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Abstract: Current literature shows an association of diabetes and secondary complications 

with chronic inflammation. Evidence of these immunological changes include altered levels of 

cytokines and chemokines, changes in the numbers and activation states of various leukocyte 

populations, apoptosis, and fibrosis during diabetes. Therefore, treatment of diabetes and its 

complications may include pharmacological strategies to reduce inflammation. Apart from 

anti-inflammatory drugs, various hypoglycemic agents have also been found to reduce inflam-

mation that could contribute to improved outcomes. Extensive studies have been carried out with 

thiazolidinediones (peroxisome proliferator-activated receptor-γ agonist), dipeptidyl peptidase-4 

inhibitors, and metformin (AMP-activated protein kinase activator) with each of these classes 

of compounds showing moderate-to-strong anti-inflammatory action. Sulfonylureas and alpha 

glucosidase inhibitors appeared to exert modest effects, while the injectable agents, insulin and 

glucagon-like peptide-1 receptor agonists, may improve secondary complications due to their 

anti-inflammatory potential. Currently, there is a lack of clinical data on anti-inflammatory 

effects of sodium–glucose cotransporter type 2 inhibitors. Nevertheless, for all these glucose-

lowering agents, it is essential to distinguish between anti-inflammatory effects resulting from 

better glucose control and effects related to intrinsic anti-inflammatory actions of the pharma-

cological class of compounds.
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Introduction
Diabetes mellitus (DM) is a global health problem with a prevalence of .382 million 

human cases, and the incidence is expected to increase to 592 million by 2035. Accord-

ing to the Centers for Disease Control, present trends of diabetes incidence suggest 

one in three Americans will be diagnosed with diabetes by the year 2050.1 The vast 

majority of diabetes patients (90%–95%) suffer from type 2 DM (T2DM), whereas 

type 1 DM accounts for only 5%–10%. Despite the prevalence of DM and the dramatic 

socioeconomic and health burden, the etiology of T2DM is not fully understood. The 

underlying metabolic cause of T2DM can be attributed to an impairment of insulin-

mediated glucose disposal (insulin resistance) and a progressive defect in insulin 

secretion by pancreatic β-cells.2 Type 1 DM, on the other hand, is a multifactorial, 

organ-specific autoimmune disease, in genetically susceptible individuals, character-

ized by a selective and progressive loss of insulin-producing β-cells.3

Advancements in the understanding of DM have assisted in the development of 

numerous clinical guidelines that help shape the treatment of DM.4,5 Recently, stud-

ies have changed the perspective of DM from a metabolic disease to an inflammatory 
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condition.  Current literature recognizes that chronic low-

grade subclinical inflammation is a part of insulin resistance 

and strongly related to the features of metabolic syndrome.6–8 

In addition, inflammatory processes are also involved in the 

microvascular complications of diabetes including diabetic 

nephropathy and retinopathy.9 Inflammatory factors, which 

play a critical role in the development of atherothrombosis, 

are often found to be at elevated levels in patients suffer-

ing from diabetes. Subsequently, correcting inflammation 

may be beneficial to stop, impede, and improve diabetes 

and its associated complications. For the management of 

T2DM, many approaches, which can target inflammation, 

have been investigated, but no approach has emerged for 

use in clinical practice.4,5 The current pharmacotherapy of 

T2DM is derived from the ominous octet concept described 

by DeFronzo.4,10,11 The progressive nature of T2DM war-

rants an adaptive pharmacotherapy plan, which depends on 

a combination of medications, nutrition management, and 

exercise.12 Among the currently used hypoglycemic agents, 

some exert anti-inflammatory activity, which may help to 

improve clinical outcomes. Additionally, hypoglycemic drugs 

could potentiate the anti-inflammatory activity of other drugs 

used in combination therapy.

Since the prevention and improvement of T2DM condi-

tions may not merely lie in strict glucose control, the anti-

inflammatory characteristics of antidiabetic agents and the 

inflammatory process that can evoke T2DM are reviewed 

here, and summarized in Figure 1. To identify such reports, 

an extensive search of the literature was performed using 

PubMed, with the terms “inflammation” and “anti-inflam-

matory” combined with the names of each  pharmacological 

class of glucose-lowering agents ( biguanides, sulfonylureas, 

meglitinides, α-glucosidase inhibitors, thiazolidinediones 

[TZDs], dipeptidyl  peptidase-4 [DPP-4] inhibitors, sodium–

glucose cotransporter type 2 [SGLT2] inhibitors, glucagon-

like peptide-1 receptor agonists [GLP-1RAs], and insulin) 

or the generic names of any commercially available medica-

tions within each class. In addition, the anti-inflammatory 

activity of established hypoglycemic bioactive compounds 

is briefly reviewed.

