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Background: Dipeptidyl peptidase-4 (DPP-4) inhibitors are widely used in the treatment of patients with type 2 diabetes and 
have proven protective effects on diabetic kidney disease (DKD). Whether DPP-4 inhibitors have renoprotective effects on insu-
lin-deficient type 1 diabetes has not been comprehensively examined. The aim of this study was to determine whether gemi-
gliptin, a new DPP-4 inhibitor, has renoprotective effects in streptozotocin (STZ)-induced type 1 diabetic mice. 
Methods: Diabetes was induced by intraperitoneal administration of a single dose of STZ. Mice with diabetes were treated with-
out or with gemigliptin (300 mg/kg) for 8 weeks. Morphological changes of the glomerular basement membrane (GBM) were 
observed by electron microscopy and periodic-acid Schiff staining. In addition, we measured blood glucose and urinary albumin 
excretion and evaluated fibrotic markers using immunohistochemical staining, quantitative reverse transcription polymerase 
chain reaction analysis, and Western blot analysis.
Results: Gemigliptin did not reduce the blood glucose levels of STZ-treated mice. In gemigliptin-treated mice with STZ, a sig-
nificant reduction in urinary albumin excretion and GBM thickness was observed. Immunohistological examination revealed 
that gemigliptin attenuated renal fibrosis induced by STZ and decreased extracellular matrix protein levels, including those of 
type Ι collagen and fibronectin, and Smad3 phosphorylation. In cultured rat renal cells, gemigliptin inhibited transforming 
growth factor β-stimulated type Ι collagen and fibronectin mRNA and protein levels via down-regulation of Smad3 phosphory-
lation.
Conclusion: Our data demonstrate that gemigliptin has renoprotective effects on DKD, regardless of its glucose-lowering effect, 
suggesting that it could be used to prevent DKD, including in patients with type 1 diabetes.
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INTRODUCTION

Diabetic kidney disease (DKD) is the most common cause of 

end-stage renal disease worldwide [1,2]. It is characterized by 
a slowly increasing proteinuria and a gradual decrease of renal 
function. A number of factors important for the development 
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of DKD, including hyperglycemia, hypertension, oxidative 
stress, and inflammation [3], have been shown to lead to pro-
teinuria and histological changes, such as mesangial expansion, 
glomerular sclerosis, and tubulointerstitial fibrosis. Renal fibro-
sis is a final common pathologic finding observed in the later 
stage of disease and is characterized by transforming growth 
factor β (TGF-β)/Smad signaling-mediated extracellular ma-
trix (ECM) accumulation [4]. Inhibition of the TGF-β/Smad 
signaling pathway is thus a promising therapeutic candidate for 
delaying the progression of DKD.
 Dipeptidyl peptidase-4 (DPP-4) inhibitors increase the se-
cretion of endogenous incretin, such as glucagon-like pep-
tide-1 (GLP-1), which reduces post-meal blood glucose levels 
and elicits a variety of physiological actions. Recent studies 
demonstrated that the incretin system has protective effects 
against DKD. GLP-1 agonists exert renoprotective effects 
through anti-hypertensive [3], anti-inflammatory [5,6], and 
antioxidant actions [7]. DPP-4 is ubiquitous and is found in 
the kidney at relatively high concentrations [8-10]. Because 
DPP-4 also cleaves substrates such as neuropeptide Y, high-
mobility group protein B1, and meprin β, it may have pleio-
tropic effects [11,12]. Several studies demonstrated the benefi-
cial effects of DPP-4 inhibitors on various renal injuries. Treat-
ment with DPP-4 inhibitors attenuated renal injury in DKD 
and improved renal fibrosis induced by either DKD or unilat-
eral ureteral obstruction (UUO) [13-16]. A reduction in albu-
minuria has been observed following inhibition with DPP-4, 
which is a biochemical hallmark of DKD in patients with type 
2 diabetes [17,18]. Furthermore, a 6-month treatment of sita-
gliptin effectively ameliorated albuminuria in patients with 
type 2 diabetes compared with other glucose-lowering agents, 
despite no appreciable changes of glycemic control rate be-
tween the two groups [19]. In addition, alogliptin ameliorated 
albuminuria in patients with type 2 diabetes via up-regulation 
of stromal cell-derived factor-1α [20].
 Gemigliptin is a potent, selective, competitive, and long-
acting inhibitor of DPP-4 and is currently used for the treat-
ment of type 2 diabetes [21]. It is administered as one daily 
dose, and its elimination is balanced between metabolism and 
excretion through urine and feces [22]. Regardless of its glu-
cose-lowering effect, gemigliptin exerts pleiotropic effects on 
various diseases. Gemigliptin efficiently inhibited lipopolysac-
charide-induced pro-inflammatory effects in vascular endo-
thelial cells by attenuating nuclear factor (NF)-κB and JNK 
signaling via Akt/adenosine monophosphate-activated kinase 

