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Abstract

Background: Cilastatin (CL) is an inhibitor of dehydropeptidase-I, which is safely used in clinical practice to prevent

nephrotoxicity of antibiotics. Tacrolimus (TAC) is the most important immunosuppressant in renal transplantation,

but it causes considerable nephrotoxicity. We evaluated the protective effects of CL against chronic TAC-induced

nephropathy.

Methods: Chronic nephropathy was induced by administering TAC (1.5 mg/kg/ day, subcutaneous injection) to rats

on a low-salt diet for 4 weeks. CL (75 or 150 mg/kg/day, intraperitoneal injection) was concomitantly treated with

TAC. Human proximal tubular cells were exposed to TAC (50 μg/mL) with or without CL (250 μg/mL). We investigated

the effects of CL on TAC-induced injury in terms of renal function, tubulointerstitial fibrosis, and inflammation. The

effects of CL on oxidative stress and apoptosis were evaluated in both in vivo and in vitro models of TAC nephrotoxicity.

Results: CL treatment improved TAC-induced renal dysfunction and decreased renal interstitial fibrosis (reduced

expression of e-cadherin and TGFβ-1) and interstitial inflammation (decreased infiltration of ED-1-positive and

osteopontin-positive cells). Compared to TAC treatment alone, CL co-treatment reduced oxidative stress (serum 8-

OHdG level and immunoreactivity of 8-OHdG and 4-HHE in renal tissue) and increased renal expression of anti-oxidant

enzyme, manganese superoxide dismutase. CL treatment decreased apoptotic cell death (decreased TUNEL-positive

cells and reduced expression of active caspase-3) in TAC-treated kidney. In vitro CL treatment prevented tubular cell

death from TAC treatment and decreased number of annexin V-positive cells were observed in cilastatin-cotreated cells.

Conclusion: CL has protective effects against chronic TAC-induced nephrotoxicity owing to its anti-oxidative and

anti-apoptotic properties.
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Background

Tacrolimus (TAC) is a widely used maintenance

immunosuppressant, but its long-term use causes

considerable nephrotoxicity. TAC causes irreversible

kidney injury with arteriolar hyalinization and thick-

ening, vasoconstriction and ischemia, tubulointerstitial

fibrosis, apoptosis, and atrophy [1, 2]. The pathogenesis of

TAC-induced nephrotoxicity remains unclear, but the dir-

ect toxic effects or oxidative stress of TAC on renal cells

are suggested as common mechanisms [3, 4].

Cilastatin (CL) is an inhibitor of dehydropeptidase I in

the brush border of the renal proximal tubule and is ad-

ministered in combination with imipenem antibiotics.

The role of CL in current clinical practice is to inhibit

the formation of renal toxic products by preventing the

hydrolysis of imipenem from dehydropeptidase I [5].

Interestingly, several experimental studies have shown

that CL reduces the nephrotoxicity of fosfomycin, vanco-

mycin, and cisplatin [6–8]. CL reduces oxidative stress
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and suppresses apoptotic cell death through modulation

of the Fas system [9]. In addition, coadministration of

CL does not compromise the efficacy of anti-bacterial

and anti-cancer drugs. These findings suggest that CL

has its own preventive effects against nephrotoxic drugs

and that it is a promising agent for extending the clinical

utility of several drugs with nephrotoxicity.

Based on the above findings, we hypothesized that

CL may have protective effects against TAC-induced

nephrotoxicity. Using an experimental model of chronic

TAC-induced nephrotoxicity, we investigated the protect-

ive effect of CL against TAC-induced renal toxicity in

terms of renal function and histopathology, and also eval-

uated the possible mechanism of renal protection of CL.

Methods
Animals and drugs

The Animal Care and Use Committee of the Catholic

University of Korea approved the experimental protocol

(CUMC-2016-0167-02), 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 a pathogen-free facil-

ity on a 12-h light/dark schedule and with ad libitum ac-

cess to food and water at the Catholic University of

Korea’s animal care facility. Low-salt diet (0.05% sodium,

Teklad Premier, Madison, WI, USA) was fed to rats.

Tacrolimus (Prograft, Astellas Pharma Inc., Ibaraki,

Japan) was dissolved in olive oil (Sigma, St. Louis, MO,

USA) at the concentration of 1 mg/mL. CL was obtained

from SH company, Asan, Korea.

