3]. Several hypothesis such as hyperglycemia,

oxidative stress, inflammation, obesity, sedentary life style,

genetic predisposition etc. have emerged to connect the

dots between diabetes and CVD. However, none of the

hypothesis is able to completely define the underlying

pathophysiology. In aggressive conventional therapy for

diabetes the risk of CVD is reduced by about 42 %. Thus, a

high-quality management of diabetes alone does not

explain the high incidence of CVD in these patients. One of

the overlooked links that is common in type 2 diabetic

patients is the occurrence of insulin resistance (IR). The

role of insulin as an atherogenic molecule as well as the

significance of insulin signaling in the endothelial cells has

been underappreciated even though these cells are the key

players involved in the vascular function. Furthermore, the

complexity of IR syndrome, arising in the major peripheral

insulin-dependent tissues leading to the microvascular and

macrovascular complications in diabetes due to systemic

IR, is not clearly understood.

Pathophysiology of cardiovascular diseases
in diabetes

Persistent hyperglycemia causes microvascular and

macrovascular complications in both type 1 and type 2

diabetes. Microvascular complications include nephropa-

thy, neuropathy and retinopathy, while macrovascular

complications include coronary artery disease, peripheral

arterial disease and stroke [4]. Some of the main etiological

factors for CVD are as follows:

Oxidative stress, inflammatory response

and endothelial dysfunction

Much of the enduring pathology of diabetes occurs as a

consequence of persistent hyperglycemia leading to

increased reactive oxygen species (ROS) production by

mitochondria, which is the main source of oxidative stress

involving complications of diabetic pathologies including

CVD [1, 5, 6]. In type 1 diabetes, endothelial dysfunction is

an essential determinant of inflammatory activities and

considered as an early CVD marker. The inflammatory

response is generated by innate immunity which includes

augmentation of cytokine and chemokine release, enhanced

leukocyte marginalization and increased superoxide release

[7]. It is coupled with the impairment of the endothelial

signal transduction and redox-regulated activation of tran-

scription factors [8], and endothelial dysfunction in type 2

diabetes has also been shown to occur [9, 10]. It has been
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demonstrated that excess ROS production due to hyper-

glycemia induces epigenetic changes like: monomethyla-

tion of lysine from histone 3 which increases expression of

p65 subunit of NFj-B. These epigenetic reactions can be

considered as mediators between diabetes, chronic

inflammatory response and CVD [11, 12].

Dyslipidemia, obesity and hypertension

Risk of CVD persists in dyslipidemia, due to atherogenic

profile which comprises of increased very low-density

lipoprotein (VLDL) cholesterol, triglycerides and low-den-

sity lipoprotein (LDL) cholesterol levels whereas decreased

high-density lipoprotein (HDL) cholesterol levels. This is

also supported by studies showing that diabetic hyperlipi-

demia or hyperglycemia accelerates atherogenesis [13, 14],

also obesity and diabetes are coupled with major increase in

morbidity and mortality due to CVD [15, 16]. It is observed

that in obesity, visceral fat deposition leads to inflammation

which also plays an important role in diabetic complications.

The association between hypertension and obesity is also

known to cause higher rate of morbidity and mortality

associated with CVD [17, 18]. It is reported that approxi-

mately 10–30 % type 1 diabetic and 60 % type 2 diabetics

suffer from hypertension and thus high risk of CVD.

Hypoglycemia

Insulin and hypoglycemic drugs control glycemic load and

may lead to frequent hypoglycemia-related cardiovascular

mortality in diabetes patients [19]. Hypoglycemia is found

to cause unusual electrical activity in the heart and is thus

believed to aggravate sudden death [20, 21]. Inflammation

in hypoglycemic condition occurs due to C-reactive protein

(CRP), IL-6, vascular endothelial growth factor (VEGF),

increased platelet and neutrophil activation [22].

Autonomic neuropathy

Cardiac autonomic neuropathy (CAN) is one of the com-

mon complications of type 1 and type 2 diabetes. It prevails

in about 20 % and is reported to increase with age as well

as duration of diabetes with annual increase of 2 % [23,

24]. EURODIAB study reported that poor glycemic control

is strong risk factor for CAN which is the predictor of CVD

morbidity and mortality in type 1 diabetes [25].

Apparently, all the above factors play an important role

in diabetes related CVD risk. However, association of these

factors with hyperinsulinemia leading to IR, hall marks of

type 2 diabetes as a causal factor in cardiovascular diseases

is not fully appreciated. An effort is made to delineate the

relationship of insulin resistance and CVD in the patho-

genesis of type 2 diabetes.

