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The past couple of decades in particular have seen a rapid increase in the prevalence of type 2 diabetes
mellitus (T2DM), a debilitating metabolic disorder characterised by insulin resistance. The insufficient
efficacy of current management strategies for insulin resistance calls for additional therapeutic options.
The preponderance of evidence suggests potential beneficial effects of curcumin on insulin resistance,
while modern science provides a scientific basis for its potential applications against the disease.
Curcumin combats insulin resistance by increasing the levels of circulating irisin and adiponectin,
activating PPARc, suppressing Notch1 signalling, and regulating SREBP target genes, among others. In
this review, we bring together the diverse areas pertaining to our current understanding of the
potential benefits of curcumin on insulin resistance, associated mechanistic insights, and new
therapeutic possibilities.
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Introduction
DM is a chronic disease caused by the body being unable to
either produce a sufficient amount of, or effectually utilise, insu-
lin. The global prevalence of DM has been suggested to have
almost doubled since 1980.1 In addition, its global prevalence
has been projected to be �700 million by the year 2045, with
90–95% of all DM cases being type 2 in nature.2 DM is a hetero-
geneous and complex metabolic disorder characterised by hyper-
glycaemia secondary to either insulin resistance, inadequate
insulin secretion, or both. The most common categories of DM
are type 1 DM (T1DM), T2DM, and gestational DM. Of these,
T1DM is caused by an absolute or near-absolute insulin defi-
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ciency, whereas T2DM is largely associated with insulin resis-
tance with an inadequate compensatory increase in insulin
secretion, and a relative deficiency of insulin with T2DM.3 Gesta-
tional DM is defined as the glucose intolerance that is recognised
in pregnancy, with onset generally during the third trimester of
pregnancy. Patients with gestational DM can have a risk of devel-
oping T2DM later in life.3.

The pathophysiology of T2DM and associated secondary com-
plications have been largely investigated in biomedical research;
nevertheless, the effective prevention, management, and treat-
ment of this insidious disease remain inadequate. T2DM is often
characterised by insulin resistance and chronic hyperglycaemia4,5
pmu.edu).
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and the former has been suggested to affect a quarter of the adult
population worldwide.6 Despite advances in medicine and phar-
macotherapy, T2DM with insulin resistance remains an over-
whelming health problem. Curcumin [(1E,6E)-1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione], a natural
bioactive polyphenol found in turmeric (Curcuma longa Linn),
has been suggested to be useful in the management of diabetic
complications.7,8 Turmeric is ‘generally recognised as safe’ (GRAS)
as a food ingredient by the US Food and Drug Administration
(FDA), and curcumin is available as a dietary supplement.

Evidence from experimental and clinical studies suggests that
curcumin could offer beneficial effects in the management of
insulin resistance by virtue of its potential to improve insulin
sensitivity via various mechanisms.8–18 Curcumin has wide-
ranging beneficial pharmacological activities, including anti-
inflammatory, antioxidative, antifibrogenic, antiproliferative,
antiviral, and antidiabetic potential.19–23 In clinical practice, it
has been suggested that curcumin may be recommended as an
adjunct to the treatment of patients with T2DM to improve insu-
lin resistance and glycaemic management.12 In this review, we
highlight the most promising findings with regard to the thera-
peutic potential of curcumin in the management of insulin resis-
tance as well as underlying mechanistic insights, which may
provide details for the development of targeted therapy for endo-
crine diseases, such as insulin resistance, a hallmark of T2DM.
Diabetes-associated insulin resistance: A succinct look
If managed inadequately for a considerable amount of time, DM
leads to serious long-term health complications, such as
impaired renal function, blindness, neuropathy, vasculopathy,
stroke, myocardial infarction, dermatopathy, and lower limb
amputation, among others.24–29 Furthermore, DM and coexist-
ing dyslipidaemia, often referred to as ‘diabetic dyslipidaemia’,
have a key pathogenic role in cardiovascular illness. Moreover,
diabetic dyslipidaemia is associated with insulin resistance, ele-
vated plasma triglyceride levels, reduced high-density lipopro-
tein (HDL)–cholesterol concentration and increased numbers of
small, dense low-density lipoprotein (LDL)-cholesterol parti-
cles.30 Together, chronic DM and its complications are major
causes of mortality worldwide. The prevalence of DM has
increased significantly in recent years, with T2DM comprising
�90% of cases of DM.31 Individuals with a family history of
T2DM can have an increased risk of developing T2DM them-
selves.32 Thus, T2DM has become an urgent global health chal-
lenge.33 In general, T2DM is considered a metabolic disorder of
carbohydrates, proteins, and fats caused by insulin deficiency
or insulin resistance, mediating high oxidative stress, inflamma-
tion, and macro- or microvascular dysfunctions, and eventually
developing into diverse complications.20