Experimental design

After feeding a low-salt diet for 1 week, rats were ran-

domized to six groups containing nine rats. Several

numbers are obtained from random number tables. The

indicator for randomization is the remainder after the

obtained number is divided by six. Rats were treated

daily with TAC (1.5 mg/kg, s.c.) or a vehicle (VH, olive

oil, 1 mg/ml, s.c.) with or without CL (75 and 150mg/

kg, i.p.) for 4 weeks. The dose and duration of treatment

was selected based on previous reports [4, 10, 11].

Basic protocol

Rats were monitored and treated for 4 weeks. To meas-

ure urine volume and water intake over 24 h, metabolic

cages (Tecniplast, Gazzada, Italy) were used individually.

Animals were anesthetized with Zoletil (30 mg/kg) and

Rompun (10 mg/kg) to minimize suffering. When rat

movements to pain stimuli were blunted, a 3 ml syringe

was inserted into the internal jugular vein to take blood

samples. Animals were euthanized via CO2 narcosis after

sample collection. Kidney cortex tissue was homogenized

in lysis buffer. Homogenates were centrifuged at 3000 rpm

for 15min, and Bradford method (Bio-RAD, Hercules,

California, United States) was used to determine protein

concentration. Kidney tissues were also fixed in a

periodate-lysine-paraformaldehyde solution and embed-

ded in wax. After dewaxing, 4-μm sections were processed

for further analysis. Urinary excretion of albumin was ex-

amined at Samkwang Medical Laboratories (Seoul, Korea)

using enzymatic colorimetric methods (Modular DPP sys-

tem, Roche, Hamburg, Germany). All histologic and im-

munoblot analysis were examined in blind condition to

each group information. The quantitative enzyme colori-

metric method (Stanbio Laboratory, Boerne, TX, USA)

was used to measure serum creatinine (Scr) and blood

urea nitrogen (BUN). Creatinine clearance (CrCl) was cal-

culated using 24 h urine collection and serum creatinine.

The TAC concentration in whole blood and kidney was

measured using liquid chromatography-tandem mass

spectrometry and a General Tacrolimus ELISA Kit

(E1207Ge; EIAab Science, Wuhan, China), respectively.

Measurement of interstitial fibrosis in kidney

Histological assessment was defined as the develop-

ment of tubule interstitial fibrosis in trichrome-stained

tissue sections, as described previously [12]. Matrix-

richexpansion of the interstitium with tubular dilata-

tion, atrophy, and cast formation was primarily defined

as tubulointerstitial fibrosis. Epithelial cell sloughing or

basement membrane thickening in tubular cells were

also considered as tubulointerstitial fibrosis. The extent

of fibrosis was estimated by counting the percentage of

injured areas per field using a polygon program with a

color image analyzer (TDI Scope Eye Version 3.0 for

Windows; Seoul, Korea).

Immunohistochemistry

Immunohistochemistry (IHC) was performed as de-

scribed previously [13, 14]. Immunoreactive cells were

detected in 4 μm tissue sections. They were incubated

with specific antibodies against ED-1 (AbD Serotec,

Oxford, UK), osteopontin (OPN, obtained from the

Developmental Studies hybridoma bank, University of

Iowa, Iowa City, IA, USA), 8-hydroxy-2′-deoxyguano-

sine (8-OHdG, JaICA, Shizuoka, Japan), 4-hydroxy-2-

hexenal (4-HHE, JaICA), and active caspase-3 (Millipore,

St. Charles, MO, USA) for 12 h at 4 °C. Each section

were examined in 20 fields at 200× magnification using

the color image analyzer (TDI Scope Eye).

Immunoblot analysis

From tissue lysates from the renal cortex, e-cadherin

(BD Biosciences, San Jose, CA, USA), TGFβ-1 (R&D

Systems, Minneapolis, MN, USA), MnSOD (Abcam,

Cambridge, UK), and β-actin (Sigma) were detected by
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incubating for 12 h with specific antibodies [15]. Image

analyzer (Quantity One version 4.4.0; Bio-Rad, Hercules,

CA, USA) were used to analyze the immunoblot.

In situ terminal deoxynucleotidyl transferase-mediated

dUTP–biotin nick end labeling (TUNEL) assay

To identify apoptosis in tissue sections, the ApopTag In

Situ Apoptosis Detection Kit (Millipore) was used. The

number of TUNEL-positive cells was counted in 20

fields at 200× magnification.