Molecular mechanism of insulin resistance

Insulin plays a central role in carbohydrate and lipid meta-

bolism in peripheral system and also has other functions in

heart and brain. Obesity is the major contributory factor to

systemic interventions like hyperglycemia, hyperinsuline-

mia, hyperlipidemia etc. which leads to inefficiency or fail-

ure of insulin action that leads to systemic insulin resistance

condition [26, 27] as shown in Fig. 1.

Muscle, adipose and liver are themost affected organs due

to overload of lipid accumulation and thus, lead to peripheral

insulin resistance [28]. Free fatty acids (FFA) circulate and

deposit into the skeletal muscle myocytes and intramuscular

lipid accumulation occurs, which further aggravates the

insulin resistance condition by downregulating the expres-

sion as well as reducing total insulin receptor number [26].

Excess fat activates the Toll-like receptors (TLRs) on the

resident macrophages of adipose tissue that secrete TNF-a.
The later, activates NFjB-mediated cellular toxicity by acti-

vating various PKCs and downregulating tyrosine phospho-

rylation of insulin receptors. This compromises insulin

signaling and promotes insulin resistance [29, 30]. Activation

of various isoforms of PKCs, also activates Ser/Thr kinases

which phosphorylates IRS-1 at Ser 307 that hampers the

association of IRS-1 and PI3K, ultimately causing proteaso-

mal degradation of IRS-1 and IRS-2. These events inhibit

insulin signaling as well as the translocation of glu-

cose transporter 4 (GLUT4) and insulin stimulated glucose

uptake [29, 31]. Stimulated SREBP-1c also decreases IRS-2

levels in insulin resistance condition. Downstream in the

signaling, altered ratio of PI3K subunits p110/p85 inhibits the

dimerization of the enzyme and thus reduces its activity.

Suppressors of cytokine signaling (SOCS) proteins, which are

induced by inflammatory cytokines, bind to the insulin

receptors and block their signaling. Insulin resistance can also

be due to an increase in the activity as well as amount of the

enzymes that normally reverse insulin action, including the

phosphotyrosine phosphatases, e.g., PTP1b, and the PIP

phosphatases, e.g., PTEN and SHIP.

All these events lead to a concomitant reduction in insulin

stimulated glycogen synthesis and glucose uptakewhich leads

to activation of the phosphoenolpyruvate carboxykinase, the

rate limiting enzyme of gluconeogenesis. This increases

hepatic glucose production which not only leads to hepatic

insulin resistancebut overall insulin resistanceaswell [31, 32].

Mechanism of oxidative stress in diabetes
and insulin resistance

Glucose toxicity, being the hallmark of diabetes mellitus is

responsible for ROS production leading to oxidative stress

[32]. There are several mechanisms by which
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hyperglycemia can induce oxidative stress. These include

the activation of polyol pathway, glucose auto oxidation,

formation of advanced glycation end (AGEs) products,

increased FFA, leptin levels and increased mitochondrial

ROS generation [6, 33].

Activation of polyol pathway and formation

of advanced glycation end (AGE) products

In hyperglycemia, up to 35 % of glucose is metabolized by

polyol pathway. NADPH is needed for the production of

reduced Glutathione, which is consumed by aldol-reduc-

tase (first enzyme of the pathway), thus preventing the

regeneration of reduced Glutathione further aggravating

oxidative stress. The second enzyme is sorbitol dehydro-

genase that converts sorbitol to fructose producing NADH.

NAD(P)H oxidases can use NADH to produce more

superoxide anion [34].

Ketoaldehyde, protein reactive dicarbonyl sugar, is a

product of glucose autoxidation and a member of AGE,

which not only yields H2O2 but also the other highly reac-

tive oxidants that become an important source of diabetes

mellitus (DM)-induced oxidative stress [6]. Glyoxal and

arabinose have been reported to be the major dicarbonyl

intermediates that cause protein browning observed in DM

and aging. Oxidative stress increases with age as well as

severity of DM, which stimulates Maillard reaction where

these dicarbonyl intermediates attach non-enzymatically to
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Fig. 1 Etiological factors affecting insulin-dependent and insulin-

independent pathways which cumulatively lead to alterations in

metabolism and cause insulin resistance (IR). Factors such as obesity

and sedentary life style leading to excess free fatty acids (FFA)

availability and hyperinsulinemia are associated with IR. Pathophys-

iological processes involve insulin-independent pathway where

oxidative stress leads to the activation of stress kinases such as p38

and JNK MAPKs stimulating secretion of proinflammatory cytokines

like TNF-a and IL-6 under the transcriptional activation of NF-jB
and induce protein kinase C (PKCs) at serine/threonine residues and

