
Inhibition of dipeptidyl peptidase IV protects
tacrolimus-induced kidney injury
Sun W Lim1,2, Long Jin1,2, Shang G Piao1,2, Byung H Chung1,3 and Chul W Yang1,2,3

Accumulating evidence shows that a gut-released hormone, the glucagon-like peptide-1 (GLP-1), has not only a glucose-
lowering effect but also a renoprotective effect against kidney injury. In this study, we investigated whether a dipeptidyl
peptidase (DPP) IV inhibitor has a protective effect against tacrolimus-induced renal injury. Rats were treated with
tacrolimus (1.5 mg/kg, subcutaneously) and the DPP IV inhibitor MK0626 (10 or 20mg/kg, oral gavage) for 4 weeks.
MK0626 treatment attenuated tacrolimus-induced renal dysfunction, tubulointerstitial fibrosis, and arteriolopathy.
Moreover, these improvements were accompanied by a reduction in oxidative stress and apoptosis. MK0626 treatment
increased the blood level of GLP-1 and the level of its receptor in tissue sections but did not alter the levels of other DPP IV
substrates, such as neuropeptide Y and the stromal cell-derived factor-1. These data suggest that DPP IV inhibition has an
important role in the renoprotection against tacrolimus-induced nephrotoxicity via antioxidative and antiapoptotic effects
and preservation of the GLP-1 system.
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Tacrolimus (TAC) is a maintenance immunosuppressant that
is widely used in renal transplant recipients. However, it
causes considerable chronic allograft dysfunction and allograft
failure in these individuals. Experimental studies show that
treatment with TAC causes progressive renal failure with
striped interstitial fibrosis, tubular atrophy, inflammatory cell
infiltration, and hyalinosis of the afferent arterioles.1

Although the pathogenesis of TAC-induced nephropathy
remains undetermined, this condition is partly related to the
direct toxic effect of TAC on renal cells, and oxidative stress
has a pivotal role in TAC-induced renal dysfunction and cell
damage.2–4

Dipeptidyl peptidase (DPP) IV inhibitors represent a new
class of antidiabetic agents based on their ability to extend the
biological effects of incretin hormones, such as the glucagon-
like peptide-1 (GLP-1).5,6 A considerable body of research has
confirmed that DPP IV inhibitors can prevent beta-cell
failure, stimulate insulin release, improve glycemic and
hemoglobin A1c control, and decrease triglyceride and free
fatty acid levels in diabetic patients.7,8 In addition to its
glucose-lowering effects, DPP IV inhibitors also ameliorate
renal damage caused by ischemia–reperfusion, cisplatin
treatment, 5/6 nephrectomy, and diabetic nephropathy.9–12

These observations suggest that DPP IV inhibitors can exert
renoprotective effects partly by increasing GLP-1 levels.
However, it remains unclear whether DPP IV inhibitors have
a beneficial effect against TAC-induced renal injury, and
whether this effect is associated with increased GLP-1 levels,
because DPP IV cleaves other molecules, such as neuro-
peptide Y (NPY) and the stromal cell-derived factor-1
(SDF-1).

Therefore, we designed this study to assess the systemic
effect of a DPP IV inhibitor on TAC-induced renal injury.
First, we evaluated whether the DPP IV inhibitor protects
against TAC-induced renal dysfunction and tubulointerstitial
fibrosis, and whether this protection is associated with
antioxidative and antiapoptotic effects. Second, we examined
whether TAC induced DPP IV activity, and if so, whether this
could be effectively reduced by treatment with a DPP IV
inhibitor. Third, we investigated which substrates of DPP IV
are associated with its protective properties. Our results clearly
showed that DPP IV inhibition effectively protects against
TAC-induced renal injury. Moreover, whereas other molecule,
eg, NPY and SDF-1, were not significantly changed by TAC-
induced DPP IV activity, GLP-1 had an important role in renal
protection. We expect that the results of our study will provide
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a rationale for the use of DPP IV inhibitor in renal transplant
patients receiving TAC.

