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transcriptional regulation
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Abstract
Background: Loss of podocytes due to podocyte damage leads to impairment of renal filtration function, thereby bringing about proteinuria in glomerular diseases. 
Dipeptidyl peptidase 4 (DPP4) inhibitors are reported to protect against podocyte damage in preclinical animal models. However, the direct effects of DPP4 
inhibitors on podocytes are not yet fully understood. 

Methods: Streptozotocin-induced diabetic mice and db/db mice were provided with evogliptin, linagliptin, or irbesartan for 12 weeks. Mouse and human podocytes 
were treated for 72 h and cell lysate and medium were analyzed. 

Results: In diabetic mice with renal impairment, evogliptin treatment was more efficacious than linagliptin in blocking urinary nephrin excretion, with preserved 
renal nephrin and phospho-nephrin levels observed regardless of glucose control. In differentiated murine podocytes and primary human podocytes, evogliptin also 
outperformed linagliptin in preserving nephrin protein levels under high glucose and angiotensin II conditions that mimicked diabetic nephropathy conditions. 
Intriguingly, after 72 h of treatment, evogliptin effectively blocked the increase in cellular DPP4 activity without altering DPP4 expression levels, while linagliptin did 
not. Blocking protein synthesis or clathrin-mediated endocytosis eliminated the nephrin-preserving effects of evogliptin, but nephrin gene expression was not altered 
by any treatments, suggesting potential post-transcriptional regulation. In podocytes, evogliptin directly reduced the stress-induced cellular signals, pro-apoptotic 
protein cleavage and shedding of membrane DPP4 that increased under diabetic nephropathy-mimicking conditions. 

Conclusions: Our findings suggest a direct protective effect of evogliptin against podocyte damage through maintenance of nephrin levels, alleviation of stress 
responses and a reduction in apoptotic cell death. 

*Correspondence to: Mi-Kyung Kim, Ph.D, Department of Discovery Biology, 
Dong-A Socio Research Center, 21, Geumhwa-ro 105beon-gil, Giheung-gu, 
Yongin-si, Gyeonggi-do, 17073, Republic of Korea, Tel: +82-31-280-1362, 
E-mail: kmk8544@gmail.com

Key words: dipeptidyl peptidase 4 (DPP4), evogliptin, nephrin, podocyte

Received: December 11, 2019; Accepted: December 30, 2019; Published: 
January 06, 2020

Abbreviations: ACTB: beta actin; ANOVA: analysis of variance; 
ARB: angiotensin receptor blocker; CKD: chronic kidney disease; DN: 
diabetic nephropathy; DPP4: dipeptidyl peptidase 4; ELISA: enzyme-
linked immunosorbent assay; GLP-1: glucagon-like peptide-1; HRP: 
horseradish peroxidase; ICAM: intercellular adhesion molecules; 
MMP: matrix metalloprotease; MAP: mitogen-activated protein; M6P/
IGFIIR: mannose 6-phosphate/insulin-like growth factor II receptor; 
NPHS1: nephrin; NF-kB: nuclear factor kappa-light-chain-enhancer of 
activated B cells; PAI: plasminogen activator inhibitor; PAR2: protease-
activated receptor 2; PARP: poly ADP ribose polymerase; PAS: periodic 
acid-schiff; PBS: phosphate-buffered saline; PDXX11: podocalyxin; 
RAS: renin-angiotensin system; SDF-1: stromal cell-derived factor-1; 
STZ: streptozotocin; TGFβ: tumor growth factor β; TNF: tumor necrosis 
factor; WT-1: Wilms tumor protein; VEGFA: vascular endothelial 
growth factor-A.

Introduction
Background

Chronic kidney disease (CKD) affects over 10% of the population 
worldwide and is an independent risk factor for adverse cardiovascular 
outcomes [1]. Type 2 diabetes is the most common cause of CKD, and in 
the United States, >40% of diabetic patients have diabetic nephropathy 
(DN), which is the main complication of type 2 diabetes and leads 
to thickening of the glomerular basement membrane, glomerular 

hypertrophy, mesangial expansion, and overt renal disease [2]. Persistent 
albuminuria is a hallmark of DN, which commonly arises from damage 
of glomerular podocytes. Podocytes compose slit diaphragms that 
function as the final barrier against flow of macromolecules into the 
urine [3]. It has been suggested that the initial stages of the loss of the 
permeability barrier in DN are associated with nephrin [4]. Nephrin, 
a 180 kDa, trans-membrane protein in podocytes, was the first 
molecule identified in the slit between podocyte foot processes and is 
a major component of the slit diaphragm [5]. Therefore, in addition to 
podocyte loss, reduced nephrin levels may also lead to development of 
proteinuria. 

Over the past decade, dipeptidyl peptidase 4 (DPP4) inhibitors 
have been used in the clinic for glucose control in patients with type 
2 diabetes because they stimulate pancreatic insulin secretion by 
enhancing the biological half-life of glucagon-like peitide-1 (GLP-
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1), one of endogenous substrates of DPP4 enzyme [6]. Meanwhile, 
DPP4 inhibitors have shown to alleviate albuminuria in diabetic 
patients with renal dysfunction [7,8]. DPP4 inhibitors also have shown 
renoprotective effects in animals with renal dysfunction caused by 
diverse pathophysiological processes, including DN. The underlying 
mechanisms have been reported to be associated with hypoglycemic 
effects and reduction of oxidative stress, inflammation, apoptosis, 
fibrosis and endothelial-mesenchymal transition [9-11]. On the other 
hand, among the currently available DPP4 inhibitors, only a few have 
been reported to inhibit podocyte injury in vivo and thereby attenuate 
proteinuria [12-14]. Moreover, to date, there is a paucity of information 
on how DPP4 inhibitors act directly on podocytes apart from their 
GLP-1-dependent systemic effects [14,15]. 