Measurement of serum and urine 8-OHdG level

To detect the DNA adduct 8-OHdG as marker of oxidative

DNA damage, competitive enzyme-linked immunosorbent

assay (Cell Biolabs, San Diego, CA, USA) was used in the

serum and 24 h urine.

Measurement of cell viability

Human kidney-2 (HK-2) cells was purchased from the

American Type Cell Collection and were seeded into 96-

well plates at a density of 2.5 × 104 and were pre-

incubated for 24 h in an incubator at 37 °C. After 12 h,

the culture media was replaced to serum-free media

with TAC (50 μg/mL) and CL (250 μg/mL). Cell viability

was determined using a Cell Counting Kit-8 assay kit

(Dojin Laboratories, Kumamoto, Japan).

Flow cytometry

Flow cytometry was performed to assess fluorescein iso-

thiocyanate (FITC)-conjugated annexin V (BD Biosci-

ences) production. HK-2 cells were seeded into six-well

plates at a density of 2.5 × 105 cells/well and pre-

incubated for 12 h at 37 °C in an incubator. Trypsinized

cells were treated with 5 μL of FITC- conjugated annexin

V (BD Biosciences) in 1× binding buffer (BD Biosci-

ences) for 15 min at room temperature according to

the manufacturer’s protocol. Values are expressed as

the percentage of fluorescent cells relative to the total

cell count.

Statistical analysis

The data are expressed as means ± SEM of at least three

independent experiments. We examined the normality

test in all variables using Shapiro-Wilk test (Additional file 1:

Table S1–3). Multiple comparisons between groups were

performed by one-way ANOVA with the Bonferroni post

hoc test, if variables showed normal distrubution (SPSS

software version 19.0; IBM, Armonk, NY, USA). Kruskal–

Wallis test or Mann-WhitneyU test was used in case of var-

iables without normal distribution. Statistical significance

was assumed as P < 0.05.

We performed power calculations to estimate the sam-

ple size using standard formulas (α error = 0.05; β error =

0.2). The sample size required to show 6% difference in

tubulointerstitial fibrosis between TAC and TAC +CL75

was calculated. The minimal number of rats was nine, if

we considered 20% of drop rate.

Results

Effect of CL on TAC-induced renal dysfunction

All animals were analyzed to investigate the effect of

cilastatin on TAC-induced nephrotoxicity. Table 1 lists

the changes in functional basic parameters in the control

and experimental groups. The TAC, TAC + CL75, and

TAC + CL150 groups showed lower body weight gain

than that by the VH, VH + CL75, and VH + CL150

groups. The TAC-treated group with or without CL had

a greater urine volume and larger water intake than the

control group. The levels of Scr and BUN and the

amount of microalbuminuria were significantly higher in

the TAC group than in the control group. Cotreatment

with CL reverted these changes. CL treatment improved

the rate of CrCl, which was decreased in the TAC group.

Table 1 Effect of CL on basic parameters and TAC concentration

VH VH + CL75 VH + CL150 TAC TAC + CL75 TAC + CL150

△BW (g) 79 ± 5 77 ± 9 83 ± 5 59 ± 6# 48 ± 6# 48 ± 4#

UV (mL/day) 9 ± 2 13 ± 1 25 ± 1# 26 ± 3# 31 ± 7# 22 ± 3#

WI (mL/day) 15 ± 3 18 ± 3 30 ± 3# 30 ± 3# 34 ± 7# 26 ± 3#

Scr (mg/dL) 0.35 ± 0.07 0.32 ± 0.02 0.32 ± 0.03 0.64 ± 0.05# 0.49 ± 0.02@ 0.38 ± 0.05@

BUN (mg/dL) 14.1 ± 3.1 14 ± 1.4 14.2 ± 0.7 56.2 ± 6.9# 45.5 ± 1.4@ 42.9 ± 4.5@

UMA (μg/mg) 1.6 ± 0.2 2.3 ± 0.2 2.4 ± 0.2 9.2 ± 1.2# 7.7 ± 1.3 4.8 ± 1.0@

CrCl (mL/min/100 g) 0.77 ± 0.13 0.76 ± 0.06 0.81 ± 0.11 0.35 ± 0.02# 0.50 ± 0.03@ 0.62 ± 0.08@