Insulin resistance is a complex metabolic disorder charac-
terised by the inability of cells to efficiently utilise glucose. This
might occur because of a reduction in the ability of cells to
respond to insulin, which in turn causes elevated blood glucose
concentration in the midst of hyperinsulinaemia, which is con-
sidered the basal state of origin of insulin resistance. Hyperinsuli-
naemia is characterised by unusually high blood insulin levels,
and is an important contributing factor in insulin resistance,
2 www.drugdiscoverytoday.com
obesity, and metabolic syndrome. Consequently, patients with
insulin resistance are predisposed to a cluster of risk factors, such
as T2DM, obesity, hypertension, and dyslipidaemia, among
others.34 Evidence supports that T2DM is largely associated with
insulin resistance,35,36 defined as a normal or elevated level of
insulin producing an attenuated biological response, denoting
impaired sensitivity to insulin-mediated disposal of glucose.37

The insulin signalling pathway is initiated when insulin binds
to its receptor. Once formed, the insulin-receptor complex trig-
gers tyrosine phosphorylation of second messengers, such as
insulin receptor substrate 1 and 2 (IRS1 and 2). In turn, this acti-
vates phosphoinositide-3-kinase (PI3K), which stimulates the ser-
ine phosphorylation of Akt (PKB/protein kinase B), which then
stimulates glucose transport in muscle and adipose tissue by
translocation of glucose transporter-4 (GLUT4) from the cyto-
plasm to plasma membrane.34 GLUT4 is a high-affinity insulin-
responsive glucose transporter predominantly expressed in adi-
pocytes and myocytes; failure of its translocation to the cell
membrane in response to insulin action is recognised as an early
event in the development of insulin resistance.38 Importantly,
IRS1/2 tyrosine phosphorylation has been suggested to activate
IRS proteins to bind to signalling molecules in the insulin sig-
nalling pathway.34 By contrast, serine phosphorylation of IRS
proteins has been suggested to attenuate insulin signalling, add-
ing an additional mechanism of insulin resistance as demon-
strated in rodents.34

Insulin resistance is a pathological condition mainly charac-
terised by tissues showing resistance or less responsiveness to
the action of insulin.38 T2DM can result from insulin resistance
in skeletal muscle, adipose tissue, and the liver, involving several
risk factors, such inflammation, hyperlipidaemia, obesity, and
physical inactivity.38 Globally obesity is considered one of the
major health problems, contributing to the increasing preva-
lence of insulin resistance and T2DM.39 Chronic inflammation
in adipose tissue has been suggested to be a key pathological con-
dition for insulin resistance development in obese individuals.39

Macrophages, immune cells abundantly present in adipose tis-
sue, have a key role in the inflammation of adipose tissue, and
macrophage mitochondrial dysfunction has been suggested to
be a key mediator of obesity-associated macrophage inflamma-
tory response and insulin resistance.39 In this context, mitochon-
drial dysfunction is documented to drive NLRP3 inflammasome
activation, inducing the release of IL-1b, which leads to
decreased insulin sensitivity of insulin target cells.39 In addition,
the hypertrophied adipocytes and infiltration of macrophage-
associated local inflammation can lead to insulin resistance.40
Therapeutic potential of curcumin in insulin
resistance and associated mechanistic insights:
Experimental and clinical evidence
Insulin sensitisers, such as thiazolidinediones and biguanides,
are the mainstay of treatment of T2DM with insulin resistance.35

Yet, the long-term clinical application of these agents is associ-
ated with several harmful adverse effects, emphasising the need
to investigate natural therapeutic products that might avoid such
effects.35 A growing body of evidence suggests that curcumin
modulates glucose homeostasis and improves insulin resistance.
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Despite its well-known efficacies against several pathological
conditions, the limited systemic bioavailability of curcumin is a
continuing concern, while its poor bioavailability might have
curtailed its clinical development as a potential therapeutic
agent. Nevertheless, there have been numerous studies investi-
gating the potential reasons for the reduced bioavailability of
curcumin and, as a result, various therapeutic approaches have
been developed to improve its bioavailability.41 Below we sum-
marize the therapeutic potentials of curcumin in combating
insulin resistance and accompanying mechanistic insights.