dependent mechanisms [23] and prevented renal fibrosis in 
UUO models through inhibition of TGF-β and NF-κB activa-
tion [13]. However, there are very few studies on the effects of 
gemigliptin on a DKD model of type 1 diabetes. The aim of 
this study was to investigate whether gemigliptin has a reno-
protective effect on DKD in a streptozotocin (STZ)-induced 
type 1 diabetic mouse model.

METHODS

Experimental design
Hyperglycemia was induced by a single intraperitoneal dose 
(150 mg/kg) of STZ (Sigma Aldrich, St. Louis, MO, USA) into 
9-week-old male C57BL/6J mice (Japan SLC, Hamamatsu, Ja-
pan). Mice were orally administered 300 mg/kg/day gemi-
gliptin (LG life science, Seoul, Korea) mixed with normal mice 
feedings for 8 weeks. Animals were split into three groups, 
each comprising six mice: the control group, STZ group, and 
STZ gemigliptin-treated group. Blood glucose levels and 
weight loss were monitored every 2 weeks. The mice were sac-
rificed using pentobarbital (50 mg/kg) at 8 weeks. Blood and 
kidney or pancreatic tissue samples were collected for histo-
logic examination or frozen in liquid nitrogen for the isolation 
of protein or RNA. All procedures were performed in accor-
dance with the institutional guidelines for animal research.

Measurement of renal function and biochemical markers
Blood glucose levels were measured 3 days following STZ ad-
ministration using tail vein blood samples (Accu-Chek Active; 
Roche Diagnostics, Mannheim, Germany). Mice were housed 
in metabolic cages to collect urine for subsequent measure-
ment of albumin or creatinine by enzyme-linked immunosor-
bent assay (ELISA). Creatinine in urine was determined using 
the Quantichrome Urea Assay Kit (BioAssay System, Hayward, 
CA, USA). Urine albumin kit was obtained from AssayPro (St. 
Charles, MO, USA). Plasma GLP-1 was measured using the ap-
propriate ELISA kit in accordance with the manufacturer’s in-
structions (LINCO Research, St. Charles, MO, USA).

Histologic and morphologic analysis 
Kidneys were fixed with phosphate buffered saline containing 
4% paraformaldehyde for overnight and then embedded in 
paraffin. Sections (4 μm) were cut and deparaffinized in xy-
lene, followed by rehydration in a graded series of ethanol. 
Staining was performed using hematoxylin and eosin, periodic 



Renoprotection of gemigliptin in type 1 diabetes

213Diabetes Metab J 2016;40:211-221http://e-dmj.org

acid Schiff (PAS), and Sirius red staining. Immunohistochemi-
cal staining was performed as described previously [24], using 
type I collagen (Abcam, Cambridge, UK), fibronectin (BD Bio-
sciences, San Jose, CA, USA), β-tubulin (Abcam), phospho-
Smad3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
TGF-β (Santa Cruz Biotechnology), and insulin (Santa Cruz 
Biotechnology). Thickness of the glomerular basement mem-
brane (GBM) was measured by electron microscopy (H-7100; 
Hitachi, Tokyo, Japan). Renal fibrotic areas were quantified by 
morphometric analysis using a light microscope equipped with 
an imaging system containing aMRc5 Carl Zeiss microscope 
(Oberkochen, Germany) and iSolution DT version 7.7 soft-
ware (IMT i-Solution, Coquitlam, BC, Canada). Areas of posi-
tive PAS matrix, Sirius red, immunostaining for type I collagen, 
and fibronectin in the renal fibrotic regions (brown color) were 
quantified by computer-based morphometric analysis. All data 
were normalized to the control and expressed as fold increase 
relative to the control.