Interdependence of inflammation 
and diabetes
Shoelson et al have traced the historical reports of the 

association of inflammation with glucose metabolism to 

the early 1800s, citing the effect of high-dose salicylates to 

lower glycosuria in individuals with diabetes.13 It was only 

in 1990s that Hotamisligil et al established tumor necrosis 

factor alpha (TNF-α) as a link between obesity, inflammation, 

and insulin resistance.14 Subsequent studies have shown an 

association of inflammation with diabetes in animal models 

and in humans.15,16 Cross-sectional and prospective studies 

have shown increased concentrations of markers of the acute 

phase response (including C-reactive protein [CRP], serum 

amyloid-A, and sialic acid), white blood cells, plasma levels 

of coagulation factors (fibrinogen and plasminogen activa-

tor inhibitor 1), pro-inflammatory cytokines (TNF-α, inter-

leukin [IL]-1β and IL-6), and chemokines in patients with 

obesity and T2DM.17 In addition, inflammation in adipose 

tissue, liver, muscle, and pancreas has been clearly estab-
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Figure 1 Impact of antidiabetic agents on inflammation.
Notes: Antidiabetic drugs indirectly decrease inflammation by controlling hyperglycemia by acting on respective target tissues. Hypoglycemic agents also have direct anti-
inflammatory activity independent of their effect on hyperglycemia.
Abbreviations: SGLT2, sodium–glucose cotransporter type 2; GLP-1RA, glucagon like peptide-1 receptor agonist; DPP-4, dipeptidyl peptidase-4.
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lished in patients with obesity and T2DM. An infiltration of 

 macrophages into these tissues is observed in animal models 

of obesity and diabetes, and in human obesity, metabolic 

syndrome, and T2DM.18 Additionally, a phenotypic switch 

from the anti-inflammatory (M2 macrophages) to pro-

inflammatory phenotype (M1 macrophages) has been shown 

to be associated with insulin resistance, both in mice and 

humans.19 Activated macrophages infiltrate adipose  tissue, 

pancreatic islets, liver, and skeletal muscle and stimulate 

the production of pro-inflammatory cytokines, including 

TNF-α, IL-6, and IL-1β. The pro-inflammatory cytokines 

act in an autocrine and paracrine manner to promote insulin 

resistance by interfering with insulin signaling in peripheral 

tissues through activation of the c-jun N-terminal kinase 

(JNK) and nuclear factor-kappa B (NF-κB) pathways.19 In 

the pancreatic islets, local inflammation can reduce insulin 

secretion and trigger β-cell apoptosis, leading to a decrease 

in islet mass, which are all critical events in the progression 

of T2DM.20 Furthermore, the adaptive immune system-like 

increase in cytotoxic CD8+ and imbalance between pro-

inflammatory and anti-inflammatory CD4+ cells may also 

contribute to diabetes.21 Although subclinical inflammation is 

important in the pathogenesis of T2DM, the events initiating 

this inflammatory process remain unclear and could involve 

different but synergic mechanisms, leading to the activation 

of NF-κB and JNK pathways, cytokines, and chemokines 

release and recruitment of immune cells.

Anti-inflammatory effect of 
injectable hypoglycemic agents
Insulin
Insulin, discovered in 1921, is a key metabolic hormone with 

profound effects on glucose and lipid metabolism.22 The 

pleiotropic effects of insulin including anti-inflammatory, 

antithrombotic, and antioxidant properties suggest that 

insulin suppresses the inflammatory process not only by 

controlling hyperglycemia but also by directly modifying key 

inflammatory molecules involved in pathophysiology of dia-

betes.25 Insulin induces expression of endothelial nitric oxide 

(NO) synthase through the activation of phosphoinositide-3-

kinase (PI3K) and Akt kinase (protein kinase B), resulting in 

the generation of NO that can increase blood flow and inhibit 

platelet aggregation.23 In vitro and in vivo studies have further 

confirmed that insulin suppresses three important inflam-

matory mediators: intercellular cell adhesion molecular-1; 

monocyte chemoattractant protein (MCP)-1 expression; and 

NF-κB binding in human aortic endothelial cells.24 Insulin 

has also been shown to suppress vascular endothelial growth 

factor, a cytokine that is involved in the pathogenesis of 

 diabetic retinopathy and myocardial  infarction.23 Finally, 

insulin suppresses toll-like receptor 4 (TLR-4), a pattern 

recognition receptor of endotoxin involved in tissue inflam-

mation, and has been shown to mediate diet-induced obesity, 

insulin resistance, vascular inflammation, and atherogen-

esis.26 Though these studies have not provided a specific 

mechanism involved in the protective effects of insulin, they 

suggest that insulin can suppress inflammation by modulating 

vascular permeability and cytokine production.

