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Purpose: We explored the anti-inflammatory role of the DPP-4 inhibitor teneligliptin, using 
sitagliptin as comparator, in different in vitro models of low-grade inflammation (LGI), 
evaluating the hyperglycemia-induced endothelial inflammation, the macrophage polariza-
tion, and the endothelium–macrophage interaction.
Methods: The effects of DPP-4 and its inhibitors on macrophage polarization were eval-
uated in THP-1 cells by measuring mRNA expression of M1-M2 markers. HUVEC cells 
were used to analyze the effects of DPP-4 inhibitors on endothelial inflammation under 
normal and high glucose conditions. To evaluate the link between eNO and M1-M2 
polarization, HUVECs were transfected with eNOS siRNA and co-cultured with THP-1 
cells. The effects of DPP-4 inhibitors on macrophage polarization and eNO content were 
evaluated in a co-culture model of differentiated THP-1 cells + HUVECs under normal 
glucose (NG), high glucose (HG) and high metabolic memory (HM) conditions.
Results: DPP-4 regulated M1/M2 macrophage polarization. Teneligliptin reduced M1 and 
enhanced M2 macrophage phenotype under DPP-4 stimulation, and attenuated hyperglyce-
mia-induced endothelial inflammation. In THP-1 cells co-cultured with eNOS depleted 
HUVECs, M1 markers were enhanced, while M2 reduced, indicating an important role of 
eNO in polarization to M2 phenotype. In the co-culture model with HUVECs exposed to HG 
and HM, teneligliptin reduced M1 and enhanced M2 population, by increasing eNO levels. 
The anti-inflammatory effects of sitagliptin were not observed in these LGI models.
Conclusion: Teneligliptin, but not sitagliptin, has anti-inflammatory effects in the various 
LGI models, by promoting a switch from M1 toward M2 phenotype and by decreasing 
hyperglycaemia-induced endothelial inflammation, suggesting that effects for LGI are dif-
ferent among DPP-4 inhibitors.
Keywords: DPP-4 inhibitors, low-grade inflammation, teneligliptin, macrophage 
polarization, endothelial inflammation, endothelial NO, high glucose, antioxidant defense

Introduction
Chronological age and overnutrition are the two main risk factors for the develop-
ment of type 2 diabetes mellitus (T2DM) and for its cardiovascular (CV) complica-
tions. They promote a chronic-state of sustained, low-grade inflammation (LGI), 
a phenomenon termed either “inflammaging” or “metaflammation”, a critical com-
ponent of T2DM.1–3 LGI involves the same cellular and molecular mediators of the 
acute inflammatory responses, despite being chronic in nature.2 Different in vitro 
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models can be used to study the effect of specific sub-
stances on LGI. Among them, hyperglycemia-induced 
inflammation and cytokine-induced macrophages polariza-
tion represent useful tools to explore the anti-inflammatory 
potential of glucose-lowering drugs.3

Macrophages have a primary role in inflammation and 
host defense, and also participate in a variety of other 
homeostatic functions, including wound healing and tissue 
repair. Such pleiotropic effects are mediated by their 
response to diverse environmental signals; these give rise 
to distinct functional phenotypes that can range from 
a pro-inflammatory – classic M1 activation – to a more 
anti-inflammatory phenotype – alternative M2 
activation.3,4 The M1-M2 polarization plays a role in 
LGI, which leads to insulin resistance and micro- and 
macrovascular diabetic complications.3–5 A key regulator 
of macrophage polarization is endothelial nitric oxide 
(eNO), which polarizes macrophages from the M1 to the 
M2 phenotype, suggesting an implication of endothelial 
cell–macrophage interaction in inflammation.6,7 However, 
its specific role under hyperglycemic conditions has not 
been fully evaluated.