TAC con.in blood (ng/mL) _ _ _ 14.1 ± 2.4 13.5 ± 2.1 13.9 ± 1.9

TAC con.in kidney (pg/mg) _ _ _ 7.4 ± 1.3 6.3 ± 1.1 5.1 ± 1.6

#P < 0.05 vs. VH
@P < 0.05 vs. TAC

BW body weight, UV urine volume, WI Water intake, Scr serum creatinine, BUN blood urea nitrogen, UMA urine microalbumin, CrCl creatinine clearance, TAC con. tacrolimus

concentration, VH vehicle, TAC tacrolimus; CL75 and CL150, 75 and 150mg/kg of CL values are means ± standard error
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a

b c

Fig. 1 Effect of CL on fibrosis during TAC-induced renal injury. a Histological analysis of renal cortex treated with TAC shows striped tubulointerstitial

fibrosis, mononuclear cell infiltration, and tubular atrophy. CL treatment significantly reduced these damages as compared with TAC treatment. (b and c)

Immunoblot analysis of e-cadherin and transforming growth factor β1 (TGFβ-1) in the renal cortex. Note that combined treatment with CL reversed

changes of e-cadherin and TGFβ-1 in response to TAC treatment. Magnification, 200×. N = 9 per group. #P < 0.05 vs. VH; @P < 0.05 vs. TAC
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CL did not affect the trough level of TAC in the whole

blood and kidney tissues.

Effect of CL on fibrosis in TAC-treated kidney

TAC treatment induced extensive interstitial fibrosis,

and CL treatment significantly reduced interstitial fibro-

sis (Fig. 1a). TAC treatment decreased the e-cadherin ex-

pression and increased those of TGFβ-1; CL treatment

offset these changes of expression levels in TAC-treated

kidney (Fig. 1b, c and Additional file 2: Figure S1 and 2).

Effect of CL on inflammation in TAC-treated kidney

We investigated the infiltration of ED-1-positive cells

and expression of OPN in kidney tissues to find out the

effect of CL on inflammatory process. There were rare

ED-1-positive cells in the VH and VH + CL groups

(Fig. 2a). However, these numbers were significantly

a

b

Fig. 2 Effect of CL on inflammation during TAC-induced renal injury. a and b Immunohistochemistry and quantitative analysis for ED-1 and

osteopontin (OPN) in the renal cortex. 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 + CL groups. Magnification, 200×. N = 9 per group. #P < 0.05 vs. VH; @P < 0.05 vs. TAC
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a

b

c d

Fig. 3 (See legend on next page.)
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increased after TAC treatment, and cotreatment with

CL markedly attenuated the infiltration of ED-1 posi-

tive cells. Consistently, OPN expression was enhanced

in the TAC group, and it was decreased after CL

treatment (Fig. 2b).

Effect of CL on oxidative stress in TAC-treated kidney

Figure 3a and b demonstrated the results of immunohis-

tochemistry of 8-OHdG and 4-HHE, which is a marker

of oxidative DNA damage. The strong nuclear expres-

sion of 8-OHdG and 4-HHE was observed in the TAC

group, and these adverse effects were reduced after CL

treatment. The serum 8-OHdG level was much higher

in the TAC group than in the VH group, and CL admin-

istration considerably decreased serum 8-OHdG levels

(Fig. 3c). We also evaluated the expression of the antiox-

idative molecule MnSOD. The expression of MnSOD

was decreased in the TAC group as compared with the

control groups, and CL treatment recovered its expres-

sion (Fig. 3d and Additional file 2: Figure S3).

Effect of CL on apoptosis in TAC-treated kidney

We evaluated the effects of CL treatment on apoptosis.

Greater number of TUNEL-positive cells was observed

in the TAC group as compared to those of VH group,

and the addition of CL reduced these changes (Fig. 4a).

CL cotreatment also exhibited decrements in the active

form of caspase-3 in kidney tissues as compared with

TAC treatment alone (Fig. 4b).

Effects of CL on proximal tubular cells with TAC treatment

The viability of HK-2 cells was significantly decreased in

the TAC group as compared to the VH group, and CL

increased the viability of TAC-treated cells (Fig. 5a). To

evaluate the protective effect of CL on apoptosis, we

measured the binding activity of FITC-annexin V. TAC

treatment increased the number of FITC-annexin V

binding cells as compared to the VH group, and CL

treatment significantly decreased annexin V positive

cells (Fig. 5b).