Cell culture
Rat mesangial cells (RMCs) and rat kidney proximal tubular 
epithelial NRK-52E cells were purchased from American Type 
Culture Collection (Manassas, VA, USA), and were cultured 
as described previously [24]. RMCs and NRK-52E cells were 
rendered quiescent by incubation for 24 hours in medium 
supplemented with 0.5% fetal bovine serum (FBS). Cells were 
incubated with the gemigliptin (100, 200, and 400 μg/mL) for 
9 hours. Cells were treated with medium containing 0.5% FBS 
with or without TGF-β (5 ng/mL; Sigma) for 15 hours. Cells 
were subsequently processed for the isolation of RNA or pro-
tein as described below.

Quantitative real-time RT-PCR
Total RNA was isolated from RMC, NRK-52E cells, or mouse 
kidneys using Trizol reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. cDNA was syn-
thesized using a first-strand cDNA kit (Fermentas, Hanover, 
MD, USA). Quantitative real-time reverse transcription poly-
merase chain reaction (RT-PCR) was performed using the 
SYBR Green PCR Master Mix Kit (Applied Biosystems, War-
rington, UK) on the StepOnePlus Real-Time PCR System 
(Applied Biosystems). The thermal cycling conditions were as 
follows: 95°C for 10 minutes, followed by 40 cycles of 95°C for 
15 seconds and 60°C for 1 minute. Primers were designed us-
ing AB StepOne software version 2.1 based on the relevant se-

quences from GenBank and were as follows: mouse type Ι col-
lagen (sense: 5´-GCCTTGGAGGAAACTTTGCTT-3´ and an-
tisense: 5´-GCACGGAAACTCCAGCTGAT-3´; GenBank ac-
cession NM_007742.3), mouse fibronectin (sense: 5´-GATAT-
CACCGCCAACTCATTCA-3´ and antisense: 5´-CA GAAT-
GCTCGGCGTGATG-3´; GenBank accession NM_ 010233.2), 
mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(sense: 5´-GAAGGGTGGAGCCAAAAG-3´ and antisense: 5’- 
GCTGACAATCTTGAGTGAGT-3´; GenBank accession NM_ 
008084.2). Rat type Ι collagen (sense: 5´-GTGCGATGGCGT-
GCTATG-3´ and antisense: 5´-TCGCCCTCCCGTTTTTG-3´; 
GenBank accession NM_ 053304.1), rat fibronectin (sense: 5´- 
ACCTGCAAGCCAATAGCTGAGA-3´ and antisense: 5´- 
CCAGCCTTGGTAGGGCTTTT-3´; GenBank accession NM_ 
019143.2), rat GAPDH (sense: 5 ’́-TGCCGCCTGGAGAAACC-3  ́
and antisense: 5´-AGCCCAAGGA TGCCCTTTAGT-3´; Gen-
Bank accession NM_017008.4). The housekeeping gene GAP-
DH was used as an internal control.

Western blot analysis
For protein preparation, cells and kidney tissue were suspended 
in radioimmunoprecipitation assay buffer. The cells were then 
lysed on ice for 30 minutes, and the cell lysate was collected by 
centrifugation at 15,000 ×g for 10 minutes. Protein quantifica-
tion was performed using a Bio-Rad Protein Assay kit (Bio-
Rad, Richmond, CA, USA). Then, 30 μg of proteins were elec-
trophoresed by sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis and electrotransferred to polyvinylidene fluo-
ride membranes (Millipore, Bedford, MA, USA). After block-
ing with 5% skimmed milk in Tris-buffered saline containing 
Tween 20 (0.1%) for 1 hour, the membrane was incubated with 
anti-type Ι collagen (1:1,000; Abcam), anti-fibronectin (1:1,000; 
BD Biosciences), anti-phospho-Smad3 (1:1,000; Cell Signaling 
Technology, Beverly, MA, USA), and anti-TGF-β (1:1,000; Cell 
Signaling Technology) polyclonal antibodies at 4°C with gentle 
shaking overnight. Antibodies were detected by horseradish 
peroxidase-linked secondary antibody (Santa Cruz) using the 
enhanced chemiluminescence Western Blotting Detection Sys-
tem, in accordance to the manufacturer’s instructions (Amer-
sham, Buckinghamshire, UK). The membrane was reblotted 
with anti-β-tubulin antibody to verify equal loading of the pro-
tein in each lane. Densitometric measurements of the bands 
were made using the digitalized scientific program UN-SCAN-
IT (Silk Scientific Corp., Orem, UT, USA).
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Statistical analyses
Data were evaluated using analysis of variance followed by a 
post hoc least significant difference test and expressed as mean 
±standard error of mean. Values of P<0.05 were considered 
statistically significant. All experiments were performed at least 
three times.