MATERIALS AND METHODS
Animals and Drugs
The Animal Care and Use Committee of the Catholic
University of Korea approved the experimental protocol
(CUMC-2012-0117-02), and all procedures performed in this
study were in accordance with ethical guidelines for animal
studies. Eight-week-old male Sprague Dawley rats (Charles
River Technology, Seoul, Korea) that initially weighed 220–
230 g were housed in cages (Nalge, Rochester, NY, USA) in a
controlled-temperature and controlled-light environment at
the Catholic University of Korea’s animal care facility. The
rats received a low-salt diet (0.05% sodium chloride, Research
Diets, New Brunswick, NJ, USA). TAC (Prograft, Astellas
Pharma, Ibaraki, Japan) was diluted in olive oil (Sigma, St
Louis, MO, USA) to a final concentration of 1 mg/ml. DPP IV
inhibitor MK0626 was kindly supplied by Merk Sharp and
Dohme (Kenilworth, NJ, USA) and was diluted in drinking
water to a final concentration of 10 or 20 mg/ml.

Experimental Design
The study was designed to evaluate the effect of MK0626 on
TAC-induced renal injury. After acclimatization and a low-
salt diet for 1 week, weight-matched rats were randomized to
six groups containing eight rats each and were treated daily
with TAC (1.5 mg/kg, s.c.) or vehicle (VH, olive oil, 1 mg/ml,
s.c.) with or without MK0626 (M, 10 and 20 mg/kg, oral
gavage) for 4 weeks. Routes and doses of administrating drugs
were chosen based on the preliminary study.13,14

Basic Protocol
Rats were pair-fed and their body weight was monitored daily.
After the 4-week treatments, systolic blood pressure was
recorded using the tail cuff method (Visitech System, Apex,
NC, USA). Before euthanasia, animals were housed individ-
ually in metabolic cages (Tecniplast, Gazzada, Italy) for the
measurement of water intake and urine volume over 24 h. On
the following day, animals were anesthetized, and blood
samples and tissue specimens were obtained for further
analysis. Serum creatinine (Scr) and blood urea nitrogen
(BUN) were measured using a quantitative enzyme color-
metric method (Stanbio Laboratory, Boerne, TX, USA).
Creatinine clearance (ClCr) was calculated using a standard
formula from 24-h urine collections and serum. The whole-
blood TAC level was measured using LC-MS/MS.15

Histopathology
Histological assessment was defined as the development of
tubulointerstitial fibrosis and arteriolopathy in Trichrome or
periodic acid Schiff (PAS)-stained tissue sections as described
previously.16,17 Briefly, the tissue sections were re-fixed in
Bouin’s solution for 1 h at 56 °C to improve staining quality.
Then they were stained in Weigert’s iron hematoxylin

working solution for 10 min. After a wash in distilled water
(DW), the slides were soaked in the working solution of
Biebrich scarlet-acid fuchsin and phosphomolybdic-
phosphotungstic acid solution, one by one. The slides were
transferred directly (without rinsing) to aniline blue solution
and stained for 5–10 min and then briefly rinsed in DW and
1% acetic acid solution. After dehydration through 95% ethyl
alcohol, the slides were mounted with resinous mounting
medium. The collagen fibers were stained in blue, the nuclei
were stained in purple, and the background was stained in
red. A finding of tubulointerstitial fibrosis was defined as a
matrix-rich expansion of the interstitium with tubular
dilatation, tubular atrophy, tubular cast formation, sloughing
of tubular epithelial cells, or thickening of the tubular
basement membrane. The extent of fibrosis was estimated
by counting the percentage of injured area per field using
polygon program. Arteriolopathy of the afferent arterioles was
manifested by expansion of the cell cytoplasm of terminal
arteriolar smooth muscle cells and semiquantitatively eval-
uated by counting the percentage of juxtaglomerular afferent
arterioles with arteriolopathy per total number of juxtaglom-
erular afferent arterioles available for examination. A minium
of 20 fields per section was assessed and graded using color
image analyzer (TDI Scope Eye Version 3.0 for Windows,
Olympus, Japan). Histopathological analysis was performed
in randomly selected cortical fields of sections by a pathologist
blinded to the identity of the treatment groups.