Discussion

The present study was undertaken to investigate whether

CL has a protective effect against TAC-induced nephropa-

thy. The results clearly demonstrate that CL treatment

improved not only TAC-induced renal dysfunction and

proteinuria but also histopathology (decreased interstitial

fibrosis and inflammation). In addition, we found that CL

treatment effectively suppressed the main pathogenetic

mechanism of TAC renal injury (oxidative stress and

apoptotic cell death). These findings suggest that addition

of CL is useful to reduce TAC-induced renal injury in clin-

ical practice.

Renal interstitial fibrosis is a typical histological feature

of TAC-induced nephrotoxicity. While previous studies

have shown the protective effects of CL against drug-

induced inflammation or apoptosis [9, 16], to our know-

ledge, there are no reports investigating the effect of CL

on renal fibrosis. Using an experimental model of

chronic TAC-induced nephrotoxicity, we demonstrated

that CL treatment decreased the fibrotic area within the

renal interstitium. At the molecular level, the expression

of profibrotic cytokine TGFβ-1 was decreased and ex-

pression of e-cadherin was recovered in CL-treated rats

in a dose-dependent manner. These findings suggest that

CL effectively suppresses the progression of fibrosis from

TAC-induced renal injury.

Inflammation is reported to be involved in the devel-

opment and amplification of calcineurin inhibitor (CNI)-

induced fibrosis [17]. In previous studies, we demon-

strated that TAC treatment induces the infiltration of in-

flammatory cells and the production of proinflammatory

cytokines [18, 19]. Therefore, we investigated whether

CL affects TAC-induced macrophage infiltration and in-

flammatory factors. The administration of CL reduced the

amount and immunoreactivity of ED-1, as well as levels of

OPN expression. These findings suggest that CL inhibits

TAC-induced inflammation by inhibiting macrophage in-

filtration and by suppression of inflammatory mediators.

Oxidative stress and production of ROS is a common

pathway in TAC-induced renal injury [20, 21], and in-

flammation and oxidative stress are central mechanisms

leading to apoptotic cell death [22–24]. We previously

reported that TAC-induced oxidative stress induces

apoptotic and autophagic cell death, and this is closely

associated with structural and functional kidney injury

[13, 25, 26]. In the current study, CL treatment recov-

ered the antioxidant (MnSOD) and reduced the expres-

sion of 8-OHdG and 4-HHE in TAC-induced renal

injury. These findings confirm that CL decreases TAC-

induced oxidative stress. We further evaluated the effect

of CL treatment on apoptosis in TAC-injured kidneys,

(See figure on previous page.)

Fig. 3 Effect of CL on oxidative stress during TAC-induced renal injury. a and b Immunohistochemistry for 8-hydroxy-2′-deoxyguanosine

(8-OHdG) and 4-hydroxy-2-hexenal (4-HHE) in tissue sections. Intense nuclear expression of 8-OHdG and 4-HHE is shown in the TAC group,

and administration of CL reduced their expression levels. c Enzyme-linked immunosorbent assay of serum 8-OHdG levels. Serum 8-OHdG was

decreased in the CL-cotreated groups as compared to those in the TAC group. d Immunoblot analysis of manganese superoxide dismutase

(MnSOD) in the renal cortex. Note that combined treatment with CL restored their expression as compared with TAC treatment alone. Magnification,

200×. N = 9 per group. #P < 0.05 vs. VH; @P < 0.05 vs. TAC
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and found that that CL significantly reduced the

number of TUNEL-positive cells and caspase-3 ex-

pression. This result was consistent with our previous

report that CL has anti-apoptotic effects in vancomycin-

induced nephrotoxicity [11].

While we demonstrated the renoprotective effects of CL

in vivo, it is still undetermined whether CL has direct ef-

fects on renal tubular cells. Therefore, we evaluated the ef-

fect of CL on HK-2 cells, a main target site for TAC injury

[27], and found that CL decreased TAC-induced cell death

a

b

Fig. 4 Effect of CL on apoptosis during TAC-induced renal injury. a In situ TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay and its

analysis in the renal tissue sections. CL cotreatment significantly reduced TUNEL-positive cells as compared to TAC treatment. b Representative

images of immunohistochemical staining for the active form of caspase-3 (caspase-3) in kidney tissues. Quantitative analysis of caspase-3 in kidney

tissues showed that CL cotreatment significantly reduced active caspase-3 staining as compared to TAC treatment alone. The arrows indicate TUNEL-

positive apoptotic bodies. Magnification, 200×. N = 9 per group. #P < 0.05 vs. VH; @P < 0.05 vs. TAC
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Fig. 5 (See legend on next page.)
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and the number of FITC-conjugated Annexin V-positive

cells as compared with TAC alone. These findings suggest

that CL has a direct effect of protecting proximal tubular

cells in the setting of TAC-induced nephrotoxicity.