RESULTS 

Gemigliptin reduces albuminuria in STZ-induced type 1 
diabetic mice
Treatment with gemigliptin (300 mg/kg) markedly increased 
serum GLP-1 in STZ-induced type 1 diabetic mice, suggesting 
that gemigliptin is capable of inhibiting DPP-4 activity (Fig. 
1A). Blood glucose levels were significantly increased in mice 
2 weeks after single injection of STZ (P<0.001 vs. control). 
Administration of gemigliptin did not reduce blood glucose 

levels (Fig. 1B). In addition, gemigliptin did not prevent pan-
creatic islet cell destruction induced by STZ (data not shown). 
Body weight of STZ-treated mice was decreased presumably 
due to marked hyperglycemia (Fig. 1C). Gemigliptin-treated 
STZ mice partially recovered body weight loss despite unim-
proved blood glucose levels (Fig. 1C). Gemigliptin-treated di-
abetic mice exhibited a marked decrease in urinary albumin 
and kidney weight compared with gemigliptin-untreated STZ-
induced diabetic mice (Fig. 1D).

Gemigliptin treatment decreases GBM thickening
In STZ-induced diabetic mice, significant thickening of the 
GBM was observed (Fig. 2A). However, 8 weeks of treatment 
with gemigliptin prevented GBM thickening (Fig. 2A). Stain-
ing with PAS showed markedly attenuated mesangial ECM 
accumulation in kidney of gemigliptin-treated STZ mice com-
pared with gemigliptin-untreated STZ mice (Fig. 2B).
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Gemigliptin treatment attenuates STZ-induced renal fibrosis
To confirm the effects of gemigliptin on other DKD pathologic 
findings, we examined the effects of gemigliptin on STZ-in-
duced renal fibrosis. H&E and Sirius red staining showed that 
gemigliptin treatment significantly reduced STZ-induced tu-
bular atrophy and renal fibrosis (P<0.001) (Fig. 3A). Immuno-
histochemical staining demonstrated that gemigliptin-treated 
kidneys had reduced expression of type Ι collagen and fibro-
nectin (Fig. 3B). The changes in mRNA and protein expression 
were further examined by real-time RT-PCR and Western blot 
analysis. Gemigliptin decreased STZ-induced type Ι collagen 
and fibronectin mRNA levels (Fig. 3C), and type Ι collagen and 
fibronectin protein expression (Fig. 3D).

Gemigliptin decreases Smad3 phosphorylation in the kidney
To evaluate the mechanism by which gemigliptin attenuates 
renal fibrosis, TGF-β/Smad3 signaling was examined by im-
munohistochemical staining. An increase in TGF-β expres-
sion was observed in STZ-treated kidneys; however, no fur-
ther ameliorations were observed in the kidneys from gemi-
gliptin-treated diabetic mice (Fig. 4A). In contrast, renal ex-

pression of phosphorylated Smad3 (p-Smad3), a major down-
stream effector of TGF-β-mediated fibrosis, was significantly 
decreased in gemigliptin-treated diabetic mice (P<0.001) (Fig. 
4A). To confirm these results, the changes were further exam-
ined by Western blot analysis. Gemigliptin had no effect on 
TGF-β protein expression, whereas p-Smad3 protein expres-
sion were significantly decreased (Fig. 4B).

Gemigliptin inhibits TGF-β-stimulated type Ι collagen and 
fibronectin expression 
We next examined whether gemigliptin inhibits TGF-β-stimulated 
Smad3 signaling in cultured renal cells. Gemigliptin inhibited 
TGF-β-stimulated mRNA expression and protein production of 
type Ι collagen and fibronectin in NRK-52E cells (Fig. 5A-C) 
and RMC cells (Fig. 5D-F) in a dose-dependent manner. More-
over, gemigliptin inhibited TGF-β-stimulated Smad3 phosphor-
ylation in a dose-dependent manner in NRK-52E cells (Fig. 5B 
and C) and RMC cells (Fig. 5E and F). These results suggest that 
gemigliptin has a protective effect against renal fibrosis through 
the inhibition of TGF-β-stimulated Smad3 phosphorylation.
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Fig. 3. Effect of gemigliptin (Gemi) on streptozotocin (STZ)-induced renopathological changes. Representative images of renal 
sections from control (CON) mice, STZ-induced diabetic mice, without or with Gemi treatment (300 mg/kg; STZ+Gemi). The 
sections were (A) stained with H&E or Sirius red, or were (B) immunostained with antibodies targeting type I collagen and fi-
bronectin. The number of atrophic tubules was determined by measuring abnormal and dilated tubular basement membranes in 
five random fields of H&E-stained sections under high power magnification (×200). Areas of positive staining with Sirius red, 
type I collagen, or fibronectin antibodies were quantified by computer-based quantitative morphometric analysis. All data were 
normalized to the CON (n=1) and expressed as the mean±SEM of five random fields of each kidney section (n=6 in each 
group). The effect of Gemi on type I collagen and fibronectin mRNA levels (C) and protein expression (D) were further exam-
ined by real-time reverse transcription polymerase chain reaction and Western blot analysis. aP<0.001, bP<0.01 compared with 
CON mice, cP<0.01, dP<0.001 compared with STZ-treated mice.

