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Beta-cells oxidative stress and 
inflammation
Oxidative stress and chronic inflammation are important 
pathophysiological phenomena that are well-known to be 
associated with the development and progression of several 
metabolic diseases, including insulin-resistance and diabetes.1,2 
This emergence of oxidative stress is attributable to an 
imbalance between the oxidative and anti-oxidative systems of 
cells and tissues, which per se is a result of over production of 
oxidative-free radicals and associated reactive oxygen species 
(ROS). An important outcome of this excessive ROS levels is 
the modification of structure and function of several cellular 
proteins and lipids, which in sequence leads to a variety of 
cellular and tissue aberrations (Box 1).1 

In obesity, chronic oxidative stress and associated 
inflammation are underlying factors, which lead to the 
development of several cross-linked pathologies, such as insulin 
resistance, dysregulated pathways of metabolism and diabetes, 
through impaired signaling and metabolism, thereby resulting 
in dysfunction to insulin secretion, insulin action and immune 
responses.1 In all, it is thus accepted that insulin resistance, often 
associated with over-nutrition and obesity, results from the 
chronically elevated oxidant stress and chronic inflammation.3

Beta-cell dysfunction
These effects – mentioned above – could in part be considered 
as mediated in consequence of the effects that oxidative stress 
exerts on the pancreatic beta-cells. Loss of beta-cell function is 
a key event in the pathogenesis of diabetes,4 and oxidative stress 
induced by reactive oxygen and nitrogen species is critically 
involved in the impairment of beta-cell function during 
development and progression of diabetes.5

It has been noted that pancreatic beta-cells are extremely 
susceptible to oxidative stress due to a high endogenous 
production of ROS and a low expression of anti-oxidative 
enzymes (Box 2),6 and that this oxidative stress plays an 
important role in the neogenesis, proliferation, and survival of 
beta-cells under both physiological and pathological conditions. 
Beta-cells are known to have lower anti-oxidative enzymes to 
combat the continuously generated superoxide anions – they are 
only equipped with ~50% of the superoxide dismutase (SOD) 
and 5% of H2O2-scavenging enzymes glutathione peroxidase 
(GPx) and catalase (CAT) compared to those enzymes found 
in the liver; thus making beta-cells highly sensitive to ROS 
related signaling and distinctively susceptible to oxidative 
stress.6 Besides hyperglycemia, exposure to excessive lipids 
levels (hyperlipidemia) has also been shown to activate cell 

Targeting Beta-Cells Oxidative 
Stress and Inflammation

Box 1: Effects of excessive levels of ROS on cells and 
tissues
 • Cellular dysfunction including:

 » Impaired energy metabolism
 » Altered cell signaling
 » Altered cell cycle control
 » Impaired cell transport mechanisms
 » Overall dysfunctional biological activity

 • Immune activation
 • Inflammation

Source: Newsholme P, Cruzat VF, Keane KN, et al. Molecular mechanisms of ROS 
production and oxidative stress in diabetes. Biochem J. 2016;473(24):4527-4550.

Box 2: Beta-cells – extremely susceptible to oxidative 
stress
Two major factors render beta-cells prone to the risk of 
oxidative stress:

 » A high endogenous generation of reactive oxygen 
species (ROS) induced by stimuli, such as 
hyperglycemia, hyperlipidemia, hypoxia, endoplasmic 
reticulum (ER) stress, and

 » Low expressions of essential antioxidant enzymes, 
such as superoxide dismutase (SOD), catalase, and 
glutathione peroxidase (GPx).

Source: Wang J, Wang H. Oxidative stress in pancreatic beta cell regeneration. Oxid 
Med Cell Longev. 2017;2017: 1930261.
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Figure 1: Oxidative stress plays critical roles in beta-cell cycle

Source: Wang J, Wang H. Oxidative stress in pancreatic beta cell regeneration. Oxid Med Cell Longev. 2017;2017: 1930261.