GSK-3. Activation of PKC phosphorylates and subsequently activates

IkB kinase to promote phosphorylation of insulin receptor substrate-1

(IRS-1) which inhibit the ability of IRS-1 to bind to SH2 domains of

the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K)

and as a result impairs insulin signal transduction. Inhibition of PI3K

causes an upregulation of phosphatase and tensin homolog (PTEN)

and SH-2 containing inositol 50-phosphatase (SHIP). On the other

hand, oxidative stress also leads to mitochondrial dysfunction by

downregulating the uncoupling protein-2 (UCP-2) decreasing ATP

production and control glucose transport by the expression and

translocation of glucose transporter 4 (GLUT4). Insulin-dependent

pathway, involving etiological factors mainly excess FFA, hyper-

glycemia and hyperinsulinemia, leads to Ser phosphorylation of

insulin receptors (IR-b) and its substrate (IRS-1) to desensitize

tyrosine phosphorylation of PI3K and Akt. This reduces GLUT4

translocation mainly by the activation of serine/threonine phospho-

rylation caused by activated PKCs ultimately leading to insulin

resistance
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protein amino-structures generating ROS which can promote

oxidation of glycation products leading to AGE formation,

AGEs precursors can further bind to AGE receptors on the

surface of endothelial cells and macrophages resulting in

receptor-mediated production of oxygen free radicals and

dysregulating their functions [35, 36].

FFA- and leptin-mediated oxidative stress

during hyperglycemia

Free or non-esterified fatty acids (NEFA) are elevated in

diabetic patients. Mitochondrial superoxide production

increases when excess FFA enters into the citric acid cycle

and generates acetyl-CoA to produce excess NADH. This

also elevates isoprostanes, which are markers of lipid

peroxidation. Leptin is an adipocyte secretory hormone that

acts on the central nervous system to abate food intake. It

also increases ROS levels when incubated with endothelial

cells, vascular smooth muscle cells, monocytes, and mac-

rophages. Plasma levels of leptin are increased in type 2

diabetics and are associated with CVD [37, 38].

Mechanism of hyperglycemia, hyperlipidemia

and oxidative stress causing insulin resistance

Glucotoxicity and hyperinsulinemia induced IR is patho-

logically associated with hyper-Ser/Thr phosphorylation of

IRS1 and IRS2 that impairs their interaction with the cyto-

plasmic domain of insulin receptor, which abolishes the

propagation of normal insulin signaling [39]. Under normal

conditions, this is an important counterbalancing mechanism

that stops insulin’s action. However, in the case of DM, the

hyperserine phosphorylation of the IRS proteins may lead to

a chronic cellular desensitization to insulin [40].

It has been reported that under oxidative stress condition,

insulin stimulated serine PKB phosphorylation and the

translocation of GLUT4 from internal pool to the plasma

membrane were dramatically reduced [41]. Introduction of

prolonged oxidative stress to L6 myotubes and 3T3-L1

adipocytes mediates GLUT1 transcriptional activation and

insulin-independent glucose uptake. This result in an

increase in mitochondrial ROS production due to an increase

in the basal glucose uptake and metabolism in various cell

types including cardiomyocytes [42, 43]. It is known that

cardiomyocytes expresses both GLUT4 and GLUT1 glucose

transporters [44]. Binding affinity of C/EBP, i.e., the

CCAAT enhancer binding protein to the GLUT4 promoter is

affected during oxidative stress. This alteration in C/EBP

function plays a role in the down-regulation of GLUT4

expression in the cells under oxidative stress [43].

Pathophysiology of DM is not only about an insulin–

glucose axis, but fat derangements are also a major cause

of type 2 diabetes. Central obesity is due to an overload of

TG in abdominal adipocytes. Subcutaneous fat has a high

rate of basal lipolysis. The enlarged visceral adipocytes

pour out FFA which is mainly responsible for ectopic fat

deposition [45]. This leads to ectopic TG accumulation in

muscles, liver, heart and pancreatic b-cells, resulting in IR

at the systemic level by interfering with both insulin

secretion and insulin signaling [46].

Hyperinsulinemia is also known to enhance hepatic

VLDL synthesis thus, leads to the increased plasma

triglyceride and LDL cholesterol levels [47]. Resistance to

the action of insulin on lipoprotein lipase in peripheral

tissues further contributes to the elevated triglyceride and

LDL cholesterol levels [48]. IR condition reduces the

levels of HDL cholesterol despite enhanced HDL choles-

terol synthesis. This decrease in plasma HDL cholesterol

was entirely accounted by an increase in the rate of

apolipoprotein A1/HDL cholesterol degradation, which

exceeds the enhanced rate of its synthesis [49]. It further

supports the view that dysregulation of fatty acid metabo-

lism contributes to the pathophysiology of the IR syndrome

which relates to the risk of cardiovascular disease [50].