DPP4 expression is higher in podocytes than in mesangial cells 
[15]. Membrane-bound DPP4 localizes preferentially to the membrane 
of the podocyte foot process and slit diaphragm [12]. Thus, we postulate 
that DPP4 may play a crucial role in regulation of podocytes. Herein, we 
explore and compare the direct effects of DPP4 inhibitors on podocytes. 

Methods and materials
Evogliptin L-tartrate salt and irbesartan were synthesized in-

house at Dong-A Socio Research Center (Figure 1). Linagliptin was 
purchased from Letopharm Ltd. (Shanghai, China). Unless otherwise 
specified, chemicals and cell culture reagents were obtained from 
Sigma-Aldrich (St. Louis, USA) and Life Technologies (San Francisco, 
USA), respectively.

Ethics statement

All experiments were performed in compliance with Korean 
legislation under the Laboratory Animal Act 2009 and were approved 

by the Institutional Animal Care and Use Committee of Dong-A ST 
Co., Ltd. Mice were maintained at 23 ± 2˚C on a 12:12-h light-dark 
cycle (lights on 0700-1900 h). Mice received a standard diet (10 kcal% 
fat diet, Purina #38057, Cargill Agri Purina, Seoul, Korea) with free 
access to food and water. A sample size of eight mice per group was 
used based on prior studies [14,16].

Animal studies

Seven-week-old male C57BL/6 mice were purchased from Jung-
Ang Lab Animal Inc. (Seoul, South Korea). After 1-week of acclimation, 
streptozotocin (STZ; 65 mg/kg) was intraperitoneally injected for 5 
consecutive days. Six days after the last injection, STZ mice with blood 
glucose levels ≥ 250 mg/dl for two consecutive days were selected and 
randomized into 4 groups based on body weight and blood glucose 
levels. The doses of irbesartan and linagliptin were chosen based on the 
highest dose applied to the original indications in mice [17,18]. For 12 
weeks, mice received a standard diet mixed with or without each drug as 
follows: Normal control, STZ control, irbesartan (0.021% (w/w) for 50 
mg/kg/day), linagliptin (0.004% (w/w) for 10 mg/kg/day), or evogliptin 
(0.042% (w/w) for 100 mg/kg/day). At the end of the experiment, the 
mean administered doses were computed to be 58.1 ± 7.0, 10.4 ± 0.4, 
and 117.3 ± 2.6 mg/kg/day, respectively. 

Five-week-old male C57BLKS/J-db/db (db/db) mice and C57BL/6 
mice were purchased from Jung-Ang Lab Animal Inc. (Seoul, South 
Korea). After 2 weeks of acclimation, db/db mice were assigned to 5 
groups according to body weight, blood glucose, and urine volume. 
To reduce the stress caused by animal handling, drugs were given 
to mice as a drug-diet admixture for 12 weeks as follows: irbesartan 
(0.033% (w/w) for 50 mg/kg/day)[19], linagliptin (0.002% (w/w) for 3 
mg/kg/day) [12], evogliptin-L (0.067% (w/w) for 100 mg/kg/day), and 

Figure 1. Comparison of renoprotective effects in streptozotocin (STZ)-induced diabetic mice. Chemical structures of evogliptin, linagliptin and irbesartan (A). STZ-induced diabetic mice 
were provided with drug-diet admixtures for 12 weeks. The data denote changes in the urinary albumin-creatinine ratio (UACR) during the 12-week treatment with each drug; the target 
dose was 50 mg/kg/day, 10 mg/kg/day, and 100 mg/kg/day for irbesartan, linagliptin, and evogliptin, respectively (B). Representative photographs of PAS-stained renal tissue (original 
magnification x200). ‡, p<0.05 vs normal control; *, **, and ***, p<0.05, p<0.01, and p<0.001, respectively, vs STZ control at each time point (determined by RM two-way ANOVA)
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evogliptin-H (0.2% for 300 mg/kg/day) [20]. The mean administered 
doses were calculated to be 55.3 ± 4.9, 2.6 ± 0.3, 87.1 ± 9.3, and 
232.1 ± 28.8 mg/kg/day for irbesartan, linagliptin, evogliptin-L and 
evogliptin-H, respectively. 

Body weight and fed blood glucose levels were monitored 
biweekly. Daily food intake, water intake, and urine volume were 
measured every 6 weeks. At the end of the experiment, mice were 
euthanized without fasting. Then, kidney tissue and plasma samples 
were collected for histological and biochemical analyses. Plasma 
glucose and urine creatinine levels were measured with an enzymatic 
method using a Konelab 20i® analyzer (Waltham, USA). Urinary 
albumin and nephrin levels were determined with a mouse albumin 
enzyme-linked immunosorbent assay (ELISA) kit (ALPCO, New 
York, USA) and a mouse nephrin ELISA kit (Exocell, Philadelphia, 
USA), respectively.

Podocyte cell line

A thermosensitive SV-40-transfected immortalized mouse 
podocyte cell line (up to 20 passages) was kindly provided by Prof. 
Dae Ryong Cha at Korea University Ansan Hospital, Ansan, Korea. 
For differentiation, mouse podocytes were cultivated on plates coated 
with type 1 collagen containing RPMI1640 medium supplemented with 
10% fetal bovine serum at 37°C for 14 days. Primary human podocytes 
(#36036-08; up to 12 passages) were obtained from Celprogen Inc. (San 
Pedro, USA) and maintained in precoated culture ware (#E36036-08) 
containing a complete growth medium (#M36036-08S) supplemented 
with 10% fetal bovine serum, 100 units/ml penicillin G and 100 μg/ml 
streptomycin at 37°C in a humidified incubator with 5% CO2 [21]. To 
mimic DN conditions, cells were treated with 30 mM D-glucose and 
100 nM angiotensin II in the presence or absence of each drug for 72 h. 