 � On cell-cycle regulators, 
accumulated ROS in beta-cells 
suppressed the expression of 
cyclins D1 and D2, as well as 
increased cell-cycle inhibitors 
such as p21 and p27, leading to 
decreased beta-cell proliferation 
rate.

 � Meanwhile, ROS promoted nuclear 
translocation/activation of FoxO1, 
which in turn prevents beta-cell 
replication through the inhibition of 
Pdx-1 and possibly other beta-cell-
related gene transcriptions.

 � Besides, ROS also directly down-
regulate transcription factors such 
as Pdx-1, MafA, Nkx6.1, and 
Ngn3, which are crucial in beta-cell 
proliferation and differentiation. 
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stress responses including oxidative stress, which contributes 
to lipotoxicity in beta-cells in type 2 diabetes. Concurrently, 
endoplasmic reticulum (ER) stress is also closely related with 
oxidative stress, especially in the insulin-producing beta-cells. 
In this context, it is in fact argued that oxidative stress and ER 
stress are closely entwined phenomena, fundamentally involved 
in beta-cell dysfunction by direct effects on insulin biosynthesis 
and due to consequences of the ER stress-induced unfolded 
protein response.7 Evidence also indicates that hyperactivation 
of the unfolded protein response to counteract metabolic 
stresses is closely related to beta-cell dysfunction and apoptosis.8 
All these data suggest that ROS is continuously generated in 
beta-cells at a considerable amount, thereby affecting their 
functions; and emerging evidence supports that oxidative stress 
may play a role in regulating beta-cell cycle (Figure 1). Overall, 
beta-cell oxidative stress and inflammation are thus important 
metabolic targets to achieve early remission and prevent the 
progression of diabetes.

advanced glycation end-products: 
potent pro-oxidative and pro-
inflammatory compounds

Advanced glycation end-products (AGEs) are known pro-
oxidative and pro-inflammatory compounds, largely shown 
to be elevated in the states of oxidative stress and chronic 

inflammation, such as in diabetes.9 Traditionally, it was 
considered that AGEs are generated largely endogenously in 
response to hyperglycemia; though it is now clear that these 
deleterious bio-products can also form under conditions of 
high oxidative stress, even in the absence of high blood glucose. 
Furthermore, it is not only the endogenous production that 
contributes to high AGEs levels. In this regard, it is in fact now 
recognized that many modern foods, especially those processed 
under dry heat conditions, contribute significantly to the overall 
body pool of AGEs; high-temperature processed food products 
contain high amounts of heat accelerated protein- and lipid-
associated pro-oxidant AGEs, which add to the overall systemic 
toxic pool of these powerful pro-oxidants.10 Studies in healthy 
subjects and in patients with diabetes have indicated a link 
between exogenous AGEs, circulating AGEs and markers of 
chronic inflammation and chronic oxidative stress. 

Compelling epidemiological evidence suggests that elevated 
AGEs may be a significant risk factor for beta-cell injury and 
for peripheral insulin resistance.11 The mechanisms linking 

Elevated AGEs may be a significant 
risk factor for beta-cell injury and 
for peripheral insulin resistance
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AGEs and insulin resistance are several and complex, though 
of significant physiopathological importance is the impact 
of AGEs on survival factor sirtuin 1 (SIRT1) and anti-AGE 
advanced glycation receptor 1 (AGER1) systems.12 AGEs may 
contribute to insulin resistance via increased expression of 
pro-inflammatory receptor for AGEs (RAGE) and reduced 
expression of SIRT1 and AGER1 – early depletion of these 
defense mechanisms (AGER1 and SIRT1) underlies the elevated 
state of basal oxidative stress observed in humans; under 
chronic high-level AGE conditions, AGER1, SIRT1 and other 
defenses are down-regulated, thus possibly contributing to beta 
-cell dysfunction or destruction.