Mitochondrial stress and IR

Superoxide anion production is promoted during hyper-

glycemia by the proton electrochemical gradient of the

mitochondrial electron transport. In culture cells, it is

observed that there is inhibition of mitochondrial super-

oxide formation followed by complete inhibition of PKCs

and NF-jB activation. In normal conditions, heme oxy-

genase (HO)-1 has low expression but gets upregulated in

response to oxidants such as heme, H2O2 and TNF-a,
whereas its activity decreases in the case of hyperglycemia

in diabetic rats having increased superoxide anion pro-

duction. Thus, HO-1 is one of the major defense against

oxidative stress which becomes vulnerable and contributes

to mitochondrial oxidative stress in diabetes mellitus [51].

Association of IR and CVD

Hyperinsulinemia is a predictor of coronary artery disease

(CAD) and has been confirmed by patient studies performed

in Finland and Quebec [52, 53]. Other studies have also

shown a relationship between carotid wall atherosclerotic

lesions, angina, and insulin levels/resistance [54].

IR leading to hyperinsulinemia causes hypertension. It

has been observed that the hypertensive patients have

higher fasting and postprandial insulin levels than normal

subjects [55]. Also, the relationship between insulin and

hypertension is mainly seen in first-degree hypertensive

patients, which does not occur with secondary hypertension

[56, 57]. Accordingly, IR and hyperinsulinemia are not
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consequences of hypertension, instead, a genetic predis-

position may contribute to both disorders. Activation of the

sympathetic nervous system, renal sodium retention,

altered transmembrane cation transport, growth-promoting

effects of vascular smooth muscle cells, and vascular

hyperreactivity are some of the mechanisms for developing

hypertension in IR condition [58].

Microalbuminuria represents a significant risk factor for

CVD in patients with (or without) clinical diabetes. Several

studies have reported elevated systolic blood pressure in

the development of microalbuminuria in type 2 diabetic

patients. Thus understanding of the risks involved in the

insulin-resistant patients becomes paramount as they are

more prone toward elevated systolic blood pressures [59].

In patients both lean and obese hypertensive IR is also

associated with enhanced salt sensitivity [60].

Obesity contributes significantly to impaired glucose

tolerance, hyperinsulinemia, type 2 diabetes, dyslipidemia,

and hypertension. All these factors play an important role in

the pathophysiology of IR. Alteration in major metabolism

of fat leads to obesity and IR-related complications such as

atherosclerosis, hypertension and CVDs. IR thus is not

simply a problem of deficient glucose uptake in response to

insulin, but a multifaceted syndrome that significantly

increases the risk for cardiovascular disease. The link

between IR and the associated dyslipidemia, hypertension,

hypercoagulability, and atherosclerosis are numerous and

complex [61]. In Quebec study, 2000 middle aged men were

monitored for 5 years. The study revealed that visceral fat,

as compared to peripheral fat, is more resistant to the

metabolic effects of insulin, more sensitive to lipolytic

hormones and more prone to CVD [62]. Visceral obesity has

been positively correlated with higher levels of plasminogen

activator inhibitor-1 (PAI-1). It complexes with tissue-type

plasminogen activator and eliminates its fibrinolytic activity

[63]. Hence, CVD can be predicted by comparing low levels

of plasminogen activator with PAI-1 levels. Type 2 diabetic

patients have been observed to have higher levels of PAI-1

suggesting that hyperinsulinemia itself is a potent stimulator

for PAI-1 production [64].

As stated above, patients with hypertension and IR are

more prone to disturbances of the fibrinolytic system. Defi-

ciency of clotting inhibitors such as endogenous antithrom-

botic factors (i.e., factors C and S and antithrombin III) has

been associated with the insulin levels. Also, hyperfibrino-

genemia is a powerful independent risk factor for CVD

caused by elevated levels of fibrinogen, which have also been

observed in the insulin-resistant state [65, 66].

Administration of inhibitors of Nitric oxide (NO) syn-

thase abolishes peripheral vasodilatation in response to

insulin, suggesting a crucial role for NO in the normal

vasodilatory response to insulin. This response is lost in

insulin-resistant/obese individuals suggesting resistance to

the action of insulin to induce vascular NO production [66].