Various glucose-lowering drugs are accompanied by 
different effects on LGI.8–10 In this sense, promising evi-
dence is emerging for dipeptidyl peptidase-4 inhibitors. 
The use of DPP-4 inhibitors in the treatment of T2DM 
has increased since their introduction,11,12 given the favor-
able effects in terms of low risk of hypoglycemia and 
neutral effects on body weight and cardiovascular 
outcomes.13 The DPP-4 enzyme is found in serum and it 
has been associated with several different cellular 
functions;14 moreover, it is expressed on the surface of 
a variety of cell types, including those involved in immune 
response.15 In addition, DPP-4 has several non-incretin 
substrates and physiologically cleaves cytokines and che-
mokines, thus playing a major role in LGI.16

The effects of selected DPP-4 inhibitors on LGI are 
clearly emerging.17 Moreover, the role on macrophage 
polarization for some drugs of this glucose-lowering 
class has been demonstrated; in this sense, a recent paper 
showed that the DPP-4 itself enhances macrophage M1 
polarization and inhibits M2 polarization, while DPP-4 
inhibitor linagliptin attenuates these effects in vitro.5 

However, the drug-intrinsic differences among the various 
DPP-4 inhibitors18 and their mechanisms for anti- 
inflammatory response remain to be unknown. It appears 
to be crucial, therefore, to determine the fundamental 
pharmacological mechanism of these inhibitors and the 

possible differences among them, in order to use the 
appropriate DPP-4 inhibitor for suitable patients.

Teneligliptin is a DPP-4 inhibitor with peculiar phar-
macological and pharmacokinetics properties.19 It is char-
acterized by a long-lasting effect on DPP-4, while is 
metabolized through multiple routes, thus not requiring 
dose adjustments in patients with renal impairment.19 It 
is accompanied by anti-oxidative and vaso-protective 
properties, as shown in vitro and in patients with 
T2DM.20,21 However, less information is available regard-
ing the effects of teneligliptin on LGI.

Here, we explored the anti-inflammatory potential of 
teneligliptin with 3 commonly used in vitro models of 
LGI, ie cytokine-induced macrophage polarization, hyper-
glycemia-induced inflammation, and endothelium–macro-
phage interaction in the hyperglycemic environment, along 
with the possible mediators of such effect.

Methods
Cell Culture
Human THP-1 cells were purchased from ATCC and 
maintained in RPMI-1640 medium supplemented with 
10% FBS, 1% penicillin/streptomycin, and 1% 
L-glutamine (Euroclone).

Human umbilical vein endothelial primary cells 
(HUVECs) were purchased by Lonza and cultured with 
EGM™-2 Bulletkit™ (Lonza) at 37°C in a humidified 
atmosphere with 5% CO2. Cells were used between 4 
and 6 passages. HUVECs were seeded and allowed to 
attach overnight.

Teneligliptin hydrobromide hydrate (3-[(2S,4S)-4- 
[4-(3-methyl-1-phenyl-1H-pyrazol-5-yl)piperazin-1-yl]pyrro-
lidin-2-yl-carbonyl]thiazolidinehemipentahydrogenbromide 
hydrate) was provided by Mitsubishi Tanabe Pharma 
Corporation (Osaka, Japan).

Sitagliptin phosphate monohydrate (7-[(3R)-3-amino- 
1-oxo-4-(2,4,5-trifluorophenyl)butyl]-5,6,7,8-tetrahydro- 
3-(trifluoromethyl)-1,2,4-triazolo[4,3-a]pyrazine phosph 
ate) was provided by BioVision.

Experimental designs are detailed in Supplementary 
Materials and Methods.

ROS Measurement
2ʹ,7ʹ-Dichlorofluorescein diacetate (H2DCFDA) was used 
to measure intracellular ROS production. And, 5×103 dif-
ferentiated THP-1 cells were grown on clear flat bottom 
treated 96-well plates under the experimental conditions. 
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At the end of the experiment, cells were stained with 20 
mM H2DCFDA for 30 minutes at 37°C. H2DCFDA was 
kinetically measured at an excitation and emission wave-
length of 485 nm and 530 nm using a fluorescent micro-
plate reader (Synergy HT, BioTek Instruments, Inc., 
Winooski, Vermont, USA).