The results of this study clearly demonstrate that CL

has a protective effect against TAC-induced renal injury,

but our study had some limitations. First, our experi-

mental model of chronic TAC nephropathy was induced

in rat. There might be species specificity. Second, we did

not measure TAC levels in renal tubular cells. Therefore,

we could not evaluate the effect of CL on TAC levels in

renal tubular cells. Third, we did not include drug inter-

actions between CL and TAC. Pharmacokinetic studies

might be needed to determine whether CL affects blood

TAC levels. Finally, we found a greater urine volume

and larger water intake in VH + CL150 than in VH

group. We could not know the exact reason in this

study, but presume that CL also affects the water bal-

ance in kidney or intestine, which has active site of CL.

Further studies are needed to explore the effect of CL

on water reabsorption.

Conclusions
CL has protective effects on TAC-induced nephrotox-

icity. Anti-oxidative and anti-apoptotic properties are as-

sociated with protective effects of CL in TAC-induced

nephrotoxicity. Our study provides the rationale for the

clinical usefulness of CL to prevent TAC-induced

nephrotoxicity, and randomized clinical trials are needed

to evaluate the protective effect of CL in TAC-based

immunosuppression.

Additional files

Additional file 1: Table S1-S3.P value of normality test in

experimental data. P value of normality test in basic parameters, TAC

concentration, animal and cell experimental variables. (XLSX 22 kb)

Additional file 2: Figure S1-S3.Full images of western blot.

Immunoblot images including molecular size markers of Fig. 1b, c and 3d).

(PPTX 18383 kb)

Abbreviations

4-HHE: 4-hydroxy-2-hexenal; 8-OHdG: 8-hydroxy-2`-deoxyguanosine;

BUN: Blood urea nitrogen; CL: Cilastatin; Clcr: Creatinine clearance;

i.p.: Intraperitoneal injection; IHC: Immunohistochemistry; MnSOD: Manganese

superoxide dismutase; s.c.: Subcutaneously; Scr: Serum creatinine;

TAC: Tacrolimus; TGFβ-1: Transforming growth factor beta-1; TUNEL: Terminal

deoxynucleotidyl transferase-mediated dUTP nick-end labeling; VH: Vehicle

Authors’ contributions

KL performed in vivo and in vitro studies, interpreted data, and created the

images. JJ and LJ helped with the in vivo study. SWL, HWG and DSI worked

together on the in vitro study. HSH and CWY directed experiments and

prepared the manuscript. All authors have read and approved the manuscript.

Funding

This study was supported by a grant from the Korean Health Technology

R&D Project, Ministry for Health & Welfare, Republic of Korea (HI14C3417),

and by the Basic Science Research Program through the National Research

Foundation of Korea (NRF) funded by the Ministry of Education, Science and

Technology (2015R1A1A1A05001599). SCH Leaders in INdustryuniversity

Cooperation (LINC)” Project funded by the Ministry of Education, Science &

Technology (MEST) and the Soonchunhyang University Research Fund also

supported this study.

Availability of data and materials

The datasets used and/or analysed during the current study are available

from the corresponding author on reasonable request.

Ethics approval

The experimental protocol was approved by the Animal Care Committee of

the Catholic University of Korea. All animal procedures were approved and

conducted in compliance with the Catholic University of Korea animal ethics

committee guidelines. Our manuscript reporting adheres to the ARRIVE

guidelines in accordance with BioMed Central editorial policies. Consent to

participate is not applicable in this study.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1Convergent Research Consortium for Immunologic Disease, Seoul St. Mary’s

Hospital, The College of Medicine, The Catholic University of Korea, Seoul,

South Korea. 2Division of Nephrology, Department of Internal Medicine,

Soonchunhyang University Cheonan Hospital, Cheonan, South Korea.
3Department of Chemistry, College of Natural Sciences, Soonchunhyang

University, Asan, South Korea. 4SH Company, Asan, Chungnam, South Korea.
5Division of Nephrology, Department of Internal Medicine, College of

Medicine, Kyung Hee University, Seoul, South Korea. 6Department of

Nephrology, Yanbian University Hospital, Yanbian, China. 7Division of

Nephrology, Department of Internal Medicine, Seoul St. Mary’s Hospital, The

Catholic University of Korea, 222 Banpo-daero, Seocho-gu, Seoul 06591,

South Korea.