Fig. 4. Effects of gemigliptin (Gemi) on renal fibrosis gene expression in streptozotocin (STZ)-induced type 1 diabetic mice. (A) 
Representative images of renal sections from control (CON) mice, STZ-induced diabetic mice, without STZ or with Gemi treat-
ment (300 mg/kg; STZ+Gemi). The sections were immunostained with antibodies targeting transforming growth factor β 
(TGF-β) and p-Smad3. Areas of positive staining were quantified by computer-based morphometric analysis. All data were nor-
malized to the CON (n=1) and are represented as the mean±SEM of five random fields of each kidney section (n=6 in each 
group). (B) Representative Western blot analysis of renal protein expression levels of TGF-β and p-Smad3. The protein expres-
sion levels were normalized to those of β-tubulin. The data are represented as the mean±SEM of three independent measure-
ments (n=6 in each group). aP<0.001, bP<0.01 compared with CON mice, cP<0.001 compared with STZ-treated mice.
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Fig. 5. Effects of gemigliptin (Gemi) on transforming growth factor β (TGF-β)-stimulated p-Smad3, type I collagen, and fibro-
nectin expression in cultured renal cells. (A) Representative real-time reverse transcription polymerase chain reaction (RT-PCR) 
of the expression levels of type I collagen and fibronectin in TGF-β-stimulated NRK-52E cells. (B) Representative Western blot 
analyses of the expression of p-Smad3, type I collagen, and fibronectin in TGF-β-stimulated NRK-52E cells. (C) Quantification 
of Western blot analyses in TGF-β-stimulated NRK-52E cells. (D) Representative real-time RT-PCR of the expression levels of 
type I collagen and fibronectin in TGF-β-stimulated rat mesangial cells (RMCs). (E) Representative Western blot analyses of the 
expression of p-Smad3, type I collagen, and fibronectin in TGF-β-stimulated RMCs. (F) Quantification of Western blot analyses 
of TGF-β-stimulated RMCs. Expression levels of mRNA were normalized to those of glyceraldehyde 3-phosphate dehydroge-
nase, and protein expression levels were normalized to those of β-tubulin. The data are represented as the mean±SEM of three 
independent measurements (n=6 in each group). aP<0.01, bP<0.05, cP<0.001 compared with control mice, dP<0.01, eP<0.05, 
fP<0.001 compared with TGF-β alone.

DISCUSSION

The study presented here evaluated the renoprotective role of 
gemigliptin in DKD regardless of its glucose-lowering effect. 
We found that gemigliptin treatment attenuates renal fibrosis 
in STZ-induced type 1 diabetic mice and was associated with 
a marked reduction of albuminuria, GBM thickening, and fi-
brosis. Furthermore, gemigliptin inhibited TGF-β-stimulated 
type I collagen and fibronectin mRNA expression and protein 
abundance and Smad3 phosphorylation in cultured renal cells, 
suggesting that gemigliptin protects against DKD via inhibi-
tion of the Smad3 pathway.
 Apart from their essential role as glucose-lowering agents 
for type 2 diabetes, vildagliptin and linagliptin elicit their 
renoprotective effects independent of their glucose-lowering 
effect. STZ-induced diabetic rats, vildagliptin effectively inhib-
ited early pathologic changes of DKD, such as GBM thicken-
ing, glomerulosclerosis, and interstitial expansion [15]. Lina-
gliptin treatment in STZ-treated mice prevented the deteriora-
tion of renal structures and function [16]. In addition, lina-
gliptin inhibited TGF-β-mediated endothelial-to-mesenchy-
mal transition and renal fibrosis, indicating that linagliptin 
prevents late DKD in an insulin-deficient diabetes model in 
mice. In accordance with these findings, our present study 
showed that gemigliptin has a renoprotective effect on DKD 
regardless of a glucose-lowering effect in insulin-deficient dia-
betes. Gemigliptin reduced albuminuria and kidney weight in 
STZ-treated mice but did not reduce blood glucose levels, in-
dicating that gemigliptin has beneficial effects on DKD inde-
pendently of glycemic control. Furthermore, thickening of 
GBM was prevented in STZ-induced diabetes, implying that 
early administration of gemigliptin in insulin-deficient diabe-
tes can prevent or retard early DKD. In addition, gemigliptin 
attenuated renal fibrosis and inhibited the in vivo expression 