Outcomes of insulin pharmacotherapy lend support to 

its anti-inflammatory role in DM. Results from the United 

Kingdom Prospective Diabetes Study showed that aggres-

sive glycemic control significantly reduced the risk of any 

microvascular end point compared to conventional treat-

ment.27 However, there was no significant difference in 

macrovascular risk among those treated intensively with 

insulin during the study period.28 In the ACCORD trial, the 

findings of higher mortality in the intensive-therapy group 

led to the discontinuation of intensive therapy after a mean 

of 3.5 years of follow-up.29 Another randomized parallel-

group study in patients with newly diagnosed T2DM showed 

that intensive, short-term insulin therapy improved β-cell 

function.28 However, suppressive effects on inflammatory 

biomarker high-sensitive CRP (hsCRP) in T2DM have been 

unequivocal, and this is seen in a randomized, parallel-group 

study in patients with newly diagnosed T2DM, which sug-

gests that insulin can reduce hsCRP and IL-6, independent of 

the reduction in blood glucose.28 Alternatively, Da Silva et al 

observed that subcutaneous insulin therapy does not interfere 

with venous endothelial function in T2DM, given stable gly-

cemic and blood pressure control.31 Treatment of insulin in 

patients with poorly controlled T2DM reduced serum hsCRP 

levels, without affecting plasma fibrinogen or serum MCP-1 

levels.30 However, in young obese Latino patients with T2DM, 

improvement of glycemic control with insulin monotherapy 

was not associated with a parallel improvement in markers 

of vascular inflammation (hsCRP).32 Also, in the LANCET 

trial, treatment with insulin compared with a placebo or 

metformin did not reduce inflammatory biomarker levels 

despite improving glucose control.33

Currently, the lack of large-scale randomized double-

blind control trials to study anti-inflammatory effects of 

insulin is a major limitation in drawing clinical conclu-

sions. Secondly, insulin has a major drawback in terms of 

inducing weight gain. This increase in fat mass can bring 

distinct morphological changes including adipocyte enlarge-

ment and macrophage influx leading to a more pronounced 
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inflammatory status reflected by an increased secretion of 

pro-inflammatory mediators and a reduction in secretion of 

the insulin-sensitizing protein adiponectin (ADN). There-

fore, the systemic anti-inflammatory effects of insulin may 

be counteracted by the pro-inflammatory changes associ-

ated with an increased fat mass, which is reinforced by a 

study from Jansen et al where patients characterized by a 

pronounced insulin-associated weight gain had an influx of 

macrophages into the adipose tissue and it was accompanied 

by a more pronounced inflammatory status.34 A variety of 

insulin analogs and administration techniques are available 

which may lower the risk of hypoglycemia and result in less 

weight gain, thus providing the tools to overcome barriers 

commonly associated with insulin therapy.35

Glucagon-like peptide analogs and 
agonists
Glucagon-like peptide-1 (GLP-1), a gut incretin hormone 

secreted from Langerhans cells in the intestine in response to 

oral nutrient intake, has been considered an attractive agent 

for the management of T2DM. GLP-1RAs and other analogs 

have been shown to activate GLP-1 receptor to increase 

intracellular cAMP in pancreatic acinar cells to stimulate 

insulin secretion while suppressing glucagon secretion and 

functions identically to GLP-1.36 This class of medications 

now has a role in the treatment of obesity and protection 

against cardiovascular and neurological diseases partly due 

to its anti-inflammatory potential.37 Additionally, GLP-1RAs 

decrease waist circumference, fat content, and intrahepatic 

lipids in patients with nonalcoholic fatty liver diseases 

and T2DM.38 These medications have anti-inflammatory 

effects in different cell types including human umbilical 

vein endothelial cells, glomerular endothelial cells, mono-

cytes, and macrophages.39 Exendin-4 was found to reduce 

lipopolysaccharide (LPS)-induced inflammation in 3T3-L1 

adipocytes and adipose tissue macrophage (ATM).36 The 

GLP-1RAs improve the inflammatory response by reducing 

the release of inflammatory cytokines, by improving inflam-

matory pathways, and increasing the anti-inflammatory 

adipokine, ADN. In addition, treatment with liraglutide 

or exenetide was found to decrease CRP in patients with 

T2DM.40 The expression and production of IL-6, TNF-α, 

and MCP-1 were significantly reduced in adipose tissue of 

recombinant adenovirus- producing GLP-1-treated obese 

(ob/ob) mice.40 Various in vitro and in vivo studies sug-

gest that GLP-1RAs show anti-inflammatory potential by 

inhibition of IκB kinase beta/NF-κB pathway and the JNK 

pathway, and the mechanism of anti-inflammatory action 

of GLP-1RAs involved modulation of the canonical Wnt 

signaling and other inflammatory pathways.36

Anti-inflammatory effect of oral 
hypoglycemic agents
Biguanides (metformin)
Metformin and other biguanides are derived from French 

lilac (Galega officinalis), and since the 1950s, metformin is 

the first choice in the oral treatment of T2DM.4,5,41 Several 

mechanisms of the glucose-lowering effect of metformin have 

been proposed including the generally accepted activation 

of AMP-activated protein kinase (AMPK), a cellular energy 

sensor activated under metabolic stress. Metformin not only 

improves hyperglycemia and insulin resistance but also has 

been shown to have anti-inflammatory, anticancer, and antiag-

ing effects and to improve other cardiovascular risk factors, 

such as an overweight state or obesity, atherogenic dyslipi-

demia, blood pressure, procoagulant state, and carotid intima-

media thickness.41 Metformin activates AMPK to inhibit 

NF-κB via PI3K-Akt pathway in human vascular smooth 

muscle cells for anti-inflammatory action.42  Metformin may 

also reduce the production of NO, prostaglandin E2, and pro-

inflammatory cytokines (IL-1β, IL-6, and TNF-α) through 

inhibition of NF-κB activation in  macrophages.42 Recently, 

it has been shown that AMPK interacts with tumor suppres-

sor gene PTEN, to antagonize PI3K, and affect cell survival, 

growth, and proliferation.43 Metformin can also regulate 

inflammation through SIRT1/LKB1/AMPK pathway and 

inhibit cellular metabolic memory through suppression of 

reactive oxygen species/Poly ADP-ribose polymerase (PARP) 