RNA Isolation and qRT-PCR
RNA was isolated from cells using Total RNA isolation kit 
(Norgen Biotek Corp, Thorold, Ontario, Canada) follow-
ing the manufacturer’s instructions. Briefly, first-strand 
cDNA was prepared using 1–2ug of total RNA, the 
Superscript III RT kit and random hexamer primers 
(Invitrogen, Carlsbad, CA, USA) in a total volume of 25 
µL. Reverse transcription reaction was carried out for 90 
minutes at 50°C and an additional 10 minutes at 55°C. 
Quantitative real-time polymerase chain reaction (qRT- 
PCR) was performed on an ABI Prism 7900 sequence 
detection system using SybrGreen reagents (Takara Bio 
Company, Clontech, Mountain View, CA, USA) and 
TaqMan® Gene Expression Master Mix (Life 
Technologies, Madrid, Spain). Primers used were pre-
viously described.20,22,23

Protein Extraction
Cells were harvested and lysates were prepared using 
RIPA buffer (Sigma-Aldrich) with the addition of 
a protease and phosphatase inhibitor cocktail. Protein con-
tent of the lysates was determined using the Bradford 
reagent (Sigma-Aldrich).

Western Blot Analysis
Protein lysates (30μg) were resolved by SDS-polyacrylamide 
gel electrophoresis (PAGE-R Gold gels 4–20%, Lonza) and 
transferred to a polyvinylidene fluoride (PVDF) membrane. 
After blocking with 5% non-fat dry milk (NFDM) in 20 mM 
Tris–HCl (pH 7.5), 135 mM NaCl and 0.1% Tween-20, blots 
were incubated with monoclonal antibodies against human 
eNOS (Cell Signaling Technology) (1:1000). Human beta- 
Actin (1:1000) (Sigma-Aldrich) was used as a loaded control. 
Detection was performed using a secondary peroxidase-linked 
anti-mouse/rabbit antibody (1:3000) (GE Healthcare Europe 
GmbH) and an enhanced chemiluminescence system (Pierce 
Chemical Co) according to the manufacturer’s instructions. 
Proteins were revealed in a CCD camera 
(ImageQuantLAS4000, GE Healthcare, UK). Protein quanti-
fication was performed using computer-assisted densitometry 
(www.imagej.nih.gov, ImageJ Software, NIH).

NO Measurements
Assessment of NOx levels was performed according to 
a commercial assay kit, as described by the manufacturer 
(Abcam). Briefly, the cells were plated in 96-well plates at 
a density of 1×104 cells/well and cultured according to the 
different experimental conditions. At the end of the experi-
ments, NO assay colorimetric kit was used to measure the 
total nitrate/nitrite in a two-step process: nitrate reductase 
was used to convert nitrate to nitrite; then, Griess reagent 
was used to convert nitrite to a deep purple azo-compound. 
The amount of the azochromophorereflected nitric oxide 
amount in the samples. Optical density was measured at 
540 nm using a microplate reader (Synergy HT, BioTek 
Instruments, Inc.).

Statistical Analysis
In all experiments, measurements were normalized to con-
trols, and the fold increase above the control condition was 
calculated. Numerical data were expressed as the mean ± 
SEM, and P values of <0.05 were considered statistically 
significant. Differences between the mean values of two 
groups were assessed using a two-tailed Student’s t-test. 
Differences in mean values between more than two groups 
were determined using one-way ANOVA. Turkey’s test for 
multiple comparisons was used to determine which pairs 
of means were different.

Results
DPP-4 Enhances M1 Polarization and 
Inhibits M2 Polarization in a 
ROS-Dependent Manner
We determined whether DPP-4 directly regulates macro-
phage activation and/or polarization (experimental design 
in Figure 1A). Exposure of stably differentiated THP-1 
cells to DPP-4 significantly increased mRNA expression 
of M1 markers, Tnf-α and Rantes upon stimulating with 
LPS, in a dose-dependent manner (Figure 1B). 
A significant up-regulation was observed for Mcp-1 
(Figure 1B) and for the intracellular ROS production 
(Figure 1C) when DPP-4 was used at the highest concen-
tration of 0.5μg/mL.