Elevated AGEs activate RAGE, which induces activation 
of NF-κB, inflammation and NADPH oxidase, thereby further 
enhancing the oxidation and suppressing protective survival 
systems AGER1 and SIRT1. The process of ligand binding to 
RAGE results in activation of NADPH oxidases and increases 
intracellular ROS formation, leading to further formation of 
AGEs, which then trigger the damaging mechanisms mediated 
by them. Additionally, AGEs activate the transcription 
factor NF-κB, leading to increased expression of several pro-
inflammatory cytokines, including interleukin-6 (IL-6) and 
monocyte chemoattractant peptide-1 (MCP-1), and RAGE. This 
causes further intensification of the inflammatory response. 
AGEs have also been shown to affect the insulin signaling and 
trigger inflammation via oxidative activation and stimulation of 
PKC-α and upregulation of TNF (Figure 2); glycated albumin 
induces expression of TNF, leading to further suppression 

of insulin signaling. Overall, AGEs thus can deplete host-
defenses AGER1 and SIRT1, raise basal oxidative stress and 
inflammation, and increase susceptibility to dysmetabolic 
insulin resistance.12,13 As follows, it is rational to consider that 
a sustained restriction of the external sources of these pro-
oxidants and use of anti-oxidants would possibly help restore 
native resistance to type 2 diabetes and other diseases linked to 
increased AGEs and high oxidative stress.

resveratrol: a polyphenol with 
plethora of Biological activities

The above discussion clearly supports the proposition that anti-
oxidant status of individuals could affect their vulnerability to 
oxidative damage, and thus onset and progression of diabetes 
and its complications;14 sequentially providing an enticing 
therapeutic opportunity that protection against metabolic 
disturbances may be increased by augmenting the anti-oxidant 
milieu of the body. This pressing need and opportunity becomes 
further attracting and significant when viewed in context of the 

Effects induced by resveratrol are strongly 
related to the capability of this compound 
to increase expression/activity of AMPK and 
SIRT1 in various tissues of diabetic subjects

Figure 2: Mechanisms of AGEs-related insulin resistance in insulin-sensitive tissues

Source: Nowotny K, Jung T, Höhn A, et al. Advanced glycation end products and oxidative stress in type 2 diabetes mellitus. Biomolecules. 2015;5(1):194-222.
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Figure 3: An overview of the biological (anti-oxidative) 
activity of resveratrol, and its effect on intermediary 
genes/enzymes

Source: Rege SD, Geetha T, Griffin GD, et al. Neuroprotective effects of resveratrol in 
Alzheimer disease pathology. Front Aging Neurosci. 2014;6:218.
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fact that current treatment methods for diabetes usually do not 
exactly address the underlying causes of the disease and have 
limitations.15 As follows, efforts have been increasingly directed 
at identifying novel adjuvant therapies to help achieving better 
control of the deranged metabolic environment for early 
disease remission, and thereby improve the quality-of-life of 
diabetic patients. In this regard, several molecules have been 
under evaluation for use against diabetes and its complications. 
Resveratrol – a non-flavonoid polyphenol present in plant 
products – is one such molecule that has been reported to exert a 
plethora of biological activities - antioxidant, antiinflammatory, 
chemoprotective, chemopreventive, cardioprotective, 
neuroprotective – through many different mechanisms of 
action.16-19 In fact, the versatility of resveratrol and its presence 
in the human diet have drawn worldwide attention of many 
research groups in the recent past. This concept of resveratrol 
use is based on some very exciting developments from the 
frontiers of scientific research, with effect on oxidative stress 
possibly being the most important.20,21

It has been noted that effects induced by resveratrol 
are strongly related to the capability of this compound to 
increase expression/activity of AMPK and SIRT1 in various 
tissues of diabetic subjects.22 Moreover, anti-oxidant and 
anti-inflammatory effects of resveratrol were shown to be 
also involved in its action in diabetic models. The molecule 
suppresses oxygen free radical formation by inhibiting pro-
oxidative genes such as NADPH oxidase and myeloperoxidase 
(MPO), and inducing various antioxidant enzymes like 
SOD, catalase, thioredoxin and glutathione peroxide (GSH-
Px), while lowering the activity of enzymes involved in the 
development of oxidative stress (Figure 3).23 In vitro studies 
have identified resveratrol as a natural antioxidant, possessing 
free radical scavenging activity, as well as the fact that it 
elevates apolipoprotein A-1 (apoA-1)-mediated cholesterol 
efflux and suppresses oxidative stress.24 Moreover, it may 
suppress oxidative and inflammatory stress response to a 
high-carbohydrate, high-fat meal by stimulating the activity 
of the antioxidant transcription factor nuclear erythroid-2 like 
factor-2 (Nrf2), which is a master regulator of endogenous 