signaling.44 In addition, metformin can exhibit anti-inflam-

matory action through inhibition of advanced glycation end 

products which promote inflammation and reactive oxygen 

species.45 Moreover, metformin exhibits anti-inflammatory 

action indirectly by controlling hyperglycemia, weight gain, 

and lipid profile resulting in a favorable effect on chronic 

inflammation and atherosclerosis.41

In the Diabetes Prevention Program, treatment with met-

formin in patients with impaired glucose tolerance (IGT) for 

12 months decreased CRP levels as compared to placebo.46 

Krysiak and Okopien showed that patients with IGT treated 

with metformin reduced release of various pro-inflammatory 

cytokines from monocyte and lymphocytes.47,48 In the BARI 

2D trial, treatment of metformin in patients with T2DM and 

coronary artery disease showed anti-inflammatory effects as 

indicated by reduction in plasma insulin, plasminogen acti-

vator inhibitor type 1 antigen, CRP, and fibrinogen  levels.49 

However, in the LANCET trial, treatment of metformin for 
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14 weeks failed to decrease CRP or other inflammatory 

biomarkers in patients with T2DM.33 Conversely, Derosa 

et al reported that the combination of metformin and 

exenatide reduced inflammatory markers such as vaspin, 

chemerin, and resistin in patients with T2DM compared with 

 metformin plus placebo.50 Thus, the anti-inflammatory effect 

of metformin remains unclear and may be an indirect effect 

mediated through the improvement of insulin sensitivity and 

hyperglycemia.

Sulfonylureas
Sulfonylureas target the ATP-sensitive potassium (K

ATP
) 

channel to stimulate insulin secretion from pancreatic 

β-cells and are widely used in the treatment of T2DM.4,5,51 

The K
ATP

 channels in monocytes/macrophages are upregu-

lated and stimulate inflammatory reactions mediated by 

MAPKs/NF-κB pathways, while glibenclamide, a generic 

sulfonylurea (US generic glyburide), rescues this progres-

sion.52 Cai et al found that glibenclamide could attenuate 

LPS-induced myocardial injury in diabetic mice, possibly 

through inhibiting inflammation.53 Mu-Huo et al showed 

that in a polymicrobial sepsis animal model, glibenclamide 

pretreatment attenuates the acute lung injury by inhibiting 

the inflammatory responses and oxidative stress.54 Inhibition 

of sulfonylurea receptor 1 by glibenclamide ameliorates 

several pathologic effects associated with inflammation 

that lead to cortical dysfunction after subarachnoid hemor-

rhage.55 In addition, glibenclamide reduces pro-inflammatory 

cytokine production by neutrophils in patients with diabetes 

in response to bacterial infection.56 Treatment of glyburide in 

patients with T2DM increases survival rate associated with 

the change in anti-inflammatory-related genes. Mavridis et al 

reported that T2DM patients treated with insulin presented 

with a low-grade inflammation, while the levels of inflam-

matory cytokines in the sulfonylurea arm were significantly 

lower than insulin-treated.57 Studies on sulfonylureas provide 

evidence for safety in patients with diabetes combined with 

asthma by downregulation of allergic inflammation via IL-4/

IL-13/p-STAT6/VCAM-1 signaling pathway or by inhibiting 

cytokine-induced eosinophil survival and activation.58

Alpha-glucosidase inhibitors
Postprandial glucose load gives a greater increase in bio-