Exposure of macrophages to DPP-4 at 0.2 and 0.5μg/ 
mL upon stimulation with IL-4, significantly reduced 
mRNA expression of M2 markers, Arg1 and Mgl2, in 
a dose-dependent manner. DPP-4 at the highest concentra-
tion also significantly decreased Chi3l3 (Figure 1D) and 
increased intracellular ROS production (Figure 1E).
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Taken together, these results suggest that DPP-4 
directly regulates M1-M2 macrophage polarization follow-
ing LPS or IL-4 stimulation, by increasing M1 polarization 
and inhibiting M2 polarization possibly in a ROS- 
dependent manner.

Teneligliptin, but Not Sitagliptin, Reduces 
M1 Polarization and Enhances M2 
Polarization Under DPP-4 Stimulation
To test the effects of teneligliptin, we repeated the 
experiment, adding to the medium the DPP-4 inhibitor 

at three different concentrations20 (see Supplementary 
Figure 1). Once established the effective dose of tene-
ligliptin in counteracting the pro-inflammatory effects of 
DPP-4 in stably differentiated THP-1 cells, we com-
pared this property of teneligliptin with another DPP-4 
inhibitor that is largely used in the clinical practice, 
sitagliptin (experimental design in Figure 2A). In 
macrophages stimulated by LPS and DPP-4 at the high-
est concentration of 0.5μg/mL, mRNA levels of M1 
maker Tnf-α were significantly diminished in the pre-
sence of teneligliptin 3.0μmol/L, but not of sitagliptin at 
the same dose (Figure 2B). For all the M1 markers 

Figure 1 DPP-4 enhances M1 polarization and inhibits M2 polarization in a ROS-dependent manner. (A) Experimental design. Fold changes in expression levels of (B) M1 
markers (Tnf-α, Mcp-1 and Rantes) and (D) M2 markers (Arg1, Chi3l3 and Mgl2). Intracellular ROS production upon stimulation with (C) LPS for M1 polarization and (E) IL-4 
for M2 polarization. For all diagrams, error bars are ± SEM and * ANOVA p < 0.05, ** ANOVA p < 0.01, *** ANOVA p < 0.001, **** ANOVA p < 0.0001; n = 5.
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Figure 2 Teneligliptin, but not sitagliptin, reduces M1 polarization and enhances M2 polarization. (A) Experimental design. Fold changes in expression levels of (B) M1 
markers (Tnf-α, Mcp-1 and Rantes) and (D) M2 markers (Arg1, Chi3l3 and Mgl2). Intracellular ROS production upon stimulation with (C) LPS for M1 polarization and (E) IL-4 
for M2 polarization. For all diagrams, error bars are ± SEM and * ANOVA p < 0.05, ** ANOVA p < 0.01,; n = 5.  
Abbreviations: SITA, sitagliptin; TNG, teneligliptin. 
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analyzed, a tendency to a decrease in their mRNA levels 
was observed with the addition of teneligliptin, but not 
sitagliptin, to the exposure of macrophages with LPS + 
DPP-4. Moreover, a decrease in ROS production was 
observed after administration of teneligliptin, but not 
sitagliptin (Figure 2C). On the other hand, the exposure 
to teneligliptin, but not sitagliptin, significantly 
increased the expression of M2 macrophage marker 
Chi3l3 (Figure 2D), and decreased ROS generation 
(Figure 2E). For the M2 markers analyzed, a tendency 
to an up-regulation in their mRNA levels was observed 
with the addition of teneligliptin, but not sitagliptin, to 
the exposure of macrophages with IL-4 + DPP-4 
(Figure 2D).

Taken together, these results suggest that teneligliptin, 
but not sitagliptin, can suppress M1-polarized activation 
and induce M2-polarized activation under DPP-4 stimula-
tion, possibly regulating intracellular ROS generation.