Histology and immunohistochemistry

For determining mesangial expansion, 4-μm thick slices of 
kidney were stained with a Periodic Acid-Schiff (PAS) Stain kit (# 
395B, Sigma-Aldrich, St. Louis, USA) followed by counterstaining 
with hematoxylin according to the manufacturer’s instructions. For 
immunohistochemical staining, the sections were stained with rabbit 
anti-synaptopodin (1:200; SC-50459, Santa Cruz Biotechnology, 
Santa Cruz, USA) or with guinea pig anti-nephrin (1:50; PROGEN 
Biotechnik, Heidelberg, Germany) antibody at 4˚C overnight. Then, 
the sections were stained with horseradish peroxidase-conjugated 
secondary antibody at room temperature for 2 h. Immunoreactive 
areas were detected using 3,3’-diaminobenzidine tetrahydrochloride 
(DAB, Millipore, Bedford, USA) followed by counterstaining with 
hematoxylin. Digital images were captured using an Axioskop 2 plus 
microscope (Carl Zeiss, Oberkochen, Germany).

Immunoblotting

Each sample (30-100 μg protein) was separated on 4-12% Bis-
Tris gradient gels (Life Technologies, Carlsbad, USA), transferred to 
a membrane, and then treated with the following primary antibodies 
at 4°C overnight: goat anti-nephrin (Nphs1) (1:200, #SC-19000, Santa 
Cruz Biotechnology, Dallas, USA), rabbit anti-nephrin (1:1,000, 
#169878, USBiological Life Science, Swampscott, USA), rabbit anti-
phospho-nephrin (Y1217 for human or Y1232 for mouse) (1:200, 
#ab80298, Abcam, Cambridge, USA), rabbit anti-DPP4 (1:1,000, # LS-
B11802, LSBio, Seattle, USA), goat anti-mouse podocalyxin (Podxl1)
(1:1,000, #AF1556, R&D Systems, Minneapolis, USA), mouse anti-
Wilms Tumor Protein (Wt1) (1:1,000, #ab201948, Abcam), rabbit anti-
vascular endothelial growth factor-A (Vegfa) (1:1,000, #PAB12284, 

Abnova, Taipei, Taiwan), rabbit anti- poly ADP ribose polymerase 
(PARP) (1:1,000, #9542, Cell Signaling Technology, Beverly, 
USA), rabbit anti-cleaved caspase-3 (1:1,000, #9664, Cell signaling 
Technology), and rabbit anti-β-Actin (Actb) (1:5,000, #4967L, Cell 
Signaling Technology). Then, secondary antibodies were incubated as 
follows: horse radish peroxidase (HRP)-conjugated rabbit anti-goat 
IgG (1:5,000, #31402, ThermoFisher scientific) 4°C overnight, HRP-
conjugated goat anti-rabbit IgG (1:5,000, #7074S, Cell Signaling) and 
goat anti-mouse IgG (1:2,000, #62-6520, ThermoFisher Scientific) at 
room temperature for 1 h. Immunospecific proteins were visualized 
by adding Chemiluminescent FemtoMax™ Super Sensitive HRP 
Substrate (Rockland, Hamburg, Germany), and digital images were 
captured using a Bio-Rad ChemiDocTMXRS+ system (Bio-Rad, 
Hercules, USA).

Real-time quantitative polymerase chain reaction (qPCR)

Target gene expression was quantified via SYBR Green qRT-PCR 
using a LightCycler 480 II System (Roche Applied Science, Indianapolis, 
USA). 18S ribosomal RNA levels were determined with the TaqMan® 
probe method or SYBR Green method. Information regarding primers 
and probes used is listed in Table 1. Relative gene expression was 
normalized to 18S ribosomal RNA (ΔCt), and treatment effects were 
analyzed using the comparative threshold method (2-ΔΔCt: ΔΔCt=ΔCt 
(treatment) - ΔCt (untreated control)). 

DPP4 activity assay

DPP4 enzyme activity using plasma (50 μL), cell lysates (20 μg), 
and kidney lysates (50 μg) was assessed as described elsewhere with 
some modifications [22]. The fluorescence intensity of amido-4-
methylcoumarin released by the enzymatic activity was monitored 
every 20 s for 5 min or 15 min at ex. 360 nm/em. 465 nm using a 
spectrofluorometer (Infinite M1000, TECAN, Grödig, Austria) set at 
25˚C. 

Phospho-kinase array

Human podocyte lysates (300 μg) were analyzed using a 
Proteome ProfilerTM array (#ARY003B, R&D Systems, Minneapolis, 
USA) according to the manufacturer's instructions. A total of 45 
phosphorylation sites were analyzed at a time and images were obtained 
using a ChemiDocTMXRS+ system (Bio-Rad, Hercules, USA). 

Target gene
(Symbol) Accession No. Primers Size (bp)

Human genes
Nephrin
(NPHS1) AF035835 F: 5’-TCG TGT CTC CCA GAG TGA-3’ 

R: 5’-ACG TTT GCA GAG ATG TCA GA-3’ 196

DPP4
(DPP4) NM_001935 F: 5’-AGG AGC TGT GAA TCC AAC TG-3’ 

R: 5’-TTT CTT GTG TTG CCC ATG TC-3’ 152

18S rRNA
(RN18S) X03205 P/N4308329, commercialized ABI’s ribosomal RNA control 

reagents
Mouse genes

Nephrin
(Nphs1) NM_019459 F: 5’-CAG GAC CTC CTG TCA TTG AT -3’ 

R: 5’-TTC AGG TCG AAC GGT CAT -3’ 209

DPP4
(Dpp4) BC022183 F: 5’- TTG TGG ATA GCA AGC GAG TTG -3’