Further, abatement of insulin-mediated glucose uptake and

decrease in insulin stimulated blood flow has been

observed in insulin-resistant obese patients. In more

specific vascular studies, it was observed that in insulin-

resistant obese patients the ability of insulin to decrease

aortic wave reflection was severely blunted, as determined

from augmentation index. Also, this defect was a conse-

quence of impaired insulin action, as it was not observed in

the basal state suggesting that IR extends to large conduit

vessels as well as to vessels regulating peripheral blood

flow thereby increasing the risk toward cardiovascular

diseases [60, 67, 68].

Inflammatory responses in obesity, IR and CVD

IR in hyperinsulinemia, hypertension, hyperlipidemia leads

to type 2 DM, and an increased risk of atherosclerotic

CVDs are the adverse effects of central obesity [69]. Apart

from adults, obese children are also found to be on the

alarming edge of IR, hypertension and abnormal lipid

profiles [70]. Various bioactive compounds released by

adipose tissue provoke IR, alterations in lipids, coagula-

tion, fibrinolysis, inflammation that leads to endothelial

dysfunction and atherosclerosis [71].

Adipose tissue is comprised of different cells such as

adipose derived stem cells, adipocytes, endothelial cells

and the immune cells (macrophages—M1 and M2). The

M1 phenotype is involved in inflammatory processes and

the M2 are associated with tissue remodeling. Excess of

adipose tissue expansion and hypoxic conditions activate

inflammatory responses that secrete various pro-inflam-

matory cytokines. Infiltrated pro-inflammatory leukocytes

differentiate into M1 macrophages that clear the adipocytes

that comprise large lipids and hence they resemble foam

like cells (crown-like), structures characteristic of dys-

functional adipocytes [72]. Neuroimmune guidance cue

netrin-1’s expression is high in adipose tissue of obese

human and mice but not in lean. Netrin-1 is responsible for

retention of macrophages into adipose tissue via Unc5b

receptor and hence leads to increased IR in obesity [73].

Infiltration of macrophages into adipose tissue leads to

expansion of the tissue causing chronic low-grade inflam-

mation. Phenotypic switching of macrophages is governed

by cells of innate and adaptive immunity which further

leads to inflammation. The phenotypic switch involves

recruitment of B cells and T cells by changes in the phe-

notype of T cells [74]. With concomitant increase in the

subcutaneous fat tissue, the fat gets deposited in the vis-

ceral fat which releases more pro-inflammatory cytokines.

Elevated central obesity is associated with worsened car-

diovascular risk profiles, IR, hyperlipidemia, increasing the
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influx of FFA into cardiomyocytes. The common patho-

logical pathways between obesity and CVDs are IR and

low-grade inflammation. Presence of NEFA causes lipo-

toxicity and hence impairs endothelium-dependent

vasodilation, increases oxidative stress and has cardio toxic

effect [71]. Various NADPH oxidases (NOXs) present in

macrophages are responsible for generation of ROS in

adipose tissue which aids in cardiovascular diseases [75].

Increased expression levels of b3-adrenoreceptors make

visceral adipose tissue (VAT) more sensitive to cate-

cholamine-induced lipolysis that makes it eventually less

sensitive to a2 effects and to anti-lipolytic activity of

insulin. Excess influx of FFA into myocytes hampers the

oxidative capabilities of substrate switching, leading to the

deposition of the FFAs, and hence causing lipotoxicity. As

a result cardiac dysfunction is promoted by ROS genera-

tion and ceramide production that further impairs insulin

signaling, decreases sarcoplasmic reticular Ca2
? stores,

and causes mitochondrial dysfunction. Due to FFA depo-

sition, heart relies more on it for energy supply. Myocardial

IR hampers insulin signaling proteins [72]. FFAs induce

inflammation through TLR4 and the liver secretory protein

fetuin-A (FetA), acts as an adaptor protein [76].

There is a strong link between leptin and cardiovascular

functions and its remodeling. Hyperleptinemia, central

leptin resistance, and leptin deficiency are all associated

with impaired post-receptor leptin signaling and contractile

response. Alterations in the pathways regulated by leptin in

cardiomyocytes are associated with the pathology of these

cells in obesity. Negative inotropic and hypertrophic

responses are found due to the alterations in JAK/STAT,

MAPK, NO, and b-adrenergic pathways [77].

Interplay of fat cells macrophages, endothelial cells
in IR and CVD

As explained in the earlier section, adipose tissue harbors two

types of macrophages of which M1-macrophages is predom-

inant in obesity, secreting TNF-a and IL-6 thereby enhancing

inflammation [78]. Both macrophages and adipocytes are

capable of accumulating lipids and secreting cytokines. Adi-

pocyte hypertrophy during obesity leads to release of more

FFAs which can bind to TLR-4 resulting in NF-jB activation

leading to augmentation of TNF-a levels [79]. In turn, mac-

rophage-derived TNF-a activates adipocytes, thereby further

inducing lipolysis and enhancing the expression of various

genes [intracellular adhesion molecule-1 (ICAM-1), IL-6,

macrophage chemo attractant protein-1 (MCP-1)]. FFA and

TNF-a in turn also lead to the activation of serine threonine

kinases and promoted IR condition [80].