Teneligliptin, but Not Sitagliptin, 
Attenuates HG-Induced Endothelial 
Inflammation
mRNA expression of inflammatory cytokines derived from 
M1 macrophages, including Tnf-α, IL-1β, IL-6, and IL-8, as 
well as Vcam-1 and Icam-1 that mediate the adhesion of 
lymphocytes, monocytes, eosinophils, and basophils to vascu-
lar endothelium, was analyzed in order to determine the effects 
of teneligliptin, in comparison with sitagliptin, on endothelial 
inflammation under hyperglycemic conditions (experimental 
design in Figure 3A). As expected, HG and HM in general 
increased gene expression of all the markers analyzed, com-
pared with the control NG condition. Such increase was sig-
nificantly relevant for IL-1β, IL-6, IL-8, Vcam-1 and Icam-1 
under HG conditions, and for IL-1β, IL-8 and Icam-1 under 
HM conditions. HUVECs exposed to HG and treated with 
teneligliptin showed a decrease in the mRNA expression of 
IL-1β, IL-6, IL-8 and Vcam-1, compared with the conditions of 
HG without DPP-4 treatment. Moreover, addition of teneli-
gliptin decreased mRNA expression of IL-1β, IL-8 and Icam-1, 
compared with the condition of HM without DPP-4 treatment. 
Sitagliptin was not able to exert the same positive effects 
(Figure 3B).

These results demonstrate that the DPP-4 inhibitor 
teneligliptin, but not sitagliptin, can attenuate hyperglyce-
mia-induced endothelial inflammation in HUVECs 
exposed to both conditions of HG and HM.

eNOS Has a Role in Polarization from M1 
to M2 Population
To further test the hypothesis that endothelial NO signal-
ing polarizes macrophages away from the M1 and toward 
the anti-inflammatory M2 phenotype, we used a co-culture 
system combining HUVECs with differentiated THP-1 
cells. As a specific control, the HUVECs used for this 
study were either intact or had a reduced capacity to 
generate NO, by prior incubation with scrambled control 
siRNA or eNOS siRNA, respectively (experimental design 
in Figure 4A). As expected, eNOS protein was markedly 
reduced in HUVECs receiving eNOS versus scrambled 
siRNA (Figure 4B), and NO measurements demonstrated 
a proportionate reduction of NO content in eNOS depleted 
cells (Figure 4C).

To determine whether decreased endothelial NO 
enhances M1 activation of differentiated THP-1 cells, 
these were stimulated with LPS. Compared with stably 
differentiated THP-1 co-cultured with control HUVECs, 
the induction of M1 markers, TNF-α and Mcp-1, was 
significantly enhanced in differentiated THP-1 cells co- 
cultured with HUVECs receiving eNOS siRNA 
(Figure 4D).

To determine whether decreased endothelial NO sig-
naling had the opposite effect on macrophage M2 activa-
tion, the co-culture study was repeated except that THP-1 
cells were incubated with IL-4, rather than LPS. As 
expected, IL-4 treatment significantly increased the 
mRNA expression of all M2 markers analyzed in differ-
entiated THP-1 co-cultured with control HUVECs, and 
this effect was significantly blunted for Arg1 and Chi3l3 
in THP-1 cells co-cultured with HUVECs receiving eNOS 
siRNA (Figure 4E).

These results confirm that eNOS signaling plays a role in 
polarization from M1 to M2 macrophage population, and 
that increased eNO levels attenuate the pro-inflammatory 
M1, increasing the anti-inflammatory M2 phenotype.

Teneligliptin, but Not Sitagliptin, 
Reduces M1 and Enhances M2 
Polarization by Enhancing eNO 
Under HG-HM Conditions
To test the hypothesis that teneligliptin can shift macrophage 
polarization from M1 to M2 phenotype by increasing eNOS 
that is blunted under hyperglycemic conditions, we repeated 
the experimental design based on the co-culture system 
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combining differentiated THP-1 cells with HUVECs exposed 
to NG, HG and HM (experimental design in Figure 5A).