of type I collagen and fibronectin in STZ-induced diabetes.
 The TGF-β/Smad signaling pathway is a well-known media-
tor in the progression of DKD, mediating fibrosis by stimulat-
ing the synthesis of ECM molecules and by decreasing ECM 
degradation [25]. Although it has been identified that mesan-
gial cells express Smad1, 2, 3, 4, and 7, recent evidence suggests 
that Smad3 is mainly implicated in pathogenic role in TGF-β-
mediated renal fibrosis [4,26,27]. A variety of molecular medi-
ators and intracellular signaling pathways associated with 
DKD, such as hyperglycemia, angiotensin II, and oxidative 
stress, are connected and uniformly stimulate the TGF-β/
Smad3 signaling pathway [25]. Consistent with the complexity 
and diversity of detailed molecular mechanisms by which these 
activities control TGF-β signaling, recent findings demonstrat-
ed that some DPP-4 inhibitors attenuate renal fibrosis via the 
inhibition of TGF-β expression levels in kidneys. Vildagliptin 
and linagliptin reduced TGF-β expression levels in STZ-in-
duced diabetic mice kidneys [15,16]. However, we showed that 
gemigliptin did not alter TGF-β expression in the kidneys of 
STZ-treated mice but reduced TGF-β-stimulated Smad3 phos-
phorylation and consequently decreased levels of ECM pro-
teins, including type I collagen and fibronectin. The reason for 
a discrepancy of the TGF-β-lowering effect between DPP-4 in-
hibitors remains to be elucidated. In addition, given that TGF-
β-induced renal fibrosis is well known to be closely associated 
with ECM protease matrix metalloproteinases, further studies 
are warranted to clarify the molecular mechanism responsible 
for gemigliptin’s renoprotective effects on STZ-induced DKD. 
 This raises the question of whether the renoprotective ef-
fects of gemigliptin are GLP-1-mediated. Previous studies 
have shown an increase in local DPP-4 expression in the STZ-
induced DKD, suggesting a negative pathological role [15,16]. 
Although vildagliptin treatment increased plasma GLP-1 lev-
els, opening the possibility of a GLP-1-dependent renoprotec-
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tive mechanism [15], the latter study showed that linagliptin 
inhibited the TGF-β-induced endothelial-to-mesenchymal 
transition in a GLP-1-independent manner [16]. The renopro-
tective effects of gemigliptin in a UUO model have been dem-
onstrated to be independent of GLP-1-mediated mechanisms 
[13]. It was suggested that the decreased expression of high 
mobility group box-1 by gemigliptin treatment was responsi-
ble for the protective mechanism. Because gemigliptin treat-
ment was observed to increase plasma GLP-1 levels in the 
present study, we cannot exclude the possibility of the DPP-4 
inhibitory effect of gemigliptin in the kidney. This issue may be 
resolved by adopting a tissue-specific DPP-4 deficient model.
 In conclusion, our data showed that gemigliptin has a reno-
protective effect on DKD through inhibition of Smad3, re-
gardless of its glucose-lowering effect. These results suggest 
that gemigliptin could provide a therapeutic role in the pre-
vention of DKD, including in patients with type 1 diabetes.
 
CONFLICTS OF INTEREST 

No potential conflict of interest relevant to this article was re-
ported.