R: 5’- CAC AGC TAT TCC GCA CTT GAA -3’ 90

VEGF-A
(Vegfa) BC061468

F: 5’-TAC TGC TGT ACC TCC ACC-3’ 
R: 5’-TCA CTT CAT GGG ACT TCT GCT 
CT-3’ 

78

18S rRNA
(Rn18s) NR_003278 F: 5’-CGG CTA CCA CAT CCA AGG AA-3’ 

R: 5’-GCT GGA ATT ACC GCG GCT-3’ 187

Table 1. Information on primers and probes used
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Cellular caspase-3/7 activity assay

At the end of treatment, Caspase-Glo® 3/7 Substrate dissolved in 
Caspase-Glo® 3/7 Buffer (#G8091, Promega, Madison, USA) was added 
to each well containing cells in the same volume as the medium and 
incubated with cells for 30 minutes at room temperature with gentle 
shaking. Luminescence intensity was measured using a luminometer 
(LmaxII384, Molecular Devices Inc., Sunnyvale, USA).

Statistical analysis

The data are expressed as the means ± SEM. Statistical analyses 
were performed using SigmaStat 2.0 software (SPSS, Chicago, IL, USA). 
Comparisons between two groups were conducted using Student’s 
t-test. Multiple comparisons were performed via one-way analysis of 
variance (ANOVA). For comparisons of data at different time points 
from the same animals among more than three groups, we used 
repeated measures (RM) two-way ANOVA. When ANOVA indicated 
significant differences among groups, these differences were evaluated 
via a Bonferroni post hoc test or Tukey’s multiple comparison test. p 
values under 0.05 were considered significant.

Results
Evogliptin inhibits nephropathy in type 1 diabetic mice

We first compared the reno-protective effect of evogliptin with 
two reference drugs in two different diabetic mouse models. The 
STZ-induced diabetic mouse model is characterized by non-obese 
and insulin-dependent hyperglycemia. After a 3-month treatment 
period, albuminuria in STZ mice remarkably deteriorated (Figure 1). 
Daily urinary albumin excretion reached submaximal levels at week 6, 
and similar or higher levels were present at week 12. Treatment with 
irbesartan, an angiotensin II receptor blocker (ARB), or linagliptin 
significantly lowered albuminuria progression compared with the STZ 

control. Evogliptin treatment also drastically suppressed albuminuria 
with efficacy comparable with that of other treatments. This effect was 
also supported by reduced mesangial expansion (Figure 1). Urinary 
nephrin excretion trended higher in the STZ control than in the normal 
control (p=0.065), indicating increased podocyte damage in STZ mice 
(Supplementary Figure 1). Irbesartan and evogliptin alone tended to 
decrease urinary nephrin excretion (-27% and -39%, respectively), but 
the observed difference did not achieve statistical significance, likely 
due to huge individual differences. In line with the trend in urinary 
nephrin excretion, renal nephrin levels in the STZ control group stayed 
lower at nearly 70% those in the normal control group, and evogliptin 
and linagliptin alone showed a tendency to restore levels but the 
difference fell short of statistical significance (Supplementary Figure 1). 
These results show that evogliptin has efficacy comparable to that of 
ARBs in preventing the progression of DN.

Evogliptin inhibits nephropathy in type 2 diabetic mice

Typically, db/db mice exhibit hyperglycemia accompanied by 
obesity and severe insulin resistance. At the end of the experiment, 
19-week-old db/db mice displayed typical proteinuria with two times 
higher urine protein levels than those in the normal control group 
(p<0.01) (Figure 2). Twelve weeks of treatment with irbesartan or 
evogliptin at a high dose significantly reduced the progression of 
proteinuria (-23.2% or -22.7%, respectively; p<0.05), but linagliptin 
treatment showed a marginal reduction of -9.3%. 

Along with the progression of proteinuria, at the end of 
experiment, urinary nephrin excretion in the db/db control mice 
was approximately 5 times higher than the baseline and that of 
normal controls of the same age (p<0.05) (Figure 2). Interestingly, 
as a biomarker of podocyte damage, urinary nephrin levels were 
higher in db/db mice than in the STZ-induced diabetic mouse 
model. Nevertheless, evogliptin treatment significantly blocked the 

Figure 2. Effects on diabetic nephropathy in db/db mice. Seven-week-old db/db mice were given a repelleted diet with or without each drug for 12 weeks as follows: NC, normal control; Db, 
db/db control; Irbe, 50 mg/kg/day irbesartan; Lina, 3 mg/kg/day linagliptin; Evo-L, 100 mg/kg/day evogliptin; Evo-H, 300 mg/kg/day evogliptin. After 12 weeks of treatment, 24-h urinary 
protein excretion was assessed by total protein concentrations and urine volume (A). Urinary nephrin excretion was evaluated before and after treatment (B). Kidney sections were stained 
to evaluate mesangial expansion and podocyte damage; representative images are shown of PAS-stained kidney sections and kidney sections stained immunohistochemically with specific 
antibodies against synaptopodin or nephrin (original magnification x200) (C). Protein levels of nephrin, phosphorylated nephrin at Y1232, and DPP4 were evaluated in kidney lysates via 
immunoblotting (D). The ratio of phospho-nephrin (Y1232) to nephrin in kidney lysates was calculated based on image analysis (E). ‡, p<0.05 vs normal control; *, p<0.05 vs db/db control; 
$, p<0.05 vs Lina (determined by RM two-way ANOVA)
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development of nephrinuria, even at a lower dose (-64.1% and -73.4% 
at 100 and 300 mg/kg/day, respectively; p<0.05 vs. db/db control), 
with efficacy comparable to irbesartan (-69.8%; p<0.05). Meanwhile, 
linagliptin showed a mild abatement of -40.9% (p<0.05) compared with 
the db/db control group. 