Firstly, we observed that eNO levels were significantly 
decreased when HUVECs were exposed to both conditions 
of HG and HM, compared to NG. Teneligliptin at the 
highest concentration used, but not sitagliptin, was able 
to revert eNO measurements, significantly increasing them 
in both HG and HM conditions (Figure 5B).

To determine whether decreased eNO upon HG and 
HM treatment, enhances M1 activation of differentiated 
THP-1 cells, these were stimulated with LPS and IL-4.

Compared with stably differentiated THP-1 co-cultured 
with HUVECs exposed to NG, the induction of M1 

markers, TNF-α and Mcp-1, was enhanced in differen-
tiated THP-1 cells co-cultured with HUVECs exposed to 
HG and HM. Moreover, we observed a tendency for 
teneligliptin, but not sitagliptin, to decrease the gene 
expression levels of all M1 markers analyzed for both 
hyperglycemic conditions (Figure 5C).

To determine whether teneligliptin has the opposite 
effect on macrophage M2 activation, the co-culture study 
was repeated except that THP-1 cells were incubated with 
IL-4, rather than LPS. As expected, both high glucose 
conditions decreased the mRNA expression of the M2 
markers analyzed in differentiated THP-1 co-cultured 
with HUVECs exposed to HG and HM, compared to 

Figure 3 Teneligliptin, but not sitagliptin, attenuates HG-induced endothelial inflammation. (A) Experimental design. (B) Fold changes in expression levels of endothelial 
inflammation (Il-1β, Il-6, Il-8, Vcam-1, Icam-1 and Tnf-α). For all diagrams, error bars are ± SEM and * ANOVA p < 0.05, ** ANOVA p < 0.01, *** ANOVA p < 0.001; n = 5. 
Abbreviations: SITA, sitagliptin; TNG, teneligliptin. 
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control NG-HUVECs; such decrease was statistically sig-
nificant for Arg1 and Mgl2 in HG, and for Arg1 in HM. 
This effect was significantly reverted after the administra-
tion of teneligliptin; moreover, teneligliptin, but not sita-
gliptin, was able to enhance the positive effects of IL-4, 

and such increase was statistically significant for Arg1 and 
Chi3l3 in both conditions of HG and HM (Figure 5D).

These results confirm that eNOS has an important role 
in polarization from M1 to M2 macrophage population. 
Moreover, they demonstrate that eNO, blunted under 

Figure 4 eNO is required for the polarization from M1 to M2 population. (A) Experimental design. (B) Western blot analysis of eNOS, and fold decrease. (C) NO levels. 
Fold changes in expression levels of (D) M1 markers (Tnf-α, Mcp-1 and Rantes) and (E) M2 markers (Arg1, Chi3l3 and Mgl2). For all diagrams, error bars are ± SEM and (B and 
C) ** t-test p < 0.01, **** t-test p < 0.0001; n = 6; (D and E) * ANOVA p < 0.05.
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hyperglycemic conditions and increased after teneligliptin 
treatment, is able to attenuate the pro-inflammatory M1, 
increasing the anti-inflammatory M2 macrophage 
phenotype.

Discussion
We investigated the anti-inflammatory effects of the 
DPP-4 inhibitor teneligliptin in different in vitro models 
of LGI, using sitagliptin, another member of the same 

Figure 5 Teneligliptin, but not sitagliptin, reduces M1 and enhances M2 population by enhancing eNO under HG-HM conditions. (A) Experimental design. (B) NO levels. 
Fold changes in expression levels of (C) M1 markers (Tnf-α, Mcp-1 and Rantes) and (D) M2 markers (Arg1, Chi3l3 and Mgl2). For all diagrams, error bars are ± SEM and * 
ANOVA p < 0.05, ** ANOVA p < 0.01, *** ANOVA p < 0.001, **** ANOVA p < 0.0001; n = 5.  
Abbreviations: SITA, sitagliptin; TNG, teneligliptin. 
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glucose-lowering drug class, as a comparator. Here, we 
show that

1. DPP-4 protein dose-dependently promotes LPS- 
induced M1 polarization, while attenuating IL- 
4-induced M2 polarization;

2. teneligliptin is able to revert this phenomenon;
3. teneligliptin attenuates hyperglycemia-induced 

endothelial inflammation;
4. teneligliptin attenuates the high glucose-induced 

down-modulation of eNOS, leading to the regula-
tion of M1-M2 polarization in the endothelium– 
macrophage interaction;

5. these anti-inflammatory effects are not observed 
with the administration of sitagliptin.