A key step in the initiation of CVD is the reduction of NO

bioavailability [81, 82]. The bioavailability of NO is

dependent on the balance between its production by eNOS

and its inactivation by ROS. A feature action of insulin in the

endothelial cells is the regulation of eNOS for nitric oxide

production [83, 84]. Thus endothelial cells are crucial target

during diabetes and whole body IR because of obesity and

adipocyte inflammation which leads to a reduction in NO

synthesis. Plasminogen activator inhibitor 1 (PAI-1) is a

marker for risk of premature CVD [85, 86], and the link

between elevated PAI-1 and IR has been studied extensively

where endothelial cells respond to increased levels of insulin

by synthesizing and secreting more PAI-1 [87]. Since there is

a putative VLDL response element in the gene for PAI-1 in

endothelial cells, VLDL (increased during diabetes) also

increases PAI-1 synthesis and secretion [50]. The fat cell

macrophages that are hyperactivated during obesity in

addition to inflammation initiate the whole body IR.

Hyperinsulinemia and IR consecutively affect normal func-

tions of endothelial cells increasing the risks of CVD

(Fig. 2).

Cross-talk of signaling pathways in development
of IR in the heart

Discussion thus far makes a strong case that there is an

association between IR and endothelial cell dysfunction

with the cardiovascular diseases-including coronary artery

disease, hypertension, heart failure, and stroke. Further in

the regulation of various aspects of cardiovascular meta-

bolism and function such as glucose and long-chain fatty

acid (LCFA) metabolism, protein translation, and vascular

tone, insulin plays a key role [88]. As the heart is an

energy-consuming organ, it constantly requires supply of

fuel and oxygen in order to maintain its intracellular ATP

level. The heart gets the same from mitochondria and this

ATP is essential for the uninterrupted myocardial con-

traction/relaxation cycle. Under physiological conditions,

the heart produces ATP from the mitochondrial oxidation

of different substrates, LCFAs (60–70 %) being predomi-

nant over glucose (20 %) and lactate (10 %). In patho-

logical conditions such as starvation or chronic heart

failure, ketone bodies become a major substrate and when

glucose and insulin concentrations rise, glucose becomes

the favored oxidized substrate of the heart [89].

Insulin signaling is a complex cascade wherein, the

effector signaling proteins like IRS-(1/2)/PI3K/Akt have

various downstream substrates, potentially activated by

insulin thus, depicting varied biological roles of insulin.

Glucose uptake

Insulin favors the use of glucose in cardiomyocytes by acti-

vating cardiac 6-phosphofructo-2-kinase (PFK-2) isoform.
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Simultaneously, LCFA uptake in cardiomyocytes occurs

through insulin stimulated activation of PI3K and then

translocation of the LCFA transporter FAT/CD36 to the

plasma membrane [88].

Protein translation

Insulin regulates protein synthesis in cardiomyocytes

through the regulation of PKB/Akt/TSC2/mTOR and their

downstream targets 4E-BP1, p70S6K/S6 and eEF2K/eEF2.

Apart from these, insulin by inhibiting GSK-3 activates

elF2B and stimulates the initiation of protein synthesis

[90]. GSK-3 participates in the negative regulation of

cardiac hypertrophy by phosphorylating and inactivating

the nuclear factor of activated T (NFAT) cells responsible

for the pro-hypertrophic gene expression [91].

Vasculature

Insulin functions as an important vasodilator by stimulating

increased production of the potent vasodilator NO from

vascular endothelium through the activation of eNOS by

PI3K/PKB/Akt pathway [92]. PI3-kinase increases the

trafficking and translocation of NO synthase and cation
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Fig. 2 Representation of interplay between fat cell macrophages,

adipocytes, b-cells, hepatocytes and endothelial cells in insulin

resistance (IR) and cardiovascular disease (CVD) complications.