Histopathologic detection showed that evogliptin treatment 
suppressed mesangial expansion and preserved renal expression 
of podocytic proteins, such as nephrin and synaptopodin, in the 
glomeruli of db/db mice (Figure 2). This pattern was recapitulated 
in the immunoblot analysis results. In renal tissue, nephrin protein 
levels were reduced in the db/db control but were preserved in ARB- 
or evogliptin-treated groups (Figure 2). In addition, nephrin tyrosine 
phosphorylation was altered in a similar manner. Of note, the ratio of 
the phosphorylated nephrin level to total nephrin level was significantly 
lower in the db/db control group than in the normal control group 
and was restored by evogliptin treatment (Figure 2). Meanwhile, 
irbesartan failed to show a marked effect on the phospho-nephrin ratio, 
suggesting potential differences in the mechanisms underlying the 
renoprotective effect. Additionally, renal DPP4 protein levels slightly 
increased in the db/db control and tended to decrease after treatment 
with DPP4 inhibitors. At the end of the experiments, the db/db mice 
exhibited prominent obesity, polydipsia and polyuria. Absolute kidney 
weight increased significantly, but relative kidney weight to body 
weight trended lower without statistical significance. However, none 
of treatments significantly affected body weight, kidney weight, water 
intake or urine volume (Table 2).

These results suggest that evogliptin prevents nephropathy 
progression by protecting against podocyte injury and nephrin loss.

Podocyte-protective effect of evogliptin is independent of 
glucose control

Although the urinary albumin excretion rate was significantly 
alleviated in STZ mice by treatment with DPP4 inhibitors, plasma 
glucose levels were not altered by any treatments, with average levels of 
40-50 mmol/l and no significant difference between treatment groups 
(Supplementary Figure 1). In addition, as published elsewhere, DPP4 
inhibitors did not improve hyperglycemia in old db/db mice with severe 
insulin resistance (Figure 3). Meanwhile, DPP4 activity in plasma and 
renal tissue significantly increased in db/db mice compared with that in 
normal control mice. In accordance with the mode of action, linagliptin 
(-81.7% vs db/db control; p<0.05) or evogliptin (-89.6 and -97.6% at 
100 and 300 mg/kg/day, respectively; p<0.05) treatment showed over 
80% inhibition of plasma DPP4 activity, which is in accordance with 
the daily effective dose of DPP4 inhibitors used for glucose regulation 
in the clinic, but irbesartan did not (Figure 3). On the other hand, renal 
DPP4 activity was significantly lower in all treatment groups than in the 
db/db control group and was even decreased by irbesartan treatment 

(-16.4% inhibition; p<0.05), which suggests incidental change following 
a direct renal protective effect in addition to chronic metabolic or 
hemodynamic improvement induced by irbesartan (Figure 3). 

These findings suggest that the reno-protective effects of evogliptin 
treatment does not result from an indirect effect related to metabolic 
improvement, such as glucose regulation.

Effects of evogliptin on podocytic protein expression in vitro

To explore the effects of evogliptin on various podocytic proteins 
in diabetes and to distinguish them from GLP-1-dependent systemic 
effects, differentiated mouse podocytes were treated with drugs 
under conditions that mimic diabetes, namely, with 30 mM glucose 
and 100 nM angiotensin II (HG+AngII). After a 72-h treatment of 
mouse podocytes, cellular DPP4 activity was significantly increased by 
HG+AngII, while evogliptin treatment reduced cellular DPP4 activity 
in a concentration-dependent manner, but linagliptin did not (Figure 
4). Interestingly, after treatment, cellular DPP4 protein levels did not 
change significantly regardless of treatments (Figure 4), which suggests 
that reduced DPP4 activity may be attributed to post-translational 
regulation, such as inhibition of enzymatic activity due to non-
dissociated evogliptin or inhibition of enzymatic activation through 
interference with DPP4 enzyme dimerization. 

In differentiated mouse podocytes, each treatment altered nephrin 
protein levels in a different manner (Figure 4). HG+AngII decreased the 
average cellular nephrin protein by 31.9% (p<0.05 vs the normoglucose 
control). Evogliptin treatment with HG+AngII completely blocked 
nephrin loss in a concentration-dependent manner from 10 nM (p<0.05 
vs HG+AngII control), while linagliptin treatment was ineffective. 

The changes in podocalyxin protein engaged in the foot processes 
of podocytes and the patency of the filtration slits [23], were similar 
to those observed in nephrin levels (Figure 4). But, WT-1 protein 
expression as a transcription factor regulating podocalyxin expression 
[24], was not altered by HG+AngII regardless of the presence of any 
DPP4 inhibitor (Figure 4). In line with the report indicating that defects 
in VEGFA secretion by podocytes are associated with renal failure [25], 
HG+AngII tended to decrease podocytic VEGFA expression, and only 
evogliptin treatment showed a tendency to restore it, but none of the 
changes reached statistical significance (Figure 4). 

These results suggest a direct protective effect of evogliptin against 
the loss of key functional proteins in differentiated podocytes.