markers of systemic low-grade inflammation and endothelial 

dysfunction such as hsCRP, IL-6, TNF-α, soluble intercellular 

adhesion molecule 1, soluble vascular cell adhesion molecule 1,  

E-selectin, and metalloproteinases 2 and 9 in patients with 

T2DM compared to healthy patients.59,60 Extensive stud-

ies have been carried out on alpha-glucosidase inhibitors 

that suppress postprandial glucose which may mediate 

potential anti-inflammatory effects. Fukaya et al suggested 

that  miglitol inhibits the gene expression of inflammatory 

cytokines/cytokine-like factors in peripheral leukocytes by 

suppressing glucose fluctuations in streptozotocin-induced 

hyperglycemic rats.61 Derosa et al evaluated effects of 

acarbose in patients with T2DM and found acarbose more 

effective in reducing the postoral fat-load peaks of various 

parameters including the insulin resistance and the inflam-

matory markers, after 7 months of therapy.62,63 Emoto et al 

studied patients with T2DM and coronary artery disease with 

3 months of repeated administration of miglitol demonstrat-

ing an improvement in insulin resistance index, CRP, and 

flow-mediated dilatation but not with voglibose.64 However, 

in a randomized double-blind, placebo-controlled crossover 

study, reduction of glycemic load by acarbose had no effect 

on ADN, whole-body insulin sensitivity, or biomarkers of 

inflammation (MCP-1, IL-6, and IL-1β).65 Similarly, com-

parison of pioglitazone versus voglibose by Fujitaka et al 

showed an improvement in hemoglobin A1c (HbA1c), fasting 

plasma glucose (FPG), serum ADN, and hsCRP levels and 

homeostatic model assessment of insulin resistance only in 

the pioglitazone group.66

Meglitinides
Meglitinides, or glinides, reduce postprandial blood glucose 

peaks and reduce HbA1c levels by acting as a meal-time 

insulin secretagogue similar to the sulfonylureas. Although 

novel anti-inflammatory effects of repaglinide in nondiabetic 

animals were established, the high doses required for an 

efficacious effect would make this application impractical in 

the clinic.67 Repaglinide was studied in two different models 

of delay-type hyperreactivity response induced by sheep 

red blood cells and 2,5′-dinitrofluorobenzene, and in two 

different rodent models of LPS challenge. Repaglinide effi-

caciously downregulated the resulting ear swelling response 

with sheep red blood cells and decreased serum TNF-α level 

and bronchial alveolar lavage fluid MCP-1 levels in LPS-

challenged animals.67 In addition, change of treatment from 

glimepiride to repaglinide in Japanese patients with T2DM 

reduced the  levels of plasminogen activator inhibitor-1, 

hsCRP, and urinary 8-hydroxydeoxyguanosine.68 Similarly, 

a study by Assaloni et al showed that controlling postprandial 

hyperglycemia with meglitinide significantly improves the 

cluster of oxidative stress (reduces nitrotyrosine, malondi-

aldehyde, and oxidized low-density lipoprotein levels) and 

inflammation markers (decreases IL-6, IL-18, and TNF-α) 
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that are increased in the postprandial state in patients with 

diabetes.69 Alternatively, repaglinide in diabetic rabbits 

exerted antioxidant properties without affecting serum 

IL-6 levels.70  However, in a study in nonobese patients 

with T2DM, metformin was more effective in reducing 

selected  biomarkers reflecting inflammation and endothe-

lial dysfunction compared with repaglinide despite similar 

glycemic levels between treatments.71 In the NAVIGATOR 

trial, treatment with nateglinide for 5 years did not reduce 

the incidence of diabetes or the co-primary composite car-

diovascular outcomes in patients with IGT and established 

cardiovascular disease or cardiovascular risk factors.72 Effect 

of nateglinide versus acarbose in 160 Chinese patients with 

T2DM has been studied, and no significant effect on hsCRP 

was found in either group despite similar effects in control-

ling postprandial glucose and lipid metabolism.73

Thiazolidinedione
Peroxisome proliferator-activated receptors (PPARs), mainly 

PPAR-γ, have potential implications in molecular pathways of 

insulin resistance, T2DM, and atherosclerosis.74  Rosiglitazone 

and pioglitazone, also known as TZDs, are selective agonists 

of nuclear transcription factor PPAR-γ. In vitro data in animal 

models and some human studies suggested that TZDs may not 

only regulate metabolic processes but also limit inflammatory 

responses.74 Specifically, PPAR-γ is expressed predominantly 

in adipose tissue and shown to reduce inflammatory markers 

in visceral adipose tissue (VAT), steatotic liver, atherosclerotic 

plaques, and circulating plasma.75 Moreover, in vitro results 

demonstrate that the anti-inflammatory activity of TZDs is a 

result, at least in part, of their ability to activate glucocorticoid 

nuclear translocation independently from PPAR-γ.75

Treatment of pioglitazone in patients with T2DM reduced 

ATM content and activity, and was associated with a decrease 

in inflammatory markers in macrophage, neutrophils, and 

dendritic cells.76 In this study, hepatic and peripheral insulin 

sensitivity was improved, indicating an association between 

adipose macrophage content and systemic insulin resistance 

in humans.76 Patients with insulin resistance had a decreased 

total adipose macrophage number, with a decrease in M1 

macrophages and an increase in M2 macrophages with 

pioglitazone treatment.77 Pioglitazone improved ADN levels 

significantly and increased adipocyte cell surface but failed to 

reduce ATM number and pro-inflammatory CD16+ peripheral 

monocyte numbers in obese individuals despite improvement 

in insulin sensitivity.78 Another study in obese subjects had 

a decrease in insulin resistance and several adipose inflam-

matory parameters (IL-6, IL-1β, and inducible nitric oxide 

synthase) with pioglitazone relative to placebo.79 Addition-

ally, adipose tissue from pioglitazone-treated obese subjects 

 demonstrated reduced infiltration of macrophages, dendritic 

cells, and neutrophils as well as increased  expression 

of  factors associated with fat “ browning” (PGC-1α and 

UCP-1).79 Finally, a study by Kodama et al indicated that 

pioglitazone, but not glimepiride, decreased the visceral 

fat volume and its metabolic activity in patients with IGT 

or T2DM.80 Recently, a unique population of VAT-resident 

regulatory T cells was implicated in control of the inflamma-

tory state of adipose tissue, and thereby, insulin sensitivity. 