Excess of free fatty acids (FFA) and lipopolysaccharide (LPS) also

activate TLR4 present on the fat cell macrophages (M1). This

produces pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a), interleukin-1b (IL-1b), IL-6 and resistin through the

activation of NF-j-B which hamper insulin signaling proteins causing

IR. The secreted FFAs are responsible for the ectopic fat deposition in

muscle myocytes and hepatocytes thus causing peripheral IR due to

increased lipolysis and decreased Glut4 translocation further elevating

FFA and blood glucose (G) level. This in turn triggers insulin

(I) secretion by the b-cells and results in hyperinsulinemia. The later

also results in elevated PAI-1 promoter activity in the endothelial

cells which is a marker for CVD. IR also results in decreased NO

synthesis in endothelial cells resulting in decreased vasodilation, thus

increasing the CVD complications. Furthermore, insulin binds to its

receptor on hepatocytes and activates substrate to inhibit phospho-

rylation of tyrosine kinase (e.g., PI3K) and MAPK activity and

controls fat and carbohydrate (CHO) metabolism thus decreasing

HDL/LDL and promotes CVD problems including atherosclerosis.

Thus cumulatively, an interplay of fat cell macrophages, adipocytes,

b-cells, hepatocytes and endothelial cells as well as insulin resistance

leads to cardiovascular diseases
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pump units as well as glucose transporters, which mediates

an increase in NO, Na? pump, K? channel, and calcium

(Ca2?) myofilament sensitivity [93]. These effects are

blunted in IR states, predisposing to the development and

the progression of cardiovascular diseases. Angiotensin II,

a component of renin-angiotensin system (RAS) via stim-

ulation of the angiotensin II, type I receptor (AT1R) acti-

vates JNK and MAP-kinase pathways, leading to increased

serine phosphorylation of IRS-1 and 2 proteins ultimately

inhibiting PI3K signaling and further causing deleterious

effects [94].

Mitochondrial biogenesis in IR: a secondary cause

of cardiovascular disorder

The myocardium maintains a high energy demand to keep

the heart viable, and this energy is supplied by mitochon-

dria. Cardiac muscle of IR individuals generally contains

30 % less mitochondria than that of insulin sensitive

individuals [95]. High-fat diet tends to promote an increase

in mitochondria in order to oxidize fat which is concomi-

tant with the development of tissue-specific IR [96, 97].

Thus, increase in FFA, induced by high-fat diet can be

correlated with mitochondrial biogenesis [98, 99].

Impaired mitochondrial oxidative phosphorylation

(OXPHO) and mitochondrial biogenesis contributes to an

inhibition of insulin metabolic signaling [100]. The

mechanism by which mitochondrial dysfunction is directly

involved, an impairment of IR signaling occurs by con-

trolling the PGC-1 a, nuclear respiratory factors 1 (NRF1)

and NRF2 genes [101], which therefore regulate mito-

chondrial ATP production [102–104]. It is also suggested

that transcriptional activation of PGC1a promotes mito-

chondrial proliferation and its associated markers that are

required for mitochondrial biogenesis in the myocardium

[104, 105]. Studies on cardiac-specific deletion of NRF1

and ERRa suggest that PGC1a activates estrogen-related

nuclear receptors-a and c (ERRa and ERRc) to induce

genes participating in glucose and fatty acid uptakes. This

results in upregulation of ATP transport via NRF1/2-me-

diated stimulation of mitochondrial transcription factor A

(Tfam A) [106–108] and OXPHOS genes [109]. Thus,

there is sufficient evidence that supports the role of mito-

chondrial biogenesis in CVD associated with IR.

IR related to CVDs and potential therapeutic
approaches

Accumulation of fatty acid metabolites, DG and LCFA-CoA

because of mitochondrial dysfunction by atypical PKCs

activation results in IR [110, 111]. Mitochondrial function

and insulin sensitivity can be improved by increased

expression of UCP2/3 or decrease in ROS production by

antioxidants [111]. Modulation of glucose/LCFA metabo-

lism could be an approach for establishing a new equilib-

rium favoring glucose uptake and oxidation in opposition to

LCFA oxidation. Adjustment of insulin signaling can also be

done by using thiazolidinediones and metformin–insulin

sensitizers, which are reported to reduce ROS production,

increase expression of PGC-1a, and stimulate AMPK, thus

improving mitochondrial function by reducing oxidative

stress and stimulating mitochondrial biogenesis [111].

AMPK can also directly stimulate glucose uptake by phos-

phorylating and inactivating AS160 (converging point

between insulin and AMPK-signaling pathways), enhancing

PKB/Akt overactivation and decreasing serine phosphory-

lation of IRS-1 in cardiomyocytes [112]. Under ischemic

conditions, the activated AMPK counteracts the PKB/Akt-

mediated activation of p70S6K, phosphorylation of eEF2,

and stimulation of protein synthesis in cardiomyocytes. In

the cardiac system, expression of a kinase-dead phospho-

fructokinase 2 (PFK2) decreases glycolytic flux, induces

hypertrophy and fibrosis, and reduces cardiomyocyte func-

tion thus explaining the importance of PFK2 in the regula-

tion of cardiac function.