Evogliptin prevents nephrin loss via post-transcriptional 
regulation

Next, we examined whether the reduction in nephrin protein levels 
induced by HG+AngII in differentiated mouse podocytes was caused 
by transcriptional downregulation. In the result, HG+AngII did not 

Normal control Db control Irbe Lina Evo-L Evo-H
N 8 8 8 8 8 8

Body weight
(g) 

W0 21.9±0.3 33.9±0.8a 34.1±1.6a 33.2±1.1a 33.6±0.9a 33.9±1.1a

W12 29.1±0.7 52.7±5.3a 54 .1± 2.2a 53.2±3.9a 54.5±3.5a 46.2±3.7a

Absolute kidney weight (g) 0.334±0.012 0.458±0.041a 0.440±0.012a 0.437±0.015a 0.477±0.021a 0.403±0.022
Relative kidney weight 
(mg/100g BW) 1.147±0.029 0.949±0.219 0.818±0.036 0.860±0.077 0.903±0.081 0.912±0.093

Water intake 
(ml/day) 7.1±1.9 19.8±3.7a 17.0±0.1a 20.1±0.2a 20.2±1.5a 17.3±2.4a

Urine volume 
(mg/day) 0.90±0.16 9.61±0.84a 6.36±0.86a 9.20±1.08a 10.41±1.58a 8.27±0.91a

Table 2. Body weight, kidney weight, water intake, and urine volume after 12 weeks of treatment in db/db mice a, p<0.05 vs. normal control
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Figure 3. Effects on plasma glucose, plasma and renal DPP4 activity in db/db mice. After 12 weeks of treatment, plasma glucose levels were determined (A). Plasma DPP4 activity (B) and 
DPP4 activity in renal lysates (C) were kinetically assessed at 25°C using Gly-Pro-AMC substrate. #, p<0.05 vs normal control; *, p<0.5 vs db/db control (determined by one-way ANOVA)

Figure 4. Effects on differentiated mouse podocytes. Differentiated mouse podocytes were treated with evogliptin or linagliptin combined with 30 mM glucose and 100 nM angiotensin 
II (HG+AngII). After 72 h of treatment, DPP4 activity in cell lysates was accessed at 25°C using Gly-Pro-AMC as the substrate (A). Cellular protein levels of DPP4, nephrin (Nphs1), 
podocalyxin (Podxl1), VEGF-A (Vegfa), and Wilms Tumor Protein (Wt1) were assessed via immunoblot analyses. Representative gel images (B) and quantitative analysis results for three 
individual determinants (C). #, p<0.05 vs normoglucose control; *, p<0.05 vs HG+AngII control (determined by one-way ANOVA)

elicit any significant alteration in mRNA expression of not only nephrin 
and but also VEGFA (Supplementary Figure 2). This phenotype was 
recapitulated by HG+AngII in human primary podocytes, in which the 
gene expression of nephrin stayed constant but the reduction in nephrin 
protein levels induced by HG+AngII was pronounced (Supplementary 
Figure 2).

To determine precise modes of action, we used primary human 
podocytes [21]. First, we tested if linagliptin or evogliptin treatment 
would elicit the same response in the regulation of nephrin and DPP4 
protein levels in human podocytes compared with mouse podocytes. 
In agreement with the results in mouse podocytes, HG+AngII-treated 
human podocytes exhibited reduced nephrin protein levels, which 

were 60% those observed in normoglucose control cells (-40%, p<0.05) 
(Figure 5). On the other hand, evogliptin treatment at 100 nM led 
to 1.76 times higher nephrin protein levels than those in HG+AngII 
control cells, and the increase was concentration dependent (p=0.056) 
(Figure 5), indicating complete preservation of cellular nephrin levels. 
Linagliptin did not show any significant protective effect on nephrin 
levels. As in mouse podocytes, none of the treatments affected the 
cellular DPP4 protein levels in human podocytes. Moreover, mRNA 
levels of nephrin and DPP4 were not altered by any of the treatments 
(Figure 5). Changes in cellular DPP4 activity also presented the same 
pattern observed in mouse podocytes, but the observed inhibition 
induced by 100 nM evogliptin failed to reach significance (-13.4%, 
p=0.095) (Figure 5). 
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Next, we investigated whether the nephrin-protective effect of 
evogliptin required protein synthesis. In the presence of the protein 
synthesis inhibitor cycloheximide, the nephrin loss induced by 
HG+AngII disappeared, and evogliptin treatment did not induce 
prominent changes compared with the HG+AngII control (Figure 5). 
Overall, evogliptin completely prevented nephrin loss in both mouse 
and human podocytes through post-transcriptional regulation rather 
than transcriptional changes.

Evogliptin prevents apoptotic podocyte death by relieving 
stress signals

To define the cellular signaling involved in the evogliptin effects, 
changes in intracellular signal transduction were examined in human 
podocytes, particularly for 43 kinase phosphorylation sites involved in 
cellular stress responses.

As expected, a total of 12 phosphorylation sites (p38, ERK, JNK, 
GSK-3α/β, MSK, AMPKα1, AKT-S473, AKT-T308, p53, HSP27), 
including in three prototypical stress-related mitogen-activated 
protein (MAP) kinases, were more phosphorylated under HG+AngII 
conditions than under normoglucose control conditions (Figure 6). 
However, there was no change in the phosphorylation levels of STATs, 
the mTOR/S6 kinase pathway, RSK/CREB, or src family enzymes 
(Fyn, Yes, and Lyn kinases) (data not shown). Notably, after evogliptin 
treatment, the enhanced phosphorylation levels observed in three 
typical stress-responsive MAP kinases (p38, ERK, and JNK) trended 
down. Similarly, evogliptin reduced the phosphorylation levels of 
downstream substrates, such as MSK1/2 and c-Jun for ERK/p38 and 
JNK, respectively. Additionally, the phosphorylation of AKT1/2/3 
at S473 and T308 and of p53 at S46 that increased under HG+AngII 
conditions was normalized by evogliptin treatment.