Immunohistochemistry
Immunohistochemistry was performed as described
previously.18,19 ED-1, osteopontin (OPN), transforming
growth factor β1 (TGFβ1)-inducible gene-h3 (βig-h3), renin,
8-OHdG, and GLP-1R were detected in 4-μm tissue sections
by incubating cells for 12 h with specific antibodies against
kidney injury molecule-1 (KIM-1; Abcam, Cambridge, UK),
neutrophil gelatinase-associated lipocalin (NGAL; Millipore,
Billerica, MA, USA), ED-1 (AbD Serotec, Oxford, UK), OPN
(obtained from the Developmental Studies hybridoma bank,
University of Iowa, Iowa City, IA, USA), βig-h3 (Proteintech,
Chicago, IL, USA), 8-OHdG (JaICA, Shizuoka, Japan), and
GLP-1R (Abcam) at 4 °C. The KIM-1-, NGAL-, and βig-h3-
stained tissue sections were counted in 20 different fields in
each section at × 200 magnification using color image
analyzer (TDI Scope Eye Version 3.0 for Windows).

Immunoblot Analysis
Immunoblot analysis was performed as described
previously18,20 Using tissue lysates from the renal cortex,
e-cardherin, α-smooth muscle actin (α-SMA), TGFβ1,
p-eNOS, t-eNOS, Bcl-2, Bax, Bim, active caspase-3, manga-
nese superoxide dismutase (MnSOD), heme oxygenase-1
(HO-1), HO-2, GLP-1R, and β-actin were detected by
incubating for 12 h with specific antibodies against e-cadherin
(BD Biosciences, San Jose, CA, USA), α-SMA (Sigma), TGFβ1
(R&D Systems, Minneapolis, MN, USA), p-eNOS (Cell
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Signaling, Beverly, MA, USA), t-eNOS (Cell Signaling), Bcl-2
(Santa Cruz Biotechnology), Bax (Delta Biolabs, Gilroy, CA,
USA), Bim (Cell signaling), active caspase-3 (Millipore),
MnSOD (Abcam), HO-1 (Enzo Life Sciences, Farmingdale,
NY, USA), HO-2 (Enzo Life Science), GLP-1R (Abcam), and
β-actin (Sigma) at 4 °C.

In Situ Terminal Deoxynucleotidyl Transferase-Mediated
dUTP–Biotin Nick End Labeling (TUNEL) Assay
Apoptosis in tissue sections or adherent cells on slides was
identified using the ApopTag In Situ Apoptosis Detection Kit
(Millipore). The number of TUNEL-positive cells was
counted in 20 different fields in each section at × 200
magnification.

Measurement of 8-Hydroxy-2′-Deoxyguanosine
(8-OHdG)
Oxidative DNA damage was evaluated based on the level of
the DNA adduct 8-OHdG in 24-h urine using a competitive
enzyme-linked immunosorbent assay (Cell Biolabs, San
Diego, CA, USA).

Measurement of the Levels of DPP IV Activity, Active
GLP-1, NPY-1, and SDF-1
To analyze DPP IV activity in the kidney, renal cortex was
homogenated in cold assay buffer (25 mM Tris-HCl, 140 mM
NaCl, 10 mM KCl, pH 7.5, 0.1% BSA) and centrifuged at
20 000 g for 20 min at 4 °C. To measure plasma DPP IV
activity, blood samples were collected into prechilled EDTA-
treated tubes, centrifuged at 4 °C, separated, and frozen at
− 80 °C. DPP IV activity in the lysate and plasma was
measured using the Assay Kit (Millipore). For the quantifica-
tion of active GLP-1, NPY-1, and SDF-1 in the plasma
samples, blood samples were collected into tubes containing a
DPP IV inhibitor (50 uM), centrifuged, separated, and frozen

at − 80 °C. The level of active GLP-1 (Millipore), NPY-1
(Millipore), and SDF-1 (Sunred, Shanghai, China) were
measured using a commercially available ELISA Kit, accord-
ing to the manufacturer’s recommendations.