Received: 26 June 2018 Accepted: 28 May 2019

References

1. Shihab FS, Bennett WM, Tanner AM, Andoh TF. Mechanism of fibrosis in

experimental tacrolimus nephrotoxicity. Transplantation. 1997;64(12):1829–37.

2. Wang L, Kubodera S, Ueno A, Takeda M. Effects of nitric oxide synthesis

inhibition on FK506-induced nephrotoxicity in rats. Ren Fail. 2001;23(1):11–9.

3. Han DH, Piao SG, Song JH, Ghee JY, Hwang HS, Choi BS, et al. Effect of

sirolimus on calcineurin inhibitor-induced nephrotoxicity using renal expression

of KLOTHO, an antiaging gene. Transplantation. 2010;90(2):135–41.

4. Piao SG, Lim SW, Doh KC, Jin L, Heo SB, Zheng YF, et al. Combined

treatment of tacrolimus and everolimus increases oxidative stress by

pharmacological interactions. Transplantation. 2014;98(1):22–8.

(See figure on previous page.)

Fig. 5 Effect of CL on proximal tubular cells with TAC treatment. a Viability of HK-2 cells in TAC treatment with or without CL cotreatment. Note

that CL cotreatment improved cell viability in TAC-treated cells. b Evaluation of apoptosis using FITC–annexin V staining followed by flow cytometry

and graphing showed that the mean percentage of annexin V-positive cells was decreased in the TAC + CL group as compared to the TAC group.
#
P < 0.05 vs. VH; @P < 0.05 vs. TAC

Luo et al. BMC Nephrology          (2019) 20:221 Page 10 of 11

https://doi.org/10.1186/s12882-019-1399-6
https://doi.org/10.1186/s12882-019-1399-6


5. Buckley MM, Brogden RN, Barradell LB, Goa KL. Imipenem/cilastatin. A

reappraisal of its antibacterial activity, pharmacokinetic properties and

therapeutic efficacy. Drugs. 1992;44(3):408–44.

6. Hori Y, Aoki N, Kuwahara S, Hosojima M, Kaseda R, Goto S, et al. Megalin

blockade with Cilastatin suppresses drug-induced nephrotoxicity. J Am Soc

Nephrol. 2017;28(6):1783–91.

7. Humanes B, Lazaro A, Camano S, Moreno-Gordaliza E, Lazaro JA, Blanco-

Codesido M, et al. Cilastatin protects against cisplatin-induced nephrotoxicity

without compromising its anticancer efficiency in rats. Kidney Int. 2012;82(6):

652–63.

8. Nakamura T, Kokuryo T, Hashimoto Y, Inui KI. Effects of fosfomycin and

imipenem-cilastatin on the nephrotoxicity of vancomycin and cisplatin in

rats. J Pharm Pharmacol. 1999;51(2):227–32.

9. Camano S, Lazaro A, Moreno-Gordaliza E, Torres AM, de Lucas C, Humanes

B, et al. Cilastatin attenuates cisplatin-induced proximal tubular cell damage.

J Pharmacol Exp Ther. 2010;334(2):419–29.

10. Jin L, Lim SW, Doh KC, Piao SG, Jin J, Heo SB, et al. Dipeptidyl peptidase IV

inhibitor MK-0626 attenuates pancreatic islet injury in tacrolimus-induced

diabetic rats. PLoS One. 2014;9(6):e100798.

11. Im DS, Shin HJ, Yang KJ, Jung SY, Song HY, Hwang HS, et al. Cilastatin

attenuates vancomycin-induced nephrotoxicity via P-glycoprotein. Toxicol

Lett. 2017;277:9–17.

12. Li C, Yang CW, Park JH, Lim SW, Sun BK, Jung JY, et al. Pravastatin treatment

attenuates interstitial inflammation and fibrosis in a rat model of chronic

cyclosporine-induced nephropathy. Am J Physiol Renal Physiol. 2004;286(1):

F46–57.