The protective action of resveratrol 
on pancreatic β-cells is also related 
to its well-documented anti-oxidative 
and anti-inflammatory capacity

Resveratrol is capable of improving β-cell 
function not only in experimental models, 
but also in humans with type 2 diabetes

cellular defense mechanisms. It controls the expression of many 
antioxidant and detoxification genes.25 Overall, resveratrol may 
thus act as a direct scavenger of free radicals production in the 
body tissues. Doses of resveratrol < 0.5 g per person may be 
sufficient to improve insulin action, decrease blood glucose 
levels and to induce other effects. Studies on the toxicity of 
resveratrol in humans show that this compound is well tolerated. 

effect of resveratrol on beta-cells

It is now known that glucotoxicity, lipotoxicity, oxidative 
stress, inflammation, ER stress and other factors in diabetic 
patients leads to beta-cell failure and reduction of beta-cell 
mass.22 Over the past few years, effects of resveratrol were 
studied using experimental models in which beta-cell mass and 
blood insulin levels were increased or decreased. Interestingly, 
the obtained data showed that resveratrol is effective in both 
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cases. It is likely that one of the most important mechanisms 
underlying resveratrol action is attenuation of insulin resistance, 
as an improvement in insulin action leads to decrease in 
blood glucose levels and thereby prevents deleterious effects 
of hyperglycemia on beta-cells (glucotoxicity). Moreover, 
resveratrol was also demonstrated to reduce blood lipid levels 
in diabetic subjects and thereby decrease so-called lipotoxicity. 
The attenuation of both glucotoxicity and lipotoxicity restrain 
beta-cell failure in diabetes. Another advantage of resveratrol-
induced decrease in insulin resistance is the reduced demand 
of insulin. As a result, less insulin is secreted from β-cells and 
thereby β-cell failure is also reduced. Besides, the protective 
action of resveratrol on pancreatic β-cells is also related to 
its well-documented anti-oxidative and anti-inflammatory 
capacity. In an experimental model of type 2 diabetes with 
decreased β-cell mass, resveratrol was shown to improve islet 
structure and function, reduce oxidative stress, restore islet 
architecture, decrease islet destruction, markedly reduce islet 
fibrosis and attenuate other degenerative changes. Moreover, the 

molecule partially prevents β-cell failure and increases β-cell 
mass (Figure 4).22 Beneficial effects of resveratrol on beta-cells 
were also shown in type 2 diabetic patients, thereby indicating 
that resveratrol is capable of improving β-cell function not 
only in experimental models, but also in humans with type 2 
diabetes.

curcumin: a non-toxic ingredient 
of turmeric with potent anti-
inflammatory and antioxidant 
properties
Curcumin is an active non-toxic ingredient of turmeric 
that possesses potent anti-inflammatory and antioxidant 
properties.26 The molecular mechanisms of curcumin are not 
fully understood; however, the data suggest that curcumin 
results in activation of AMPK, and decrease the expression of 
uPA and MMP9 and NF-κB DNA binding activity. The effect 
can be significant when considering the findings of numerous 

Figure 4: Direct and indirect effects of resveratrol on pancreatic islets of models with experimental type 2 diabetes

Source:  Szkudelski T, Szkudelska K. Resveratrol and diabetes: from animal to human studies. Biochimica et Biophysica Acta 1852 (2015):1145–1154.
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P. marsupium at a dose of 200 mg/kg 
could be a better drug in treatment of type 
2 diabetes. It causes reduction in blood 
glucose that may be mediated through 
enhanced insulin secretion by regeneration 
of beta-cells of islets of Langerhans