Statistical Analysis
The data are expressed as means± s.e. of at least three
independent experiments. Multiple comparisons between
groups were performed by one-way ANOVA with the
Bonferroni post hoc test (SPSS software version 19.0; IBM,
Armonk, NY, USA). Statistical significance was assumed as
Po0.05.

RESULTS
Effect of MK0626 on TAC-Induced Renal Dysfunction
Table 1 lists the changes in the functional parameters in the
experimental group as a result of TAC and MK0626 (M)
treatment for 4 weeks. The TAC+M10 or TAC+M20 groups
showed a lower level of Scr and BUN and a higher rate of
ClCr than did the TAC group. We also measured immuno-
reactivity of renal tubular injury marker, KIM-1 and NGAL
on tissue section and enhanced their expression levels by TAC
treatment were decreased in TAC+M10 or TAC+M20 groups.
MK0626 cotreatment did not affect the trough level of TAC in
the whole blood, indicating that a drug interaction did not
occur at these doses.

Effect of MK0626 on TAC-Induced Renal Inflammation
To evaluate the effect of MK0626 on inflammatory cell
infiltration and proinflammatory cytokines produced by
inflammatory cells, we analyzed the levels of infiltration of
ED-1-positive cells and OPN in tissue sections. As shown in
Figures 1a and b, the number of ED-1-positive cells was
minimal in the VH and VH+M groups. However, TAC
treatment significantly increased these numbers, and this

Table 1 The effect of MK0626 on TAC-induced renal dysfunction

VH (n=8) VH+M10 (n=8) VH+M20 (n= 8) TAC (n= 8) TAC+M10 (n=8) TAC+M20 (n= 8)

BW (g) 268 ± 5 270 ± 3 270 ± 4 279± 6 273 ± 3 269 ± 4

UV (ml/day) 16 ± 3 15± 1 17 ± 3 20± 5 22 ± 3 24 ± 6

Water intake (ml/day) 23 ± 4 19± 2 21 ± 3 28± 6 26 ± 3 30 ± 7

SBP (mmHg) 131 ± 1 128 ± 1 134 ± 1 132± 2 133 ± 1 132 ± 3

Scr (mg/dl) 0.34 ± 0.03 0.35 ± 0.01 0.30 ± 0.03 0.58 ± 0.05a–c 0.45 ± 0.01a–d 0.46 ± 0.02a–d

BUN (mg/dl) 14 ± 2 12± 0.4 12 ± 2 35± 4a–c 24 ± 1a–d 24 ± 2a–d

ClCr (mL/min/100g) 0.79 ± 0.07 0.82 ± 0.03 0.87 ± 0.08 0.45 ± 0.04a–c 0.56 ± 0.03a–d 0.56 ± 0.03a–d

KIM-1 (%) 0.62 ± 0.14 0.63 ± 0.09 0.63 ± 0.05 7.42 ± 0.69a–c 4.74 ± 0.84a–d 2.34 ± 0.40 a–e

NGAL (%) 0.01 ± 0.01 0.03 ± 0.09 0.03 ± 0.01 0.13 ± 0.03a–c 0.05 ± 0.02a–d 0.04 ± 0.01a–d

TAC level (ng/ml) — — — 7.5 ± 0.9 7.5 ± 0.7 7.9 ± 0.4

BUN, blood urea nitrogen; BW, body weight; ClCr, creatinine clearance; M10 and M20, 10 and 20 mg/kg of MK0626; SBP, systolic blood pressure; Scr, serum
creatinine; TAC, tacrolimus; UV, urine volume; VH, vehicle. TAC level, trough blood level of TAC. Values are means ± s.e. aPo0.05 vs VH, bPo0.05 vs VH + M10,
cPo0.05 vs VH + M20, dPo0.05 vs TAC, ePo0.05 vs TAC+M10.
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increase was markedly attenuated by treatment with MK0626.
Consistently, strong immunoreactivity for OPN was observed
in the TAC group and was attenuated after MK0626 treatment,
as shown in Figures 1c and d.