PPAR-γ expression by VAT-resident regulatory T cells was 

necessary for complete restoration of insulin sensitivity in 

obese mice by pioglitazone.81 Meta-analysis of randomized, 

placebo-controlled clinical trials showed that TZDs were sig-

nificantly better than placebo in improving ballooning degen-

eration, lobular inflammation, and steatosis in patients with 

nonalcoholic steatohepatitis. However, evidence suggest that 

long-term treatment with these agents offers no additional 

histological benefit parallel to metabolic improvement.82,83

Mizoguchi et al showed that pioglitazone, but not 

glimepiride, decreased atherosclerotic plaque inflammation 

despite reduction of FPG and HbA1c values. Additionally, 

pioglitazone significantly increased high-density lipoprotein 

cholesterol level and decreased hsCRP, whereas hsCRP was 

increased by glimepiride.85,86 In another study, compared with 

placebo, rosiglitazone reduced inflammatory markers, ubiq-

uitin, proteasome 20S activity, nitrotyrosine, and superoxide 

anion production and increased collagen content in carotid 

plaque. The inhibition of ubiquitin–proteasome activity in 

atherosclerotic lesions of patients with T2DM by rosiglitazone 

was associated with morphological and compositional char-

acteristics of a potential stable plaque phenotype, possibly by 

downregulating NF-κB-mediated inflammatory pathways.87

In many studies, measuring circulating markers has 

assessed the impact of intervention with TZDs on inflamma-

tion, atherosclerotic plaque, and cardiovascular outcomes. In 

patients with T2DM and coronary artery disease, treatment 

with pioglitazone resulted in a significantly lower rate of pro-

gression of coronary atherosclerosis compared with glimepir-

ide. This is associated with decrease in hsCRP levels, increase 

in high-density lipoprotein level, and reduction in triglyceride 

levels by pioglitazone, but not with glimepiride.88 The meta-

analysis study on the effects of TZD therapy in patients with 

T2DM reported significant reductions in the majority of 

plasma cytokines, such as hsCRP, MCP-1, fibrinogen, and 

E-selectin, compared with those of the placebo group among 

patients with T2DM.89 Updated meta-analysis indicated that 
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both rosiglitazone and pioglitazone significantly decreased 

serum CRP levels in both DM and non-DM patients.90 This is 

confirmed by an observational IRIS V study of a nonselected 

patient population under daily routine conditions. The results 

show that pioglitazone treatment improved chronic vascular 

inflammation, which may be associated with reduced cardio-

vascular risk as monitored by the biomarker CRP.91

Nitta et al compared the effect of pioglitazone with glimepir-

ide on coronary arterial inflammation with serial 18F-fluoro-

deoxyglucose-positron emission tomography combined with 

computed tomography angiography. In this study, pioglitazone, 

but not glimepiride, attenuated left main trunk inflammation as 

measured by 18F-fluorodeoxyglucose uptake in patients with 

IGT or T2DM. However, glimepiride and pioglitazone decreased 

clinical parameters, including FPG and HbA1c.85,86 These studies 

suggest that pioglitazone may protect against cardiac events in 

patients with IGT or T2DM in a glucose-lowering independent 

manner by suppressing coronary inflammation. The PROactive 

study showed that pioglitazone nonsignificantly reduces the risk 

of all-cause mortality, myocardial infarction, stroke, acute coro-

nary syndrome, leg amputation, coronary revascularization, or 

revascularization of the leg, which is further supported by BARI 

2D trial which compared the effect of insulin sensitization (IS) 