Various experimental and clinical studies have demonstrated
the efficacy of curcumin in the management of insulin resis-
tance, and it has long been used in traditional medicine to
improve the symptoms of DM and its comorbidities.9 Curcumin
could act as a regulator of protein homeostasis and has potential
to modulate various intracellular pathways.9 Curcumin supple-
mentation is proposed to improve insulin resistance via the acti-
vation of the insulin receptor and its downstream pathways, as
seen in experimental models.9

In high-fat diet (HFD)-fed male Wistar rats, the beneficial
effects of curcumin on oxidative stress, inflammation and insu-
lin resistance were evaluated.10 Rats fed a HFD showed elevated
levels of insulin, Homeostasis Model Assessment for Insulin
Resistance (HOMA-IR), fasting plasma glucose, total cholesterol
(TC), very LDL (VLDL) and triacylglycerol (TAG), and decreased
levels of HDL cholesterol.10 In addition, the rats showed an
increase in plasma inflammatory markers, such as tumor necro-
sis factor (TNF)-a, and skeletal muscle oxidative stress parame-
ters, such as malondialdehyde (MDA) and total oxidant
status.10 Curcumin treatment was noted to significantly reduce
these parameters, the levels of glucose, insulin, and HOMA-IR,
and also liver fat deposition.10 These results indicate that cur-
cumin supplementation has the potential to improve HFD-
induced dyslipidaemia, inflammation, oxidative stress, and
insulin resistance.10

A growing body of evidence suggests high fructose consump-
tion as a potentially important risk factor for the increasing inci-
dence of insulin resistance and DM globally. In this context, a
study by Maithilikarpagaselvi et al.11, in high fructose-fed male
Wistar rats, investigated the potential preventive effects of cur-
cumin on oxidative stress, inflammation, and insulin resistance
at the molecular level. In this study, feeding of fructose for
10 weeks induced oxidative stress, inflammation, and insulin
resistance in rats.11 Curcumin treatment attenuated insulin resis-
tance by diminishing IRS-1 serine phosphorylation and increas-
ing IRS-1 tyrosine phosphorylation in the skeletal muscle of
high fructose-fed rats.11 In addition, curcumin attenuated hyper-
insulinaemia, glucose intolerance and HOMA-IR level, and
reduced TNF-a and C-reactive protein (CRP) levels.11 Moreover,
curcumin treatment inhibited the increase in MDA and total oxi-
dant status, and suppressed the expression of extracellular kinase
1/2 (ERK 1/2) and p38 in the skeletal muscle of the fructose-fed
rats.11 Furthermore, at the molecular level, curcumin has the
potential to inhibit the activation of stress-sensitive kinases
and inflammatory cascades.11 This study highlights the potential
therapeutic abilities of curcumin in attenuating glucose intoler-
ance and insulin resistance by virtue of its marked antioxidant
and anti-inflammatory properties, suggesting the use of cur-
cumin as an adjuvant in the management of insulin resistance
and diabetes-associated complications.11

Macrophages activated by stressed cells can induce nuclear
factor kappa-B (NFjB), resulting in the production of proinflam-
matory cytokines, such as TNF and interleukin (IL)-6, while these
inflammatory macrophages in adipose tissue and liver can pro-
mote insulin resistance.42 Curcumin has been recognised as an
antioxidant and an inhibitor of NFjB.42 In addition to acting
as a scavenger of intracellular small oxidative molecules, such
as hydrogen peroxide, superoxide anions, hydroxyl radicals,
and peroxyl radicals, curcumin also activates downstream
antioxidant genes and Nrf2, a master regulator of the endoge-
nous antioxidant response.9 Interestingly, curcumin has the
potential to reduce inflammation and prevent or delay obesity-
induced insulin resistance and associated complications.42

Yekollu et al.43 investigated the mechanism by which systemic
delivery of curcumin-containing liposomes (curcusomes)
improves insulin resistance in a leptin-deficient (ob/ob) mouse
model of insulin resistance. This study suggested that both hep-
atic TNF/inducible nitric oxide synthase-producing dendritic
cells (Tip-DCs) and adipose tissue macrophages (ATMs) con-
tribute to insulin resistance in ob/ob mice.43 Interestingly, curcu-
somes inhibited proinflammatory pathways in hepatic Tip-DCs
and ATMs, and subsequently reversed the insulin resistance,43

suggesting targeting inflammatory DCs as an additional
approach for the management of insulin resistance-associated
T2DM.43