Effect of MK0626 on TAC-Induced Renal Fibrosis
MK0626 significantly reduced the extensive TAC-induced
interstitial fibrosis; however, there was no significant MK0626
dose-dependent effect in this experimental model (Figures 2a
and b). On a molecular basis, TAC treatment reduced the
expression levels of e-cadherin and increased those of α-SMA;
these levels were restored by treatment with MK0626
(Figures 2c and d). Induction of the TGFβ1 and of its
bioactive form, βig-h3, in the TAC group was also attenuated
in the TAC+ MK0626 groups, as shown in Figures 2e and f.

Effect of MK0626 on TAC-Induced Arteriolopathy
and Endothelial Nitric Oxide Synthase (eNOS)
Expression
TAC treatment decreased the percentage of strong PAS-
positive cells compared with the VH, whereas this parameter
was markedly decreased after treatment with MK0626
compared with TAC treatment (Figures 3a and b). The
downregulation of the eNOS protein by TAC treatment was
also significantly recovered in the MK0626-treated groups
(Figure 3c).

Effect of MK0626 on TAC-Induced Oxidative Stress
Figures 4a and b shows the results of immunohistochem-
istry and 24-h urinary excretion of 8-OHdG, which is a
marker of oxidative DNA damage, in the experimental

Figure 1 Effect of MK0626 (M) on inflammation during tacrolimus (TAC)-induced renal injury. Immunohistochemistry and its quantitative analysis for
ED-1 (a and b) and osteopontin (OPN) (c and d) in the renal cortex from experimental groups. Note that the number of ED-1-positive cells and the
intensity of OPN staining are increased in the TAC group and that this increase is inhibited in the TAC+M groups. Magnification, × 400. n= 8 per group.
#Po0.05 vs VH; $Po0.05 vs TAC; @Po0.05 vs TAC+M10.
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Figure 2 Effect of MK0626 (M) on fibrosis during tacrolimus (TAC)-induced renal injury. (a and b) Histological analysis in the renal cortex treated with
TAC for 4 weeks shows striped tubulointerstitial fibrosis, mononuclear cell infiltration, and tubular atrophy. MK0626 treatment significantly reduces these
damages compared with TAC treatment. (c–e) Immunoblot analysis of e-cadherin, α-smooth muscle actin (α-SMA), and transforming growth factor β1
(TGFβ1) in the renal cortex. The relative optical densities of bands in each lane were normalized to each β-actin band from the same gel. (f)
Immunohistochemistry and quantitative graph for the TGFβ1-inducible gene-h3 (βig-h3) in the renal cortex. Note that the expression of e-cadherin is
recovered and that α-SMA, TGFβ1, and βig-h3 are decreased after combined treatment with MK0626. The arrows indicate βig-h3-positive areas.
Magnification, × 400. n= 8 per group. #Po0.05 vs VH; $Po0.05 vs TAC.
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groups. The strong nuclear expression and concentration in

the urine of 8-OHdG were markedly increased in the TAC

group, and these effects were reversed after MK0626

treatment. We further evaluated whether MK0626 affects

the expression of the antioxidative-stress-related molecules

MnSOD, HO-1 (inducible form), and HO-2 (constitutive

form) and expressed this effect as the ratio of HO-1/HO-2.

The expression of these molecules was reduced in the TAC

group compared with the VH- or VH+M-treated groups

and was recovered by MK0626 treatment.

Effect of MK0626 on TAC-Induced Apoptosis
Next we evaluated whether MK0626 treatment affects
apoptosis, which is an important mechanism of cell death
in TAC-induced renal injury. The number of TUNEL-positive
cells in tissue sections was significantly higher in the TAC
group compared with the VH group, and this was reduced by
the addition of MK0626 (Figures 5a and b). Furthermore,
TAC treatment suppressed the expression of Bcl-2, which was
recovered by MK0626 administration. In contrast, the
induction of Bax, Bim, and active caspase-3 by TAC was
attenuated by the addition of MK0626 (Figures 5c–f).