and insulin provision (IP) treatment strategies on adipokines 

associated with cardiovascular disease in patients with T2DM 

and coronary artery disease.49,92 The BARI 2D trial shows that IS 

and IP treatment strategies exerted divergent effects on adipokine 

and inflammatory profile, and IS treatment strategy-induced 

changes may be more favorable than the IP treatment strategy 

regarding cardiovascular pathophysiology.49

DPP-4 inhibitors
DPP-4 inhibitors, commonly referred to as gliptins, improve 

glucose metabolism through inhibition of degradation of 

endogenous GLP-1, which causes the elevation of GLP-1 

receptor signaling, leading to increased insulin secretion and 

suppressed glucagon secretion in the pancreas.93 Similar to 

GLP-1RAs, several studies have shown that DPP-4 inhibi-

tors offer additional clinical advantages including beneficial 

effects on the cardiovascular system without risk of hypogly-

cemia and weight gain.94 Therefore, incretin-based therapies 

might open new perspectives in the management of T2DM 

by providing some cardiovascular protection in patients with 

T2DM. DPP-4 inhibitors can exert antiatherogenic effects 

which include lowered systolic blood pressure, improved 

postprandial lipid parameters, reduced silent inflammation, 

reduced oxidative stress, and improved endothelial dysfunc-

tion.95 Several experimental studies report direct potential 

beneficial effects of DPP-4 inhibitors on all microvascular 

diabetes-related complications including microangiopathy.96 

Animal studies have shown that the effect of DPP-4 inhibi-

tion on atherosclerosis and inflammation is via inhibition 

of monocyte activation and chemotaxis. Treatment with 

linagliptin remarkably suppressed cardiac fibrosis in an 

experimental model of autoimmune myocarditis mice and 

was associated with reduced inflammatory cytokine (IL-2, 

TNF-α, IL-1β, and IL-6) gene expression.97  Linagliptin 

 treatment was also found to attenuate inflammation and accel-

erate epithelialization in wounds of diabetic ob/ob mice.98 

Consistent with linagliptin, in vitro studies have shown that 

alogliptin inhibited TLR-4-mediated upregulation of IL-1β, 

IL-6, and other pro-inflammatory cytokines by mononuclear 

cells.99 Treatment with sitagliptin suppressed oxidized low-

density lipoprotein-induced Nucleotide-binding domain, 

leucine-rich repeat family, pyrin domain 3 (NLRP3), TLR-4, 

and IL-1β in human macrophages through inhibition of 

protein kinase 3 (PKC) activity.100 Further, in another study, 

anagliptin treatment prevented LPS- or palmitate-induced 

elevations of inflammatory cytokines in macrophages, adipo-

cytes, and liver in mice, by suppressing NF-κB activation.101 

In addition, treatment with sitagliptin inhibits mononuclear 

mRNA expression of CD26 (with known DPP-4 activity), 

TNF-α, TLR-4, TLR-2, and IκB kinase beta, and chemokine 

receptor CCR-2, in T2DM patients. The suppression of CD26 

expression suggests that sitagliptin may inhibit the synthesis 

of DPP-4 in addition to inhibiting the DPP-4 action.102 Sita-

gliptin significantly reduced the plasma levels of markers 

of low-grade inflammation (CRP, IL-6, IL-18, and secreted 

phospholipase-A2) and cell adhesion molecules including 

soluble intercellular adhesion molecule-1 and E-selectin.103 

Vildagliptin was found to be superior compared to sitagliptin 

in reduction of oxidative stress and inflammation by blunting 

daily acute glucose fluctuations in patients with T2DM.104 

Treatment with sitagliptin reduced inflammatory cytokines 

and improved the unfavorable M1/M2-like phenotypes 

of peripheral blood monocytes in Japanese patients with 

T2DM.105 In another study, sitagliptin significantly improved 

endothelial function and inflammatory state in patients with 

coronary artery disease and uncontrolled T2DM, beyond its 

hypoglycemic action.106 Treatment with sitagliptin plus met-

formin more effectively reduced the levels of resistin, vaspin, 

and omentin-1 than placebo plus metformin.50 However, addi-

tion of sitagliptin or metformin to pioglitazone monotherapy 

in patients with poorly controlled T2DM demonstrated that 

only metformin led to a decrease of body weight and to a 

faster and superior improvement of insulin resistance and 
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 inflammatory  parameters.107 In hemodialysis patients with 

T2DM,  linagliptin decreased levels of prostaglandin E2, 

IL-6, hsCRP, glycated albumin, and blood glucose which was 

associated with an increase in active GLP-1.108

SGLT2 inhibitors
SGLT2 inhibition is the newest oral approach for the man-

agement of T2DM.4,5 Several compounds (dapagliflozin, 

canagliflozin, empagliflozin, and ipragliflozin) are already 

available in many countries, and others are in the late phases 

of development. SGLT2 inhibitors increase glucosuria, 

reduce hyperglycemia (without inducing hypoglycemia), 

promote weight loss, and exert a modest diuretic effect 

with blood pressure reduction.109 Ipragliflozin was found to 

reduce plasma and liver inflammatory markers (IL-6, TNF-α, 

MCP-1, and CRP) in high-fat diet and  streptozotocin– 

nicotinamide-induced type 2 diabetic mice and in rats with 

streptozotocin-induced type 1 diabetes.110,111 However, no 

clinical data are available examining the role of SGLT2 

inhibitors on markers of inflammation.109

Anti-inflammatory effect of combination 
therapy
Improvement in glycemic control is critical for the prevention 