Curcumin has been suggested to interact with specific pro-
teins in adipocytes, hepatic stellate cells, pancreatic cells, macro-
phages, and muscle cells, where it can suppress several cellular
proteins, such as NFjB and STAT3, and can activate peroxisome
proliferator-activated receptor gamma (PPARc) signalling path-
ways.44 Moreover, curcumin has the potential to downregulate
inflammatory cytokines and upregulate adiponectin and other
associated proteins.44 Thus, the interactions of curcumin with
several signalling pathways could reverse insulin resistance,
hyperlipidaemia, and other inflammatory symptoms allied with
obesity and metabolic diseases.44.

Recognised as a member of the nuclear receptor superfamily,
PPARc regulates the gene expression of proteins involved in
the metabolism of glucose. PPARc activation has an important
role in glucose metabolism by means of enhancing insulin sensi-
tisation, and PPARc is a primary target for thiazolidinedione-like
insulin sensitisers, such as rosiglitazone and pioglitazone, used
for the management of insulin resistance and T2DM.45 PPARc
is considered a key regulator of insulin sensitisation, and is an
important pharmacological target to combat insulin resistance.46

Moreover, PPARc activation inhibits vascular inflammatory
events and adhesion cascades.45 A growing body of evidence sug-
gests that curcumin has the potential to upregulate or activate
PPARc.44,47,48 This is supported by results obtained in a ran-
domised, double-blind, placebo-controlled trial that evaluated
the effect of curcumin on glycaemic control and the associated
mechanisms involved in women with polycystic ovary syn-
drome (PCOS).48 In this study, compared with placebo, cur-
cumin significantly reduced fasting glucose, serum insulin, and
insulin resistance, and significantly increased insulin sensitivity.
In addition, curcumin administration has been observed to
www.drugdiscoverytoday.com 3
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upregulate the expression of PPARc,48 implying that a beneficial
effect of curcumin in combating insulin resistance could involve
PPARc upregulation and activation (Figure 1). Another ran-
domised placebo-controlled clinical trial evaluated the efficacy
of curcumin supplementation on PPARc coactivator 1a (PGC1a)
gene expression in patients with PCOS,49 wherein curcumin sup-
plementation significantly increased the expression of this
gene.49

A recent randomised controlled study suggested that cur-
cumin has a synergistic effect with metformin in improving insu-
lin resistance in patients with PCOS.50 Abuelezz et al.51

investigated the pancreatic levels of PI3K/AKT/mTOR in a PCOS
animal model and explored the impact of nanocurcumin against
pancreatic pathologies. Western blots revealed a significant
reduction in the levels of PI3K/AKT/mTOR, leading to impaired
insulin sensitivity and decreased b cell mass and function.51

However, nanocurcumin significantly improved oxidative mark-
ers and glucose indices, as well as being shown to reinstate the
levels of PI3K/AKT/mTOR, alleviate insulin resistance, and retain
the integrity of islets.51 Thus, this study suggests that nanocur-
cumin has the potential to alleviate insulin resistance and pan-
creatic deficits in rats with PCOS.51

Curcumin has been suggested to stimulate insulin-mediated
glucose uptake via the PI3K/Akt pathway, which in turn can
cause the translocation of GLUT4 to the membrane of skeletal
muscle and adipocytes, resulting in an increase in glucose
uptake.52 In addition, curcumin has the potential to activate
AMP-activated protein kinase (AMPK), which has been suggested
FIGURE 1
Possible involvement of multifaceted mechanisms in curcumin-mediated im
increasing the levels of circulating adiponectin and irisin, activating peroxis
signalling, and reducing inflammation and oxidative stress, among other mech
factor kappa-B; ROS, reactive oxygen species; TNF-a, tumor necrosis factor-a. (S
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to not only suppress gluconeogenesis in hepatocytes, but also
enhance GLUT4 translocation and subsequent glucose uptake
in adipocytes.52 Moreover, curcumin improves glucose home-
ostasis by activating glucose transporter 2 and glucokinases in
the liver by increasing PPARc transcription.52 The Notch path-
way is a signal transduction pathway that has been suggested
to be involved in energy metabolism.53 Interestingly, an experi-
mental study in rats fed a HFD suggested that the hepatic
Notch 1 pathway can be suppressed by curcumin, which could
have a role in the amelioration of fatty liver and insulin
resistance.53