Figure 3 Effect of MK0626 (M) on tacrolimus (TAC)-induced arteriolopathy and expression of eNOS. (a and b) Periodic acid–Schiff (PAS) staining in
tissue sections and its quantitative analysis. The TAC group shows a typical afferent arteriolopathy, as illustrated by a glomerulus with expansion of the
cytoplasm of terminal arteriolar smooth muscle cells by eosinophilic, granular material. (c) Immunoblot analysis of phosphorylated endothelial nitric
oxide synthase (p-eNOS) and total eNOS (t-eNOS). The relative optical densities of bands in each lane were normalized to each β-actin band from the
same gel. Note that the MK0626 group shows reduced arteriolopathy and expression of renin and increased levels of eNOS. The arrows indicate PAS-
positive afferent arterioles. Magnification, × 400. n= 8 per group. #Po0.05 vs VH; $Po0.05 vs TAC.
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Activity of DPP IV and Substrates of DPP IV in
Experimental Animals

A 4-week TAC treatment significantly increased plasma and
renal cortex DPP IV activity, which was effectively suppressed
by MK0626 treatment, as shown in Figures 6a and b. The
substrates of DPP IV, including GLP-1, NPY, and SDF-1,

were measured in the blood using ELISA. The level of active
GLP-1 was markedly suppressed in the TAC group, and this
was restored after combined treatment with MK0626, in a
dose-dependent manner (Figure 6c). In contrast with GLP-1,
the level of NPY and SDF-1 did not vary among the
experimental groups (Figures 6d and e). Based on this

Figure 4 Effect of MK0626 (M) on oxidative stress during tacrolimus (TAC)-induced renal injury. (a) Immunohistochemistry for 8-hydroxy-2′-
deoxyguanosine (8-OHdG) in tissue sections. Intense nuclear expression of 8-OHdG is shown in the TAC group, and the administration of MK0626
reduces its expression levels. (b) Urinary 8-OHdG excretion per day. The TAC-induced 8-OHdG excretion is lowered by the coadministration of MK0626.
(c and d) Immunoblot analysis of manganese superoxide dismutase (MnSOD), heme oxygenase-1 (HO-1, inducible form), and HO-2 (constitutive form) in
the renal cortex from the experimental animals. The relative optical densities of bands in each lane were normalized to each β-actin band from the
same gel. Note that combined treatment with MK0626 restored their expression compared with TAC. Magnification, × 400. n= 8 per group. #Po0.05 vs
VH; $Po0.05 vs TAC.

Figure 5 Effect of MK0626 (M) on apoptosis during tacrolimus (TAC)-induced renal injury. (a and b) In situ TdT-mediated dUTP-biotin nick end labeling
(TUNEL) assay and its analysis to detect apoptosis in the renal tissue sections of the experimental groups. MK0626 treatment significantly reduces
TUNEL-positive apoptotic bodies compared with TAC. (c–f) Immunoblot analysis of Bcl-2, Bax, Bim, and active caspase-3 in the renal cortex. Note that
MK0626 treatment significantly recovers the expression of Bcl-2 and downregulates Bax, Bim, and active caspase-3 compared with TAC. The relative
optical densities of bands in each lane were normalized to each β-actin band from the same gel. The arrows indicate TUNEL-positive apoptotic bodies.
Magnification, × 400. n= 8 per group. #Po0.05 vs VH; $Po0.05 vs TAC.
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finding, we examined whether the GLP-1 signaling pathway is
associated with the protective effect of MK0626. We
performed immunohistochemical and immunoblot analyses
of the GLP-1R. Abundant expression of GLP-1R was observed
in the apical membrane and cytosol of proximal tubules (PTs)
in the VH group; in contrast, its expression was reduced in
the damaged PTs in the TAC group. Combined treatment

with MK0626 led to the recovery of the immunoreactivity and
protein amount of GLP-1R, as shown in Figure 7.