of hyperglycemia-induced dyslipidemia, endothelial dysfunc-

tions, vasomotor dysfunction, coagulation abnormalities, 

and associated complications. Since T2DM is a progressive 

disease, it has been accepted that combination therapy using 

antidiabetic agents, directed at multiple molecular targets, 

is more effective than monotherapy to achieve targeted 

blood glucose concentrations.10,112 As mentioned previously, 

DeFronzo has introduced the ominous octet concept for the 

treatment of T2DM, which advocates initial treatment with 

triple therapy of a biguanide, TZD, and GLP-1.10 Also, com-

bination therapy can increase anti-inflammatory potential of 

antidiabetic agents. Consequently, combination therapy is so 

common in the treatment of T2DM, that many medications 

are co-formulated as combinations, which facilitates better 

patient adherence. When selecting the combination treatment, 

it is important to consider pathogenesis of T2DM, and risk 

factors of cardiovascular diseases, endothelial dysfunction, 

and inflammation.112 Schöndorf et al carried out a multi-

center, randomized, double-blinded two-arm trial in T2DM 

patients with combinations of metformin with pioglitazone, 

and metformin with glimepiride. They observed that as 

compared to metformin with glimepiride, the combination 

of metformin with pioglitazone showed an overall improve-

ment of laboratory surrogate markers of platelet function and 

chronic systemic inflammation.113 Combination of sulfonylu-

reas with metformin or TZDs offered excellent improvement 

in glycemic control and inflammation, which was particularly 

effective in the early stages of the disease, allowing maximal 

benefit to be obtained from the insulin secretion-promoting 

abilities of the sulfonylureas and the β-cell-protective effects 

of the TZDs.114 A potential advantage here is the combina-

tion of DPP-3 inhibitors and GLP-1RAs, which stimulate 

insulin secretion, suppress glucagon production, and increase 

or sustain GLP-1 levels in circulation. The combination of 

exenatide or vildagliptin plus metformin was found to be more 

effective than metformin alone in improving glycemic control, 

β-cell function, and inflammatory parameters.104,115 The novel 

mechanism of action of SGLT2 inhibitor therapy suggests 

that it has the potential to be used in combination with any 

of the existing glucose-lowering agents, including insulin, as 

they share no common mechanistic pathways. The effects of 

combining SGLT2 inhibitor with linagliptin treatment were 

assessed on pancreatic islet function and inflammation in db/

db mice. The combined treatment exhibited greater effects on 

glycemic control, which was associated with restored islet 

beta/alpha-cell ratio, reduced beta-cell apoptosis, decreased 

expression of islet immune cell  markers, and suppressed 

factors related to the TLR-2  pathway.116 In addition, several 

studies utilizing SGLT2 inhibitors plus other classes of oral 

antidiabetic agents are ongoing, including dapagliflozin plus 

metformin, dapagliflozin plus saxagliptin, canagliflozin plus 

metformin, and empagliflozin plus linagliptin or plus met-

formin.117 However, no clinical data are currently available 

examining the role of combination therapy of SGLT2 inhibi-

tors with other antidiabetics on markers of inflammation.

For several patients, oral antidiabetic agents alone fail to 

achieve targeted glycemic control, and insulin is added to the 

treatment regimen. It has been suggested that after 9 years 

of T2DM diagnosis, 80% of patients required insulin treat-

ment.112 Nevertheless, results from the LANCET randomized 

trial indicate that, compared to placebo, treatment with insulin 

or metformin or the combination of insulin and metformin did 

not reduce inflammatory biomarker levels despite improving 

glucose control in patients with recent-onset type 2  diabetes.33 

However, new combination products are coming to market, 

which will combine GLP-1s and basal insulin, which could 

provide additional anti-inflammatory effects.

Anti-inflammatory effects of 
hypoglycemic bioactive compounds
Apart from synthetic hypoglycemic drugs, the plant  kingdom 

has contributed immensely to the modern drug library, 
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and several plants have been used as natural remedies for 

diabetes since ancient times. Bioactive constituents from 

medicinal plants offer a complementary approach in the 

management of diabetes. Grover et al reported that there 

are ∼800 plants that exert potential antidiabetic activities.118 

These bioactive compounds may act through different mecha-

nisms, including the inhibition or stimulation of enzymatic 

activity and/or protein expression. The most biologically 

active natural compounds with proven antidiabetes activity 

include various polyphenols (catechins, chlorogenic acids, 

and flavonoids) and saponins.119 Similar to currently used 

hypoglycemic agents, some bioactive compounds also exert 

anti-inflammatory activity. Catechins were found to prevent 

vascular inflammation and reduce the progression of athero-

sclerotic lesions both in animals and humans.120 However, 

oral treatment of green tea catechins with vitamin C did 

not significantly reduce skin erythema, leukocyte infiltra-

tion, or eicosanoid response to ultraviolet radiation-induced 

inflammatory challenge in a double-blind, randomized, 

placebo-controlled trial.121 Chlorogenic acid was also shown 

to suppress cytokine-induced inflammatory process in differ-

ent in vitro and in vivo  studies.122,123 Flavonoids and saponins 

exert anti-inflammatory effects in various cell types, lowering 

the expression and/or function of a variety of inflammatory 

mediators including eicosanoids, NO, adhesion molecules, 

and cytokines.124,125 In addition, many bioactive compounds 

display significant antioxidant/radical-scavenging properties 

which can contribute toward anti-inflammatory effects.

Conclusion
Currently, the prevalence of obesity and T2DM has reached 

epidemic proportions in the USA. Since this can lead to 

cardio-metabolic derangements, there is a clear need to 

address this worrying trend. Obesity and T2DM cause an 

increase in inflammatory markers (hsCRP, TNF-α, IL-6) 

and a decrease in anti-inflammatory factors, including 

ADN, leading to metabolic dysfunction. Thus, targeting 

inflammation is important for the management of diabetes 

and related disorders. Multiple studies have demonstrated 

an anti-inflammatory potential for various hypoglycemic 

drugs, which can contribute to improved clinical outcomes. 

Hypoglycemic agents exert their anti-inflammatory effects 

either by controlling hyperglycemia or directly, by acting on 

inflammatory pathways, independent of glucose control.
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