Sterol regulatory element-binding proteins (SREBPs) are con-
sidered major transcription factors regulating the expression of
genes involved in the synthesis of fatty acids, cholesterol, and
triglyceride.54 Inhibition of the SREBP pathway has been sug-
gested as a strategy to treat obesity with T2DM.54 Ding et al.54

reported that curcumin can inhibit the expression of SREBP
in vitro, which decreased the synthesis of fatty acids and choles-
terol. In HFD-induced obese mice, curcumin ameliorated HFD-
induced body weight gain and accumulation of fat in the liver
or adipose tissues, and improved serum lipids and insulin sensi-
tivity.54 Subsequently, it has been suggested that curcumin could
regulate SREBP target genes and metabolism-associated genes in
the liver or adipose tissues, which might contribute directly to
lowering lipid levels and improving experimental insulin
resistance.54

These findings might support the possible translation of cur-
cumin to clinical practice for the prevention and management
Drug Discovery Today

provement of insulin resistance. Curcumin combats insulin resistance by
ome proliferator-activated receptor gamma (PPARc), suppressing Notch1
anisms. Abbreviations: CRP, C-reactive protein; IL, interleukin; NFjB, nuclear
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of insulin resistance. Moreover, the comparatively low cost of
curcumin, and its safety margin and therapeutic efficacy could
recommend it to be a part of healthy diet for patients with
T2DM and insulin resistance. The possible mechanisms involved
in curcumin-mediated improvement of insulin resistance are
depicted in Figure 1. Key preclinical and clinical studies demon-
strating the potential actions of curcumin in combating insulin
resistance are summarised in Table 1.
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Does curcumin-mediated effects in the improvement
of insulin resistance involve irisin?
Irisin is a novel myokine secreted in response to activation of
PGC1a.55 It is an exercise-induced myokine, secreted by skeletal
muscles, that induces browning of white adipose tissue to
increase energy expenditure, reduce insulin resistance, and
improve glucose tolerance.56–59 Increased levels of circulating iri-
sin have been suggested to be associated with improved glucose
homeostasis by reducing insulin resistance.57 The active involve-
ment of irisin in energy homeostasis created much interest in
understanding its key role in cellular metabolism and glucose
homeostasis.

Irisin might have a modulatory role in many inflammatory
pathways, via mechanisms including reducing the production
of proinflammatory cytokines, increased production of anti-
inflammatory cytokines, and reduced macrophage proliferation,
in addition to interfering with vascular permeability and pre-
venting inflammasome formation.58 Treatment with irisin of
cells exposed to inflammatory stimuli ameliorated the inflamma-
tory response and promoted cellular viability.58 Zhang et al.60

demonstrated that irisin significantly reduced atherosclerosis in
apolipoprotein E-deficient mice by suppressing oxidised LDL
(ox-LDL)-induced cell inflammation and apoptosis, which could
have a therapeutic role against atherosclerotic diseases.60 More-
over, various studies have reported diminished levels of irisin
in patients with T2DM.58,61–63
TABLE 1

Key preclinical and clinical studies demonstrating the potential acti

Type of
study

Key outcomes

Preclinical Rats fed a HFD showed elevated levels of insulin, HOMA-IR, and
inflammatory markers, such as TNF-a and skeletal muscle oxid
the levels of glucose, insulin and HOMA-IR in HFD-fed male ra
improve HFD-induced dyslipidaemia, inflammation, oxidative s
In high fructose-fed male rats, curcumin showed the potential
its potent antioxidant and anti-inflammatory properties
In C57 BL/6 mice fed a HFD, curcumin increased plasma irisin
In leptin-deficient (ob/ob) mouse model of insulin resistance,
improved insulin resistance
In rats with PCOS, nanocurcumin showed potential to alleviate
In HFD-induced obese mice, curcumin ameliorated HFD-induce
tissues, and enhanced insulin sensitivity

Clinical In a randomised, double-blind, placebo-controlled trial in wom
serum insulin, and insulin resistance, and markedly increased
In a randomised controlled study, curcumin had a synergistic ef
PCOS
Irisin and diabetes mellitus
An observational study showed that circulating irisin was lower
in patients with T2DM compared with nondiabetic controls.55

Xuan et al. evaluated the role and levels of serum irisin in older
patients with T2DM in a case-control study,64 finding that the
serum irisin level in patients with T2DM was significantly lower
relative to the control group, suggesting irisin as a protective fac-
tor against T2DM.64 Even in patients with newly diagnosed
T2DM, circulating irisin concentrations were significantly lower
compared with healthy controls.65 A systematic review and
meta-analysis study revealed that, compared with nondiabetic
controls, circulating irisin concentrations were significantly
lower in patients with insulin-resistant conditions, such as
T2DM and gestational DM, but 30% higher in patients with
T1DM, suggesting that circulating irisin levels are decreased only
in patients with T2DM and GDM.66.