ACKNOWLEDGMENTS 

This work was supported by grants (NRF-2015R1A2A1A 
15053422, NRF-2015R1A2A1A10052745, 2012R1A1A1010047 
and 2013R1A1A3007064) from the National Research Founda-
tion of Korea funded by the Ministry of Science, ICT and Fu-
ture Planning, and grants (HI16C1501) from the Korea Health 
technology R&D Project through the Korea Health Industry 
Development Institute (KHIDI), funded by the Ministry of 
Health & Welfare, Republic of Korea, and the Korea Science 
and Engineering Foundation (KOSEF) funded by the Korean 
government (MEST) (2006-2005412).

REFERENCES

1. Packham DK, Alves TP, Dwyer JP, Atkins R, de Zeeuw D, Coo-
per M, Shahinfar S, Lewis JB, Lambers Heerspink HJ. Relative 
incidence of ESRD versus cardiovascular mortality in protein-
uric type 2 diabetes and nephropathy: results from the DIA-
METRIC (Diabetes Mellitus Treatment for Renal Insufficiency 
Consortium) database. Am J Kidney Dis 2012;59:75-83.

2. Park CW. Diabetic kidney disease: from epidemiology to clini-

cal perspectives. Diabetes Metab J 2014;38:252-60.
3. Muskiet MH, Smits MM, Morsink LM, Diamant M. The gut-

renal axis: do incretin-based agents confer renoprotection in 
diabetes? Nat Rev Nephrol 2014;10:88-103. 

4. Lan HY, Chung AC. TGF-β/Smad signaling in kidney disease. 
Semin Nephrol 2012;32:236-43. 

5. Park CW, Kim HW, Ko SH, Lim JH, Ryu GR, Chung HW, Han 
SW, Shin SJ, Bang BK, Breyer MD, Chang YS. Long-term treat-
ment of glucagon-like peptide-1 analog exendin-4 ameliorates 
diabetic nephropathy through improving metabolic anomalies 
in db/db mice. J Am Soc Nephrol 2007;18:1227-38.

6. Kodera R, Shikata K, Kataoka HU, Takatsuka T, Miyamoto S, 
Sasaki M, Kajitani N, Nishishita S, Sarai K, Hirota D, Sato C, 
Ogawa D, Makino H. Glucagon-like peptide-1 receptor ago-
nist ameliorates renal injury through its anti-inflammatory ac-
tion without lowering blood glucose level in a rat model of 
type 1 diabetes. Diabetologia 2011;54:965-78.

7. Hendarto H, Inoguchi T, Maeda Y, Ikeda N, Zheng J, Takei R, 
Yokomizo H, Hirata E, Sonoda N, Takayanagi R. GLP-1 analog 
liraglutide protects against oxidative stress and albuminuria in 
streptozotocin-induced diabetic rats via protein kinase A-me-
diated inhibition of renal NAD(P)H oxidases. Metabolism 
2012;61:1422-34. 

8. Mentlein R. Dipeptidyl-peptidase IV (CD26): role in the inac-
tivation of regulatory peptides. Regul Pept 1999;85:9-24.

9. Weber AE. Dipeptidyl peptidase IV inhibitors for the treatment 
of diabetes. J Med Chem 2004;47:4135-41. 

10. Deacon CF, Holst JJ. Dipeptidyl peptidase IV inhibition as an 
approach to the treatment and prevention of type 2 diabetes: a 
historical perspective. Biochem Biophys Res Commun 2002; 
294:1-4.

11. Cernea S, Raz I. Therapy in the early stage: incretins. Diabetes 
Care 2011;34 Suppl 2:S264-71.

12. Chrysant SG, Chrysant GS. Clinical implications of cardiovas-
cular preventing pleiotropic effects of dipeptidyl peptidase-4 
inhibitors. Am J Cardiol 2012;109:1681-5.

13. Min HS, Kim JE, Lee MH, Song HK, Kang YS, Lee MJ, Lee JE, 
Kim HW, Cha JJ, Chung YY, Hyun YY, Han JY, Cha DR. Di-
peptidyl peptidase IV inhibitor protects against renal intersti-
tial fibrosis in a mouse model of ureteral obstruction. Lab In-
vest 2014;94:598-607.