13. Jin J, Jin L, Luo K, Lim SW, Chung BH, Yang CW. Effect of Empagliflozin on

tacrolimus-induced pancreas islet dysfunction and renal injury. Am J

Transplant. 2017;17(10):2601–16.

14. Piao SG, Kang SH, Lim SW, Chung BH, Doh KC, Heo SB, et al. Influence of N-

acetylcysteine on Klotho expression and its signaling pathway in experimental

model of chronic cyclosporine nephropathy in mice. Transplantation. 2013;

96(2):146–53.

15. Lim SW, Doh KC, Jin L, Jin J, Piao SG, Heo SB, et al. Ginseng treatment

attenuates autophagic cell death in chronic cyclosporine nephropathy.

Nephrology. 2014;19(8):490–9.

16. Humanes B, Camano S, Lara JM, Sabbisetti V, Gonzalez-Nicolas MA,

Bonventre JV, et al. Cisplatin-induced renal inflammation is ameliorated

by cilastatin nephroprotection. Nephrol Dial Transplant. 2017;32(10):

1645–55.

17. Gonzalez-Guerrero C, Cannata-Ortiz P, Guerri C, Egido J, Ortiz A, Ramos AM.

TLR4-mediated inflammation is a key pathogenic event leading to kidney

damage and fibrosis in cyclosporine nephrotoxicity. Arch Toxicol. 2017;91(4):

1925–39.

18. Kim HS, Lim SW, Jin L, Jin J, Chung BH, Yang CW. The protective effect of

Febuxostat on chronic tacrolimus-induced nephrotoxicity in rats. Nephron.

2017;135(1):61–71.

19. Lim SW, Jin L, Piao SG, Chung BH, Yang CW. Inhibition of dipeptidyl

peptidase IV protects tacrolimus-induced kidney injury. Lab Investig.

2015;95(10):1174–85.

20. Lim SW, Jin L, Luo K, Jin J, Shin YJ, Hong SY, et al. Klotho enhances FoxO3-

mediated manganese superoxide dismutase expression by negatively

regulating PI3K/AKT pathway during tacrolimus-induced oxidative stress.

Cell Death Dis. 2017;8(8):e2972.

21. Yoon HE, Yang CW. Established and newly proposed mechanisms of chronic

cyclosporine nephropathy. Korean J Intern Med. 2009;24(2):81–92.

22. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol.

2007;35(4):495–516.

23. Hazman O, Bozkurt MF, Fidan AF, Uysal FE, Celik S. The effect of boric acid

and borax on oxidative stress, inflammation, ER stress and apoptosis in

cisplatin Toxication and nephrotoxicity developing as a result of Toxication.

Inflammation. 2018;41(3):1032–104.

24. Ma JQ, Liu CM, Yang W. Protective effect of rutin against carbon tetrachloride-

induced oxidative stress, inflammation and apoptosis in mouse kidney

associated with the ceramide, MAPKs, p53 and calpain activities. Chem

Biol Interact. 2018;286:26–33.

25. Lim SW, Jin L, Jin J, Yang CW. Effect of Exendin-4 on autophagy clearance in Beta

cell of rats with tacrolimus-induced diabetes mellitus. Sci Rep. 2016;6:29921.

26. Lim SW, Jin L, Luo K, Jin J, Yang CW. Ginseng extract reduces tacrolimus-

induced oxidative stress by modulating autophagy in pancreatic beta cells.

Lab Investig. 2017;97(11):1271–81.

27. Chevalier RL. The proximal tubule is the primary target of injury and

progression of kidney disease: role of the glomerulotubular junction.

Am J Physiol Renal Physiol. 2016;311(1):F145–61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Luo et al. BMC Nephrology          (2019) 20:221 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Animals and drugs
	Experimental design
	Basic protocol
	Measurement of interstitial fibrosis in kidney
	Immunohistochemistry
	Immunoblot analysis
	In situ terminal deoxynucleotidyl transferase-mediated dUTP–biotin nick end labeling (TUNEL) assay
	Measurement of serum and urine 8-OHdG level
	Measurement of cell viability
	Flow cytometry
	Statistical analysis

	Results
	Effect of CL on TAC-induced renal dysfunction
	Effect of CL on fibrosis in TAC-treated kidney
	Effect of CL on inflammation in TAC-treated kidney
	Effect of CL on oxidative stress in TAC-treated kidney
	Effect of CL on apoptosis in TAC-treated kidney
	Effects of CL on proximal tubular cells with TAC treatment

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