A recent meta-analysis suggested a strong association between
low serum irisin concentration and diabetic nephropathy in
patients with T2DM.67 Compared with patients with T2DM
and normoalbuminuria, patients with microalbuminuria and
macroalbuminuria showed significantly lower levels of serum
irisin,67 particularly in patients with T2DM and macroalbumin-
uria compared with those with microalbuminuria.67 Therefore,
diabetic nephropathy could be significantly related to decreased
serum irisin concentrations in patients with T2DM in a concen-
tration–response manner.68 Given that the progression of dia-
betic nephropathy reflects an advanced state of DM, the
change in serum irisin concentration might reflect glucose intol-
erance via insulin resistance.68 In line with these reports, Hu
et al.69 demonstrated that patients with T2DM and macroalbu-
minuria had a significantly lower serum irisin concentration rel-
ative to control subjects and patients with T2DM and normal
albuminuria and microalbuminuria. Using regression analysis,
the serum irisin concentration in patients with T2DM was
revealed to be negatively correlated with age, HOMA-IR, fasting
plasma glucose, creatinine, and blood urea nitrogen.69 Likewise,
ons of curcumin in combating insulin resistance.

Refs

fasting plasma glucose, lipid abnormalities, and increase in plasma
ative stress. Curcumin treatment reduced these abnormalities and
ts, indicating the potential ability of curcumin supplementation to
tress, and insulin resistance

10

to attenuate glucose intolerance and insulin resistance by virtue of 11

concentrations and improved insulin sensitivity 13

systemic delivery of curcumin-containing liposomes (curcusomes) 43

insulin resistance and pancreatic deficits 51

d body weight gain and accumulation of fat in the liver or adipose 54

en with PCOS, curcumin significantly reduced fasting glucose,
insulin sensitivity compared with placebo

48

fect with metformin in improving insulin resistance in patients with 50
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Shelbaya et al.59 reported lower irisin concentrations in patients
with DM and diabetic nephropathy relative to those without
complications. In addition, a statistically significant negative
correlation was shown between irisin and systolic and
diastolic blood pressure, body mass index, serum creatinine,
albumin/creatinine ratio, and HbA1c in all patients with T2DM
studied.59.

Irisin and insulin resistance
A growing body of evidence reveals the relationship between iri-
sin concentration and insulin signalling. Decreased irisin secre-
tion contributes to muscle insulin resistance in HFD-fed
mice.70 Circulating irisin concentration is suggested to be nega-
tively associated with obesity and insulin resistance.71 An exper-
imental study using human liver-derived HepG2 cells indicated
that irisin can ameliorate the dysregulation of hepatic lipid/glu-
cose metabolism and cell death in insulin resistance through
AMPK activation, revealing a novel irisin-mediated protective
mechanism in hepatic metabolism.72 This might provide a scien-
tific basis to consider irisin as a potential therapeutic target in the
management of T2DM and insulin resistance.72 In another
experimental study, irisin was shown to ameliorate
glucolipotoxicity-associated b cell dysfunction and apoptosis
through AMPK signaling and anti-inflammatory activities.73.

In type 2 diabetic mice and hepatocytes, irisin inhibited hep-
atic gluconeogenesis and increased glycogen synthesis via the
PI3K/Akt pathway.74 Additionally, in diabetic mice, persistent
subcutaneous perfusion of irisin improved insulin sensitivity,
reduced fasting blood glucose levels, increased the phosphoryla-
tion of GSK3 and Akt, and the irisin and glycogen content, and
suppressed glycogen synthase (GS) phosphorylation and phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase) expression in the liver.74 This study sug-
gested that irisin could improve glucose homoeostasis by reduc-
ing gluconeogenesis through PI3K/Akt/FOXO1-mediated
downregulation of PEPCK and G6Pase, and by increasing glyco-
genesis through PI3K/Akt/GSK3-mediated activation of GS.74 In
addition, the authors suggested that irisin could be regarded as
a novel therapeutic strategy for the management of insulin resis-
tance and T2DM.74.