DISCUSSION
The present study was undertaken to investigate whether the
DPP IV inhibitor MK0626 has a protective effect against
TAC-induced nephropathy. MK0626 attenuated renal

Figure 6 Plasma and renal DPP IV activity and levels of the plasma glucagon-like peptide-1 (GLP-1), neuropeptide Y (NPY), and stromal cell-derived
factor-1 (SDF-1) in experimental animals. (a and b) DPP IV activity is evaluated in the plasma and renal cortex of experimental animals. DPP IV activity is
suppressed significantly by MK0626 (M). (c) The level of bioactive GLP-1 is remarkably higher in the MK0626 and tacrolimus (TAC) groups. (d and e) The
other DPP IV substrates, NPY, and SDF-1 are also evaluated. The plasma NPY and SDF-1 levels are not different among the experimental groups. n= 8
per group. #Po0.05 vs VH; $Po0.05 vs TAC; *Po0.05 vs TAC+M10.
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dysfunction with histological improvement in TAC-treated
rats by reducing oxidative stress and apoptosis. In addition,
we found that the increased DPP IV activity observed after
TAC administration was effectively inhibited by treatment
with MK0626. Interestingly, among the various substrates of
DPP IV, GLP-1 and its receptor (but not NYP and SDF-1)
responded to the changes in DPP IV activity. These findings

suggest that the DPP IV inhibitor MK0626 has beneficial
properties by exerting antioxidative and antiapoptotic effects
via enhanced GLP-1 signaling in TAC-induced nephropathy.

We showed that a decrease in inflammation ameliorates
calcineurin inhibitor (CNI)-induced toxicity,18,19,21,22 sug-
gesting that TAC treatment itself recruits inflammatory cells
and proinflammatory cytokines. Practically, depletion of

Figure 7 Effect of MK0626 (M) on the glucagon-like peptide-1 receptor (GLP-1R) during tacrolimus (TAC)-induced renal injury. (a) Immunoreactivity for
GLP-1R is mainly localized in the apical membrane and cytosol of proximal tubules (PTs) in the vehicle (VH) group. The TAC group shows markedly
reduced expression in damaged PTs. Note that combined treatment with MK0626 restored their expression compared with TAC treatment. (b) The
reduced amount of the GLP-1R protein is significantly restored by MK0626, which was confirmed by immunoblot analysis. The relative optical densities
of bands in each lane were normalized to each β-actin band from the same gel. The arrowhead indicates GLP-1R-positive cytoplasm; double arrows
indicate GLP-1R-positive apical membranes; asterisks indicate GLP-1R-negative PTs. Magnification, × 400. n= 8 per group. #Po0.05 vs VH; $Po0.05
vs TAC.
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macrophages using liposome-encapsulated clodronate signif-
icantly decreased CsA-induced renal dysfunction and
fibrosis.23 Therefore, we investigated whether DPP IV
inhibition affects TAC-induced macrophage infiltration and
inflammatory factors. Many studies have demonstrated that
DPP IV inhibitors inhibit the production of inflammatory
cytokines and the activation of the nuclear factor-κB,
suggesting that it has an anti-inflammatory effect.10,12,24

Consistent with this, the current in vivo results showed that
the administration of MK0626 reduced the number of
positive cells and the immunoreactivity of ED-1 in the
injured area, as well as the levels of OPN, as shown in
Figure 1. These findings suggest that MK0626 exerts an anti-
inflammatory effect via the inhibition of macrophage
migration to the injured area, thus resulting in a reduction
in the production of proinflammatory cytokines.

Chronic TAC nephrotoxicity in humans is characterized by
typical histological features, such as striped interstitial fibrosis.
This contributes to the annual risk of end-stage renal disease
and increases over time in human recipients of renal
transplants.25 We and others have demonstrated that TGFβ1
is mainly involved in TAC-induced fibrosis.1,3 In fact, the
administration of a neutralizing anti-TGFβ1 antibody abro-
gates CsA-associated structural damage.26 We expected that
MK0626 would protect against the progression of TAC-
induced renal fibrosis, because the antifibrotic effect of
MK0626 was shown in an animal model of 5/6 nephrectomy
and unilateral ureteral obstruction.10,27 Our results demon-
strated that cotreatment with MK0626 diminished the
expression of TGFβ1, its bioactive form βig-h3, and α-SMA
and recovered the expression of e-cadherin, which is a cell–
cell adhesion molecule; these molecular effects were accom-
panied by a significant attenuation of renal fibrosis. Thus our
findings suggest that MK0626 effectively suppresses the
progression of inflammation and fibrosis in TAC-induced
nephrotoxicity.