Under normal conditions, insulin stimulates the pro-

duction of NO from endothelium, leading to vasodilation,

increased blood flow, augments glucose disposal in skeletal

muscle. Under IR condition, hyperinsulinemia overdrives

unaffected MAPK-dependent pathways leading to secre-

tion of the vasoconstrictor endothelin-1 (ET-1) from vas-

cular endothelium. This imbalance between vasoconstrictor

and vasodilator actions of insulin under IR condition is an

important factor in the vascular pathophysiology of IR and

endothelial dysfunction. Pharmacological blockage of ET-

1 receptors (ET-A isoform) improves endothelial function

in cardiovascular disorders [113]. Intraarterial vitamin C

improves endothelial-dependent vasodilation in type 2

diabetes mellitus associated CVD [114]. Adiponectin

directly stimulates the production of NO from vascular

endothelium using a PI3-kinase-dependent signaling

mechanism similar to that of insulin, thus opposing

atherogenesis and improve endothelial function [115]. The

development of IR along with cardiometabolic syndrome is

associated with increased tissue renin–angiotensin system

activity [111].

Angiotensin II via its type I receptors stimulates the

production of ROS via NADPH oxidase, increases

expression of ICAM-1 and increases ET-1 release from

endothelium [111]. Pharmacological inhibitors such as

angiotensin-converting enzyme (ACE) inhibitors reduce

circulating angiotensin II levels, and angiotensin receptor

blockers (ARBs) block the actions of angiotensin II ulti-

mately helping in lowering of blood pressure, improving

endothelial function and reduce circulating markers of
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inflammation, augmentation of insulin stimulated glucose

uptake. ACE inhibitors (ramipril) and ARBs (losartan)

support the existence of reciprocal relationships between

endothelial dysfunction and insulin. Tempol, a superoxide

scavenger, is able to ameliorate cardiac and vascular dys-

function, normalize angiotensin II–induced IR [116].

Fibrates are synthetic PPAR-a ligands that improve the

circulating lipoprotein profile, resulting in improved

endothelial function, reduced vascular inflammation, and

reduction in cardiovascular events through increased adi-

ponectin levels [117].

Conclusions

The complex interplay of IR and CVD has been studied

extensively to elucidate the mechanistic pathway underlying

the pathogenesis of the disease. The major causes of IR are

hyperglycemia, oxidative stress and dyslipidemia which

present as risk factors for CVD. The hampered insulin sig-

naling abrogates insulin stimulated glucose uptake,

endothelial functions, vasodilation and blood flow which in

turn compromise functioning of cardiomyocytes and leads to

hypertrophy, fibrosis and atherosclerosis. During severity of

the disease anti-oxidants, anti-inflammatory and insulin

sensitizers also enhance activities of various molecules such

as NO, PI3K, Akt and GLUT4 receptors. Nonetheless, drugs

regulating type 2 DM and hyperlipidemia have side effects

associated with CVD and associated complications sug-

gesting potential dual links between IR, type 2 DM and

CVD at the molecular level. Thus treatment strategies for

CVD would depend on the metabolic status of the individ-

ual. Given the serious consequences of the global CVD

epidemic, understanding of the mechanisms that link IR

with the development of CVD and comorbidities should be

considered as a high priority in further research.
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81. Schächinger V, Britten MB, Zeiher AM (2000) Prognostic impact

of coronary vasodilator dysfunction on adverse long-term out-

come of coronary heart disease. Circulation 101(16):1899–1906

82. Bugiardini R, Manfrini O, Pizzi C, Fontana F, Morgagni G

(2004) Endothelial function predicts future development of

coronary artery disease a study of women with chest pain and

normal coronary angiograms. Circulation 109(21):2518–2523

83. Han S, Liang C-P, DeVries-Seimon T, Ranalletta M, Welch CL,

Collins-Fletcher K, Accili D, Tabas I, Tall AR (2006) Macro-

phage insulin receptor deficiency increases ER stress-induced

apoptosis and necrotic core formation in advanced atheroscle-

rotic lesions. Cell Metab 3(4):257–266

84. Kuboki K, Jiang ZY, Takahara N, Ha SW, Igarashi M,

Yamauchi T, Feener EP, Herbert TP, Rhodes CJ, King GL

(2000) Regulation of endothelial constitutive nitric oxide syn-

thase gene expression in endothelial cells and in vivo a specific

vascular action of insulin. Circulation 101(6):676–681

85. Hamsten A, Wiman B, de Faire U, Blombäck M (1985)
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