Interestingly, irisin has been suggested to improve insulin
resistance and T2DM by increasing the sensitivity of insulin
receptors in the skeletal muscle and heart, improving hepatic
lipid and glucose metabolism, and promoting the functions of
pancreatic b cells, and browning of white adipose tissue.75 Skele-
tal muscle is a major site of insulin resistance because it takes up
most of its glucose via insulin. Thus, irisin could facilitate glucose
uptake by skeletal muscles, having a favourable effect on hyper-
glycaemia, and, hence, could act as an insulin-sensitising hor-
mone.75 Metformin, an antihyperglycaemic agent, improves
insulin sensitivity by augmenting insulin-mediated insulin
receptor tyrosine kinase activity, which in turn activates post-
receptor insulin signalling pathways.76 Intriguingly, in diabetic
obese db/db mice, metformin, but not glibenclamide, increased
the expression of intramuscular fibronectin type III domain-
containing protein 5 (FNDC5) mRNA/protein and blood irisin
levels.77 Metformin-mediated promotion of irisin release suggests
irisin stimulation as an additional mechanism involved in the
6 www.drugdiscoverytoday.com
insulin-sensitising action of metformin, highlighting the key
role of irisin in therapeutics against insulin resistance.

Physical exercise has been suggested to induce the expression
of PGC1a in skeletal muscle and downstream membrane pro-
teins, such as FNDC5, which is proteolytically cleaved to form
irisin.75 Thus, adipose tissue and muscle might produce irisin
during exercise, with irisin acting as a thermogenic adipomyo-
kine that can improve glucose and lipid metabolism, and amelio-
rate the consequences of obesity-driven inflammation, DM, and
metabolic syndrome.78 Furthermore, exercise-induced irisin can
activate anti-inflammatory pathways that might have an impor-
tant role in the improvement of inflammatory conditions and
their outcomes.78 Moreover, irisin has potentially protective
properties against the development of obesity-related pathologi-
cal conditions, such as insulin resistance, T2DM, and
arteriosclerosis.79
Effect of curcumin on irisin concentration
Zou et al. evaluated the metabolic effects of curcumin in associa-
tion with the regulation of energy metabolism and activation of
FNDC5/irisin.13 In C57 BL/6 mice fed a HFD, curcumin adminis-
tration increased the plasma irisin concentration and notably
improved insulin sensitivity of the mice.13 In addition, curcumin
increased the oxygen consumption and heat production in HFD
mice, accompanied by enhancement of metabolic activity in
brown fat and inguinal white adipose tissue.13 Moreover,
curcumin-mediated improvement of basal metabolic rate might
be regulated, in part, by the FNDC5/p38 mitogen-activated pro-
tein kinase (p38 MAPK)/ERK1/2 signal transduction pathway.13

The authors suggested that dietary curcumin could alleviate
diet-induced adiposity through improving insulin sensitivity
and whole-body energy metabolism via impacting the FNDC5/
p38 MAPK/ERK pathway.13 Thus, this study demonstrates the
efficacy of curcumin in improving insulin sensitivity and increas-
ing energy expenditure in experimental HFD-induced obese con-
dition by triggering the activation of FNDC5/irisin.13 The
possible mechanisms by which curcumin-mediated increases in
irisin concentration could contribute to improvement of insulin
resistance are shown in Figure 2.
Does curcumin improve insulin resistance through an
effect on adiponectin?
Adipose tissue produces pro- and anti-inflammatory mediators,
which influence both local and systemic inflammation. Adipo-
nectin is an adipokine secreted by adipocytes, and it regulates
insulin sensitivity, glucose levels, and lipid metabolism through
its anti-inflammatory, antifibrotic, and antioxidant actions.87