Next, we investigated whether evogliptin can mitigate apoptotic 
intracellular signaling transduction in differentiated mouse podocytes 
by attenuating the cellular stress response. In our results, compared 
with the normoglucose control group, HG+AngII treatment increased 
cellular caspase-3/7 activity, the main executioner enzymes during 
apoptotic death, with marginal significance (p=0.07), which tended 
to be normalized by 100 nM evogliptin (p=0.063 vs. HG+AngII 
control) (Figure 6). Likewise, the cleaved caspase-3 protein level was 
increased by HG+AngII, and its reduction by evogliptin treatment 
was prominent (Figure 6). Subsequently, proteolytic cleavage of PARP, 
a substrate of caspase-3, changed in proportion to activated caspase-3 
levels, and evogliptin treatment blocked the proteolytic inactivation 
of PARP induced by HG+AngII. In summary, evogliptin treatment 
rendered podocytes less sensitive to the HG+AngII-induced apoptotic 
signal.

Evogliptin prevents shedding of membrane DPP4

Then, we postulated that evogliptin could protect podocytes from 
death by blocking DPP4 shedding. To understand the effect of evogliptin 
on DPP4 shedding, DPP4 protein levels in conditioned medium and cell 
lysates of differentiated mouse podocytes were measured. Interestingly, 
DPP4 levels shed into media were significantly (2.35 times) higher in 
the HG+AngII group than in the normoglucose control group (p<0.05), 
while cellular DPP4 levels remained constant, which is in line with the 
previous report [26] (Figure 7). Notably, evogliptin treatment completely 
blocked DPP4 shedding in differentiated mouse podocytes (-69.3% 
inhibition vs. HG+AngII, p<0.05). Then, we tested the engagement of 
caveolin-1-mediated endocytosis in nephrin preservation. In human 
podocytes, treatment of an endocytosis inhibitor nystatin abolished 
nephrin loss caused by HG+AngII. These results indicate for the first 
time that stress-induced DPP4 shedding per se can be inhibited by a 

Figure 5. Effects on primary human podocytes. Human podocytes were treated with evogliptin or linagliptin combined with 30 mM glucose and 100 nM angiotensin II (HG+AngII). After 72 
h of treatment, cellular protein levels of nephrin (NPHS1) and DPP4 were determined by immunoblotting. Representative images (A) and quantitative analytical results for three individual 
determinants (B, C). Cellular mRNA levels of nephrin (NPHS1) and DPP4 were assessed via qPCR (D, E). DPP4 activity in lysates was measured at 25°C using Gly-Pro-AMC substrate 
(F). Effects of cycloheximide (CHX, 10 μg/ml) exposure for the last 24 hours of treatment on the podocytic proteins nephrin (NPHS1) and DPP4 were determined by immunoblotting (G)
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Figure 6. Effects on cellular stress responses in human podocytes. After 72 h of treatment with 30 mM glucose and 100 nM angiotensin II (HG+AngII) in the absence or presence of 
evogliptin, lysates of human podocytes were incubated with phospho-kinase array membranes, and 45 phosphorylated proteins were visualized using a specific antibody cocktail system. 
Representative image and quantitative analysis data of eight phosphorylated proteins altered by evogliptin treatment from two different experiments (A). After 72 h of treatment with 
HG+AngII in the absence or presence of evogliptin or linagliptin, cellular caspase-3/7 activity in differentiated mouse podocytes was assessed using a Capase-Glo® 3/7 Assay System (B). 
In addition, cellular protein levels of caspase-3, cleaved active caspase-3, PARP and cleaved inactive PARP were determined via immunoblotting (C)

Figure 7. Effects on DPP4 shedding and effects of endocytosis inhibition. After treatment of differentiated mouse podocytes for 72 h, the protein levels of cellular DPP4 and DPP4 shed into 
the medium were determined via immunoblotting. Image and quantitative image analysis data from three individual determinants (A). In human podocytes, cellular protein levels of nephrin 
(NPHS1) and DPP4 were evaluated after 72 h of treatment in the presence or absence of pretreatment of nystatin (50 μg/ml), an endocytosis inhibitor from 30 min before drug treatment (B). 
#, p<0.05 vs normoglucose control; **, p<0.01 vs HG+AngII control (determined by one-way ANOVA)
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DPP4 inhibitor without a change in DPP4 expression in differentiated 
podocytes.

Discussion
In this study, we demonstrated the direct protective effects of 

evogliptin on podocytes. Evogliptin inhibited membrane DPP4 
shedding from podocytes in the presence of HG+Ang II without 
changes in intracellular DPP4 expression levels and attenuated 
cellular stress responses, including MAP kinase signaling. Therefore, 
evogliptin treatment attenuated the progression of DN by preserving 
podocyte nephrin levels and preventing apoptotic death, thereby 
preventing podocyte loss. Last, our results support the potential clinical 
implication: Evogliptin is comparable to ARBs in attenuating DN and is 
superior to linagliptin in preservation of podocyte nephrin. 

Podocyte loss due to cell death, detachment and/or epithelial-to-
mesenchymal transition contributes to the pathogenesis of DN [27]. 
Multiple lines of evidence suggest that renin-angiotensin system (RAS) 
activation is involved in the development of type 2 diabetes [28]. 
Likewise, sustained high glucose and/or RAS activation can lead to cell 
death in differentiated podocytes via oxidative stress and endoplasmic 
reticulum stress [29-32]. In a previous report, evogliptin treatment 
completely blocked cell death caused by HG+AngII in differentiated 
mouse podocytes [14], but to date, the underlying mechanism remains 
unexplored. Membrane-bound DPP4 localizes preferentially to the 
membrane of the podocyte foot process and slit diaphragm [12]. DPP4 
expression is drastically higher in podocytes than in mesangial cells and 
DPP4 inhibition suppresses podocyte growth in immortalized human 
podocytes via blocking of stromal cell-derived factor-1 (SDF-1)[15]. 
This evidence supports the potential role of DPP4 in the regulation 
of podocyte cell biology, just as endothelial DPP4 expression controls 
endothelial-mesenchymal transition [33,34]. 