To our knowledge, this is the first report showing a marked 
anti-inflammatory effect of teneligliptin in three different 
in vitro models relevant for LGI and T2DM. Moreover, 
with the macrophage-endothelial co-culture model under 
high glucose conditions, we provide a new experimental 
method to deep insight into the effects of DPP-4 inhibitors 
on the M1-M2 polarization and the LGI.

Previous data showed marked anti-atherogenic and anti- 
inflammatory activities of teneligliptin in animal models. 
Indeed, teneligliptin significantly inhibited the development 
of atherosclerotic lesions in the aortic arch of normoglyce-
mic ApoE mice, an effect accompanied by a decreased local 
expression of TNF-α, MCP-1, and IL-6.24 Interestingly, 
teneligliptin treatment in vitro was able to ameliorate the 
conversion of macrophages in foam cells using both macro-
phages from diabetic mice or patients with T2DM.25 

Concerning its anti-inflammatory effects, it has been 
reported that teneligliptin inhibits the LPS-induced inflam-
mation signal in human and mouse macrophages.26 Results 
of our work are compatible with these observations and 
support a pleiotropic, non-glycemia-linked, beneficial role 
of teneligliptin on LGI and on the atherosclerotic process. In 
addition, we found an improvement in eNOS expression 
with teneligliptin treatment, a result obtained also in a rat 
model of metabolic syndrome.27

Of note, treatment with teneligliptin, but not sitagliptin, 
significantly improved endothelial function and oxidative 
status in T2DM patients with chronic kidney disease 
(CKD), although HbA1c or renal function markers, like 
eGFR and urinary albumin, were not different between 
teneligliptin and sitagliptin group.21 Furthermore, 

teneligliptin reduced plasma levels of soluble P-selectin, 
platelet-derived microparticles, and plasminogen activator 
inhibitor-1 (PAI-1) in T2DM patients.28

The observation that the results obtained with teneli-
gliptin were not reproduced with sitagliptin reinforces the 
notion that the DPP-4 inhibitors are accompanied by non- 
overlapping secondary effects,29 and drug intrinsic differ-
ences among diverse DPP-4 inhibitors exist.18,30 To 
explain these discrepancies, different hypotheses have 
been formulated, including their intrinsic structural differ-
ences, which may support their distinct effects beyond the 
pharmacological action on DPP-4.18,30 For example, tene-
ligliptin shows five-fold higher activity than sitagliptin, 
and this difference in potency could be explained by the 
unique structure of teneligliptin, composed of five rings, 
leading to a small entropy loss upon binding to DPP-418. 
The novel chemical structure of teneligliptin may be also 
responsible for its hydroxyl radical (·OH) scavenging 
properties; in contrast, the DPP-4 inhibitor alogliptin and 
linagliptin do not exhibit scavenging effects.31 Moreover, 
the chemical properties of the various DPP-4 inhibitors 
may influence their tissue distribution and, as 
a consequence, their drug permeability profile.32 These 
variations might be related to the differences in vascular 
protective effects among DPP-4 inhibitors.33 In this sense, 
teneligliptin and linagliptin have notable tissue distribution 
properties in the kidney, which has the highest level of 
DPP-4 activity,34 followed by the lung, adrenal gland, 
jejunum and liver.32 Drug concentrations used in this 
study (teneligliptin 0.1, 1.0 and 3.0μmol/L, sitagliptin 
3.0μmol/L) are about 0.25 to 8 times higher compared to 
the peak plasma concentration (Cmax) of each drug in the 
clinical practice dose; Cmax of teneligliptin (20mg) and 
sitagliptin (50mg, 100mg) are about 0.4μmol/L, 0.4μmol/ 
L and 0.9μmol/L, respectively.19,35 However, tissue con-
centration of DPP-4 inhibitor is higher than plasma con-
centration; tissue-to-plasma ratio in rat is about 2–90 
(teneligliptin) and 2–20 (sitagliptin).32 As the intracellu-
lar/intercellular concentration is important for our study, 
we supposed that the drug concentration in this study is 
achievable in the clinical practice.