Adiponectin appears to promote insulin sensitivity by enhancing
glucose and lipid metabolisms.87 Its level is reduced in associa-
tion with T2DM and insulin resistance.80 Here, we provide a brief
overview of the key role of adiponectin in the improvement of
insulin resistance, and effects of curcumin on circulating
adiponectin.
Adiponectin and insulin resistance: an overview
Adiponectin is an adipocyte-specific protein with a modulatory
role in insulin resistance.80 The potential mechanism by which
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FIGURE 2
Possible mechanisms by which curcumin-mediated increases in irisin
concentration might contribute to the improvement of insulin resistance.
Administration of curcumin can result in increases in plasma irisin
concentration, which, through a variety of mechanistic events, helps to
combat insulin resistance. Abbreviations: FNDC5, fibronectin type III
domain-containing protein 5; PGC1a, peroxisome proliferator activated
receptor c coactivator 1a. (See main text for more details.)
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adiponectin enhances insulin sensitivity is mediated through
inhibition of hepatic glucose production and increases in fatty
acid oxidation.80 Adiponectin levels are increased by treatment
with thiazolidinediones, a well-known class of insulin-
sensitising drugs,81 suggesting the key role of adiponectin in
ameliorating insulin resistance. Adiponectin is an insulin-
sensitising and anti-inflammatory fat-cell hormone and an
important pharmacological target site for obesity-associated dis-
orders, including insulin resistance, T2DM, and atherosclero-
sis.82,83 Its interaction with its receptor results in the activation
of various signalling pathways, such as IRS1/2, AMPK, and p38
MAPK, whereas adiponectin signalling-mediated activation of
IRS1/2 is suggested to be a major mechanism by which adiponec-
tin sensitises the action of insulin in insulin-responsive tissues.84

Administration of adiponectin in humans and rodents has
insulin-sensitising, anti-inflammatory, and antiatherogenic
effects, among others,84 and, consequently, pharmacological
interventions that can increase the levels of adiponectin under
certain pathological conditions could be considered as a main-
stay for the management of obesity, T2DM/insulin resistance,
and atherosclerosis.
Effect of curcumin on adiponectin concentration
A growing body of evidence suggests that curcumin could
improve insulin resistance through beneficial effects on adipo-
nectin levels. In this context, a randomised double-blind,
placebo-controlled trial in patients with metabolic syndrome
evaluated the effect of curcumin supplementation on serum adi-
pokine concentrations.85 An 8-week curcumin supplementation
was associated with a significant increase in the levels of serum
adiponectin,85 suggesting that curcumin improves serum adipo-
nectin levels in patients with metabolic syndrome.85 Likewise, a
randomised, double-blind, placebo-controlled trial analysing the
effect of 10-week curcumin supplementation on serum adipo-
nectin concentration in patients with T2DM showed an increase
in the mean serum adiponectin concentration compared with
placebo.8 Moreover, a systematic review and meta-analysis of
randomised controlled trials evaluating the modulatory effect
of curcumin supplementation on circulating adiponectin levels
reported that curcumin supplementation significantly increased
the concentration of adiponectin compared with placebo, with
a greater effect on adiponectin concentration observed in study
trials lasting �10 weeks.86 Thus, curcumin could be used as an
adjunct or complementary pharmacological agent to increase
plasma adiponectin, the action of which could ameliorate insu-
lin resistance and T2DM.
Concluding remarks
This review provides mechanistic insights related to the cur-
rent understanding of the potential benefits of curcumin on
insulin resistance. T2DM is characterised by defective insulin
secretion, which might result from insufficient compensatory
increases in b cell mass and deficient glucose-dependent insu-
lin release. T2DM is an intricate metabolic disease charac-
terised by chronic hyperglycaemia, which occurs as a result
of either defective insulin secretion or inadequate insulin sig-
nalling because of insulin resistance, inducing major complica-
tions and premature death. Insulin resistance is associated
with many pathological conditions, such as T2DM, carbohy-
drate intolerance, cardiovascular disease, and metabolic syn-
drome. It is imperative to identify safe therapeutic
interventions aimed to efficiently combat insulin resistance
and reduce its pathogenic outcomes. Several preclinical and
clinical investigations showed beneficial effects of curcumin
in improving insulin sensitivity, involving multifaceted molec-
ular and cellular mechanisms. Mitigation of insulin resistance
might be associated with an improvement of diabetic compli-
cations by curcumin because it has wide-ranging beneficial
pharmacological activities, including anti-inflammatory,
antioxidative, antifibrogenic, antiproliferative, and antidiabetic
potential. In addition, curcumin could combat insulin resis-
tance through various key mechanisms, such as improvements
in circulating irisin and adiponectin levels, upregulation and
activation of PPARc, and suppression of Notch 1 signaling,
among others. Polyphenols, such as curcumin, occur naturally
in the diet and might not cause significant adverse effects;
thus, they could be used efficiently for the prevention and
treatment of insulin resistance, particularly as an adjunct or
complementary therapeutic agent. Based on existing evidence,
the application of curcumin could be an appropriate strategy
to improve insulin resistance-related diseases, with the dose,
time of treatment, and type of formulation determining its
therapeutic outcomes.
www.drugdiscoverytoday.com 7
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