Figure 5: Various inflammatory targets modulated by curcumin

Source: Aggarwal BB, Gupta SC, Sung B. Curcumin: an orally bioavailable blocker of TNF and other pro-inflammatory biomarkers. British Journal of Pharmacology 2013;169:1672–1692.
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studies, which suggest NF-κB as key player in regulating number 
of cellular processes, including inflammation. Additionally, this 
highly safe component of turmeric can block TNF-a action 
and production in in-vitro models, in animal models and in 
humans. Figure 5 depicts numerous proposed mechanisms 
by which curcumin can exhibit anti-inflammatory activity.27 
In humans, as little as 150 mg of curcumin has been shown 
to be effective in reducing serum levels of proinflammatory 
cytokines. In a study that included patients with type 2 diabetes 
mellitus, a standardized preparation of curcuminoids was 
found to improve endothelial function, and reduced the levels 
of malondialdehyde, IL-6, TNF-a and endothelin-1, thereby 
showing reductions in not only inflammatory cytokines but 
markers of oxidative stress also.28

pterocarpus marsupium: a natural 
drug with anti-diaBetic properties

Pterocarpus marsupium Roxb. is a plant drug belonging to 
the group called rasayana; which are immunomodulators 

and relieve stress in the body. There are several reports on 
P. marsupium as an anti-diabetic drug, and in fact aqueous 
extract of the heart-wood of P. marsupium is commonly used 
in the ayurvedic system of medicine for treatment of diabetes. 
A study designed to investigate the action of aqueous extract of 
P. marsupium on TNF-α activity in experimental models of type 
2 diabetes noted that aqueous extract of P. marsupium at doses  
100 and 200 mg/kg decreased both fasting and postprandial 
blood glucose, concurrently causing a significant decrease 
in the elevated TNF-α level in type 2 diabetic experimental 
models.29 The 200 mg/kg dose had more pronounced effect 
on postprandial hyperglycemia. The study thus suggested that 
this P. marsupium induced modulation of the cytokine TNF-α, 
which has been implicated in insulin resistance, is related with 
the potential anti-diabetic activity of P. marsupium.

As such, seeing that most of the currently available anti-
diabetic therapies reduce the fasting blood glucose but have 

In humans, as little as 150 mg of curcumin 
has been shown to be effective in reducing 
serum levels of proinflammatory cytokines
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a little impact on postprandial hyperglycemia; P. marsupium 
at a dose of 200 mg/kg could be a better drug in treatment 
of type 2 diabetes.29 It causes reduction in blood glucose 
that may be mediated through enhanced insulin secretion 
by regeneration of beta-cells of islets of Langerhans. Since 
rasayana drugs are rejuvenators, there may be regeneration of 
pancreas. P. marsupium is rich in polyphenols and flavonoids, 
the antioxidant potential of which coupled with their nutritional 
value may be responsible for rejuvenation. In all, a decrease in 
elevated TNF-α by the P. marsupium together with its blood 
glucose lowering effect suggests that the immunomodulatory 
property of P. marsupium could be related with its potential 
anti-diabetic activity.29 Modulation of cytokine TNF-α by P. 
marsupium is possibly due to the flavonoids present in the drug. 
A recent in-vitro study also suggested that the alcoholic extract 
of P. marsupium showed prominent antioxidant, antiglycation 
property, and inhibited accumulation of sorbitol and aldose 
reductase enzyme, thus promising a beneficial role in reducing/

Efficacy of Pterocarpus marsupium in treatment-naive patients with type 2 diabetes mellitus: 
A double blind multicenter randomized controlled trial (IcMR Study Group)
 • An Indian multicenter study was conducted to compare the blood glucose lowering effect of Pterocarpus marsupium with a 

standard pharmacological agent tolbutamide in the management of diabetes. 