Oxidative stress caused by reactive oxygen species (ROS) is
a common pathway of CNI-induced renal injury.28 The high
level of oxidative stress induced by chronic TAC administra-
tion causes structural and functional kidney impairment,
because short- and long-term TAC treatment induces the
production of free radical species in the kidney, causing
apoptotic cell death. In this study, we evaluated whether
MK0626 affects TAC-induced oxidative stress and apoptosis.
Our results showed that MK0626 not only dramatically
recovered MnSOD and HO-1 expression but also reduced the
number of TUNEL-positive cells. In fact, there is increasing
evidence of an association between the development of renal
damage and increased oxidative stress, and of the function of
DPP IV inhibitors as scavengers of ROS, with a resultant
improvement of renal function and histopathology.29,30

Taken together, these findings suggest that MK0626 protects
against TAC-induced renal injury via a decrease in oxidative
stress and subsequent apoptotic cell death.

In the present study, we found that TAC group showed
higher DPP IV activity than that of the VH group. The reason
for increase in DPP IV in our model is unclear, but we can
speculate several possibility. First, increased insulin sensitivity
may associate with DPP IV activity in our model. It is well
known that DPP IV activity is associated with insulin
resistance in Types 1 and 2 diabetic patients, and it might
have an important role in its pathophysiology.31 In addition,
several reports proposed that hypoxia may upregulate DPP IV
activity, and it was detected as a novel target gene of the
hypoxia-induced factor-1.32,33 Others revealed that the
exogenous administration of TGFβ1, which is a well-known
central player in renal fibrosis, markedly enhanced DPP IV
activity in proximal tubules cells.27 Based on the findings
described above, we propose that TAC-induced low-grade
ischemia and TGFβ1 activation in this study are also causative
factors of TAC-induced DPP IV activity. However, further
understanding of the exact mechanism underlying DPP IV in
chronic TAC nephropathy is required.

Next we investigated which substrates of DPP IV are
involved in the protective effect observed in this experiment.
In fact, most studies have focused on the effect of GLP-1,
because the DPP IV inhibitor was developed as an antidiabetic
agent to increase the bioavailability of GLP-1. Because other
substrates, such as NPY, SDF-1, etc, also have cell-protective
properties,34–37 the present study was undertaken to investi-
gate which substrates are associated with the protective effect
of the DPP IV inhibitor against TAC-induced renal damage.
The results showed that active GLP-1 was suppressed in
response to the highly activated DPP IV, which was recovered
by treatment with MK0626 in a dose-dependent manner
(Figure 6b). In contrast to GLP-1 excursion, the levels of NPY
and SDF-1 did not change among the experimental groups.
Furthermore, the reduced renal expression of GLP-1R
observed after TAC administration was also increased by
treatment with MK0626. This observation is consistent with
recent reports that GLP-1 contributes to the antiapoptotic
effect of DPP IV inhibitors in cisplatin-induced renal injury,
whereas NPY and SDF-1 do not contribute to renal protec-
tion. Taken together, these findings suggest that DPP IV inhi-
bition decreases TAC-induced oxidative stress and subsequent
apoptotic cell death via enhanced GLP-1 signaling.

The experimental model of chronic TAC nephropathy has
some limitations. Unlike humans, rodents are resistance to
TAC-induced renal injury. Therefore, we used a low-salt diet
to induce the functional impairment and morphological
consequences of TAC similar to humans. A low-salt diet was
used to activate the renin–angiotensin system (RAS), because
activation of RAS is important in the pathogenesis of TAC-
induced renal injury.1,28,38

In conclusion, our results suggest that DPP IV inhibition is
effective in improving TAC-induced nephropathy via the
preservation of GLP-1 signaling, independently of its
hypoglycemic effects. Therefore, a targeted therapy aimed at
inhibiting DPP IV may be a useful new approach in the
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management of the progression of nephropathy in renal-
transplant patients receiving TAC.
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