14. Kodera R, Shikata K, Takatsuka T, Oda K, Miyamoto S, Kaji-
tani N, Hirota D, Ono T, Usui HK, Makino H. Dipeptidyl pep-
tidase-4 inhibitor ameliorates early renal injury through its an-
ti-inflammatory action in a rat model of type 1 diabetes. Bio-



Renoprotection of gemigliptin in type 1 diabetes

221Diabetes Metab J 2016;40:211-221http://e-dmj.org

chem Biophys Res Commun 2014;443:828-33.
15. Liu WJ, Xie SH, Liu YN, Kim W, Jin HY, Park SK, Shao YM, 

Park TS. Dipeptidyl peptidase IV inhibitor attenuates kidney 
injury in streptozotocin-induced diabetic rats. J Pharmacol Exp 
Ther 2012;340:248-55.

16. Kanasaki K, Shi S, Kanasaki M, He J, Nagai T, Nakamura Y, Ish-
igaki Y, Kitada M, Srivastava SP, Koya D. Linagliptin-mediated 
DPP-4 inhibition ameliorates kidney fibrosis in streptozotocin-
induced diabetic mice by inhibiting endothelial-to-mesenchy-
mal transition in a therapeutic regimen. Diabetes 2014;63: 
2120-31. 

17. Scirica BM, Bhatt DL, Braunwald E, Steg PG, Davidson J, 
Hirshberg B, Ohman P, Frederich R, Wiviott SD, Hoffman EB, 
Cavender MA, Udell JA, Desai NR, Mosenzon O, McGuire DK, 
Ray KK, Leiter LA, Raz I; SAVOR-TIMI 53 Steering Commit-
tee and Investigators. Saxagliptin and cardiovascular outcomes 
in patients with type 2 diabetes mellitus. N Engl J Med 2013; 
369:1317-26.

18. White WB, Cannon CP, Heller SR, Nissen SE, Bergenstal RM, 
Bakris GL, Perez AT, Fleck PR, Mehta CR, Kupfer S, Wilson C, 
Cushman WC, Zannad F; EXAMINE Investigators. Alogliptin 
after acute coronary syndrome in patients with type 2 diabetes. 
N Engl J Med 2013;369:1327-35.

19. Mori H, Okada Y, Arao T, Tanaka Y. Sitagliptin improves albu-
minuria in patients with type 2 diabetes mellitus. J Diabetes 
Investig 2014;5:313-9.

20. Fujita H, Taniai H, Murayama H, Ohshiro H, Hayashi H, Sato 
S, Kikuchi N, Komatsu T, Komatsu K, Komatsu K, Narita T, 
Yamada Y. DPP-4 inhibition with alogliptin on top of angio-

tensin II type 1 receptor blockade ameliorates albuminuria via 
up-regulation of SDF-1α in type 2 diabetic patients with incip-
ient nephropathy. Endocr J 2014;61:159-66. 

21. Kim SH, Lee SH, Yim HJ. Gemigliptin, a novel dipeptidyl pep-
tidase 4 inhibitor: first new anti-diabetic drug in the history of 
Korean pharmaceutical industry. Arch Pharm Res 2013;36: 
1185-8.

22. Kim N, Patrick L, Mair S, Stevens L, Ford G, Birks V, Lee SH. 
Absorption, metabolism and excretion of [14C]gemigliptin, a 
novel dipeptidyl peptidase 4 inhibitor, in humans. Xenobiotica 
2014;44:522-30.

23. Hwang HJ, Chung HS, Jung TW, Ryu JY, Hong HC, Seo JA, 
Kim SG, Kim NH, Choi KM, Choi DS, Baik SH, Yoo HJ. The 
dipeptidyl peptidase-IV inhibitor inhibits the expression of vas-
cular adhesion molecules and inflammatory cytokines in HU-
VECs via Akt- and AMPK-dependent mechanisms. Mol Cell 
Endocrinol 2015;405:25-34. 

24. Jung GS, Kim MK, Jung YA, Kim HS, Park IS, Min BH, Lee 
KU, Kim JG, Park KG, Lee IK. Clusterin attenuates the devel-
opment of renal fibrosis. J Am Soc Nephrol 2012;23:73-85. 

25. Ziyadeh FN. Mediators of diabetic renal disease: the case for 
tgf-Beta as the major mediator. J Am Soc Nephrol 2004;15 
Suppl 1:S55-7.

26. Meng XM, Huang XR, Chung AC, Qin W, Shao X, Igarashi P, 
Ju W, Bottinger EP, Lan HY. Smad2 protects against TGF-beta/
Smad3-mediated renal fibrosis. J Am Soc Nephrol 2010;21: 
1477-87. 

27. Leask A, Abraham DJ. TGF-beta signaling and the fibrotic re-
sponse. FASEB J 2004;18:816-27.