Our study indicates differential effects of two DPP4 inhibitors on 
podocytes. Evogliptin lowered cellular DPP4 activity without altering 
DPP4 expression levels, while linagliptin failed to reduce cellular DPP4 
activity. Likewise, only evogliptin treatment preserved nephrin levels 
in podocytes under diabetic conditions. However, we did not fully 
clarify whether inhibition of enzymatic activity is a prerequisite for the 
nephrin-protective effects. In contrast, in endothelial cells, linagliptin 
has been found to inhibit DPP4 activity by reducing DPP4 expression 
and homodimerization caused by tumor growth factor β (TGFβ), 
whereas sitagliptin, another DPP4 inhibitor, failed to block TGFβ-
induced DPP4 expression and activation [33]. These findings suggested 
for the first time a unique compound-specific effect rather than a class 
effect of DPP4 inhibitors on cell biology, which can be understood 
considering different inhibitor binding modes due to differences in 
their chemical backbone [35]. However, in our study, DPP4 expression 
was not altered by HG+Ang II. That seems to be a major discrepancy 
in the regulation of DPP4 in both cell systems under different stress 
conditions. Meanwhile, both linagliptin and sitagliptin have shown to 
inhibit DPP4 activity in human podocyte lysates and suppress cellular 
growth in immortalized human podocytes via blocking of SDF-1 [15], 
although there are no reports on its effect on DPP4 expression in 
podocytes. These findings indicate that linagliptin works successfully 
in podocytes but support the notion that there may be potential 
discrepancies between endothelial cells and podocytes in the regulation 
of DPP4 expression/activation and the action of DPP4 inhibitors. Thus, 
further study is needed to define how DPP4 expression and activity is 
regulated and determine the role of DPP4 in podocytes.

 To the best of our knowledge, there are no reports on soluble DPP4 
shed from podocytes. In our study, following combined treatment 

with high glucose and angiotensin II, podocytes shed more DPP4 
into the medium, and evogliptin inhibited the DPP4 release. Several 
reports have shown a contribution of soluble DPP4 to the progression 
of certain diseases. The origin of plasma DPP4 was reported to be 
endothelial cells, hepatocytes, adipocytes and immune cells, while the 
kidneys may not be a major source of circulating soluble DPP4 [36-
39]. However, local action of soluble DPP4 released from renal cells 
cannot be ruled out. DPP4 shedding was increased by high glucose, 
advanced glycated end products or hydrogen peroxide in endothelial 
cells [40,41]. Meanwhile soluble DPP4 led to the generation of reactive 
oxygen species in endothelial cells through interaction with mannose 
6-phosphate/insulin-like growth factor II receptor (M6P/IGFIIR) 
[41]. Then, activation of the redox-sensitive transcription factor 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) 
results in subsequent intercellular adhesion molecule (ICAM)-1 and 
plasminogen activator inhibitor (PAI)-1 gene induction, which drives 
inflammation and fibrosis. Protease-activated receptor 2 (PAR2) is 
another membrane protein proposed to mediate soluble DPP4 action 
such as activation of ERK and NF-kB, cell proliferation, and induction 
of pro-inflammatory cytokines [37,42]. DPP4-induced inflammation 
and insulin resistance disappeared after silencing of caveolin-1 or 
PAR2 in adipose tissue macrophages [37]. On the other hand, soluble 
DPP4 was reported to mediate palmitate-induced cell death in cardiac 
progenitor cells [26]. In our study, caveolin-1-mediated endocytosis 
was shown to mediate the nephrin-protective effects of evogliptin, 
which has been reported elsewhere [37]. Therefore, further study to 
define the membrane counterpart of soluble DPP4 is worth conducting. 
Meanwhile, linagliptin and teneligliptin inhibited DPP4 release from 
endothelial cells, but their inhibition of DPP4 shedding was not 
completely distinct from the downregulation of DPP4 expression, unlike 
evogliptin [40,41]. Despite some discrepancy in cell biology between 
endothelial cells and podocytes, we presumed that the inhibition of 
soluble DPP4 release by evogliptin might contribute to mitigation of 
podocyte injury by relieving the stress response and oxidative stress. 

Urinary nephrin loss is a biomarker of early glomerular injury 
because podocytes regulate glomerular permeability selectivity 
through the slit diaphragm, a specialized cell-cell junction primarily 
consisting of physically connected nephrin and cytoskeletal actin 
proteins [43]. A tyrosine residue at 1217 in the intracellular region of 
human nephrin is conserved between humans, mice (1232-YDQV), 
and rats (1228-YDQV) and is present in YDxV motifs [44]. Previously, 
there was conflicting speculation regarding increased nephrin 
phosphorylation in renal injury [45,46]; however recently, Jones N, et 
al. put an end to the controversy by demonstrating that overall loss of 
nephrin phosphorylation is a causative factor in renal dysfunction [44]. 
Consistently, our findings suggest that nephrin levels in podocytes are 
regulated post-transcriptionally and the phospho-nephrin (Y1232)-
to-nephrin ratio is reduced in DN mice. Nephrin is known to be 
phosphorylated by src family kinases [45], but the activation levels 
of src family kinases, such as Src, Fyn, and Yes, were not prominently 
altered in podocytes under HG+AngII conditions in this study (data 
not shown). Intriguingly, chronic treatment with evogliptin increased 
phospho-nephrin levels, while treatment with irbesartan did not. This 
suggests that DPP4 inhibitors may be a potential therapeutic option for 
preserving nephrin in podocytes to slow nephropathy progression.

Our data suggest that evogliptin attenuates podocytic stress 
responses, including kinase signaling cascades and DPP4 shedding, 
under diabetic conditions, thereby preventing podocyte damage and 
the progression of nephropathy. Although we cannot fully explain why 
evogliptin acts differently in podocytes compared to linagliptin, our 
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findings may have clinical implications for application of evogliptin in 
diabetic patients with progressive podocyte injury.
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