Regarding the effects on endothelium exposed to high 
glucose conditions, our previous studies showed the dif-
ferent potential protective actions of the DPP-4 inhibitors 
teneligliptin and sitagliptin.20,22 In these two works, we 
demonstrated that teneligliptin, but not sitagliptin, had 
antioxidant properties by reducing ROS levels, the major 
triggers and promoters of the inflammatory cascades,36 
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and by initiating the transcriptional cascade of antioxidant 
genes at cellular level. Of note, the efficacy of teneligliptin 
0.1μmol/L in reducing ROS was similar to that observed 
with sitagliptin 0.5μmol/L, suggesting that teneligliptin 
has more potent antioxidant properties.20 Moreover, tene-
ligliptin, but not sitagliptin, enhanced proliferation and 
endoplasmic reticulum homeostasis, reduced apoptosis in 
HG conditions, and overcame the metabolic memory 
effect.20

The implications of the various DPP-4 inhibitors in the 
development of LGI are clearly emerging,10,16,17 but their 
effects on cardiovascular outcomes are considered neutral.13 

In this sense it has been shown the strikingly strong correla-
tion between drug exposure and cardiovascular risk reduc-
tion in diabetic subjects37; therefore, the duration of the 
current cardiovascular outcome studies on DPP-4 inhibitors 
might be too short to detect their potential cardiovascular 
protective effects. Teneligliptin appears to have multifaceted 
effects on endothelial function, via its antioxidant capabil-
ities, anti-inflammatory properties, and anti-platelet activity. 
It has been largely demonstrated that oxidative stress 
induced by elevated glucose levels facilitates cardiovascular 
endothelial damage,36 leading to the perpetuation of vascu-
lar damage despite the achievement of improved glycemic 
control, the well-known metabolic memory effect.38 The 
present work and our previous studies20,22 showed that 
teneligliptin exerts an effective inhibition of inflammatory 
pathways, especially when the inflammatory triggers are 
applied for long periods, as demonstrated not only under 
high glucose conditions but also in the presence of meta-
bolic memory conditions. This evidence suggests that early 
treatment with teneligliptin could prevent micro- and 
macrovascular complications or attenuate the progression 
of such complications in diabetic subjects.

The various DPP-4 inhibitors can differ in terms of 
potency, selectivity, kinetics and their pleiotropic effects, 
with the action of teneligliptin being more long-lasting 
compared to other drugs of the same class.19 These aspects 
could be useful for the selection of the appropriate therapy 
for patients with T2DM, making teneligliptin, with its 
unique characteristics, a particularly viable consideration 
for a diverse range of diabetic subjects.

Our results demonstrated that effects for LGI are dif-
ferent between teneligliptin and sitagliptin, and suggested 
that different DPP-4 inhibitors have different properties in 
terms of LGI. We evaluated the effects for LGI by using 
only two DPP-4 inhibitors (teneligliptin and sitagliptin). It 
is needed to evaluate the effects of other DPP-4 inhibitors 

for LGI with the detailed mechanisms of action. Moreover, 
additional experiments are required to assess the specifi-
city of the observed reduction in LGI produced by tene-
ligliptin, and to explore the potential underpinnings of the 
non-overlapping effects among diverse DPP-4 inhibitors. 
These studies may be useful for selection of specific DPP- 
4 inhibitors according to patient background.

Overall, we showed a pro-inflammatory role for DPP-4 
protein in the hyperglycemic environment. In addition, we 
demonstrated a marked anti-inflammatory effect of 
a specific DPP-4 inhibitor, teneligliptin, in multiple mod-
els, an observation not reproduced with another member of 
the same class, ie, sitagliptin.
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