 • A total of 365 newly diagnosed or untreated patients with type 2 diabetes mellitus whose fasting blood glucose was <12.8 mmol/l 
were randomized to receive either the trial drug (n=182) or the standard pharmacological agent (n=183). The duration of treatment 
was 36 weeks, with 4 weekly clinic attendance for review and collection of drug. 

 • As this was a flexible dose trial, the dosage of P. marsupium was 2 to 4 g/day, and of tolbutamide 0.75 to 1.5 g/day. A fasting 
glucose level of <7.8 mmol/l and postprandial blood glucose level of <11.1 mmol/l was considered satisfactory glycemic control. 

 • The analysis, including 172 patients from the P. marsupium group and 177 patients from the tolbutamide group, revealed that the 
mean decrease in either fasting or postprandial blood glucose showed no significant inter-group differences. Eighty six percent of 
patients in the P. marsupium group and 94% in tolbutamide group attained glycemic control. 

 • The mean fall in postprandial blood glucose was 4.3 mmol/l from the baseline of 13.9 mmol/l in P. marsupium, compared to 4.4 
mmol/l from the baseline of 13.8 mmol/l in the tolbutamide group. Analysis of adverse effects revealed none of them to be specific 
to the trial drugs. 

 • The sustainability of blood glucose control with P. marsupium for up to 72 weeks was similar to that recorded with tolbutamide. 

 • The authors thus concluded that P. marsupium is an effective blood glucose lowering traditional Indian plant agent. Its glycemic 
effect was comparable to that of tolbutamide in treatment-naive patients with type 2 diabetes, and the drug was free from any 
significant side effects. 

 • P. marsupium can be used as a safe therapy for newly diagnosed patients with type 2 diabetes mellitus.
Source: ICMR Study Group on the Efficacy of Vijayasar in Type 2 Diabetes Mellitus. Efficacy of Vijayasar (Pterocarpus marsupium) in the treatment of newly diagnosed patients with 
type 2 diabetes mellitus: A flexible dose double blind multicenter randomized controlled trial. Diabetologia Croatica 2005;34-1:13-20.

delaying diabetic complications.30 These effects may be due 
to the presence of different types of constituents, specifically 
phenolic and flavonoid contents.

pterostilbene: phenolic constituent of  
p. marsupium
Pterostilbene, a naturally occurring analog of resveratrol, 
is an important phenolic constituent of the heartwood of P. 
marsupium with many health benefits and multiple biomedical 
applications.31,32 In experimental models with hyperglycemia, 
pterostilbene was found to significantly lower the blood glucose 
level with effect comparable to that of metformin.33 The health 
benefits of pterostilbene are associated with its antioxidant 
activity, anti-inflammatory effects, and chemopreventive effects, 
thus proposing pterostilbene a promising natural product for 
use as a preventive and therapeutic agent for inflammation-
related disorders. The antioxidative effects of pterostilbene 
were attributed to its unique structure that may scavenge 
extracellular ROS. These effects allowed the use of pterostilbene 
to diminish free radicals that are responsible for tissue damage 
during chronic inflammation.31 In a study, pterostilbene 
exhibited strong inflammatory inhibitory effects in adipocytes 
and macrophages coculture, significantly inhibited cytokines 
IL-6 and TNF-a secretion and proinflammatory gene 
expression including COX-2, iNOS, IL-6, TNF-a, MCP-1, and 

P. marsupium can be used as a safe 
therapy for newly diagnosed patients 
with type 2 diabetes mellitus
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plasminogen activator inhibitor-1 (PAI-1), and also decreased 
the migratory ability of macrophages toward adipocytes.34,35 
Also, pterostilbene has been observed to decrease the expression 
of ER stress related proteins such as eIF2α, ICAM1, matrix 
metallopeptidase 9 (MMP9), and GRP78.34 As oxidative stress 
and ER stress are closely entwined phenomena fundamentally 
involved in beta-cell dysfunction, these effects of pterostilbene 
on ER stress may be significant.7,34
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