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OriginalBasicScience
Treatment With Dimethyl Fumarate Attenuates
Calcineurin Inhibitor-induced Nephrotoxicity
Chie Takasu,1 Nosratola D. Vaziri,2 Shiri Li,1 Lourdes Robles,1 Kelly Vo,1 Mizuki Takasu,1 Christine Pham,1

Shuman Liu,2 Seyed H. Farzaneh,2 Clarence E. Foster, 3rd,1 Michael J. Stamos,1 and Hirohito Ichii1

Background. Cyclosporine A (CsA) is an immunosuppressive drug which has been widely used to prevent rejection after
organ transplantation. However, its therapeutic use is limited by nephrotoxicity, in part mediated by oxidative stress. The present
study aims to investigate the protective effects of dimethyl fumarate (DMF) on CsA-induced nephrotoxicity by enhancing the
antioxidant defense system.Methods.Male Sprague–Dawley rats were treated with CsA (n = 8, 20 mg/kg per day intraperito-
neally) or CsA + DMF (n = 7, 50 mg/kg per day orally) for 28 days. Renal function, histopathology, malondialdehyde (MDA),
myeloperoxidase levels, and antioxidant enzyme expression were determined. Results. The DMF cotreatment ameliorated
CsA-induced renal dysfunction as evidenced by significant decrease in serum creatinine (CsA 0.79 ± 0.02 mg/dL vs CsA +
DMF 0.62 ± 0.04 mg/dL, P = 0.001) and urea (CsA 66.9 ± 0.4 mg/dL vs CsA + DMF 53.3 ± 2.6 mg/dl, P < 0.0001) levels, as well
as improvement of creatinine clearance. Dimethyl fumarate also significantly decreased serum MDA and renal tissue MDA
and myeloperoxidase contents. The protein expression of NAD(P)H quinone oxidoreductase-1, a major cellular antioxidant and
detoxifying enzyme, was significantly enhanced by DMF administration in kidney. Conclusions. Administration of DMF has
a protective potential against CsA nephrotoxicity. The protection afforded by DMF is mediated in part through inhibiting oxidative
stress and inflammation and enhancing the antioxidant capacity.

(Transplantation 2015;99: 1144–1150)
Cyclosporine A (CsA) is an important immunosuppres-
sive drug that has been widely used for organ trans-

plantation and for treatment of autoimmune diseases.1

Immunosuppressive therapy with CsA is often limited by se-
rious nephrotoxicity.2 Renal dysfunction occurs in up to
30% of the patients.3 The mechanisms by which CsA causes
acute reversible and chronic irreversible nephrotoxicity are
not well understood but are thought to be, in part, due to ox-
idative stress and depressed endothelium-derived nitric oxide
(NO) production.4 An increased production of free radical
species and lipid peroxidation products has been demonstrated
in kidney tissue under CsA treatment.5 The involvement of
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oxidative stress was further supported by the finding that
many antioxidants and free radical scavengers were capable
of reducing experimental renal injury caused by CsA.6,7

Dimethyl fumarate (DMF) was recently approved by the
Food andDrugAdministration for use in the treatment of pa-
tients with multiple sclerosis (MS). Although the mechanism
of action of DMF is not clearly understood, DMF has been
shown to inhibit proinflammatory cytokine production and
nuclear factor (NF)-κB signaling via inhibition of its nuclear
translocation.8 Dimethyl fumarate carries, as well, a unique
antioxidant profile.9-14

In the present study, we sought to investigate whether DMF
would have a protective effect against CsA nephrotoxicity.
MATERIALS AND METHODS

Animals

Sixteen pathogen-free Sprague–Dawley male rats, weighing
230 to 250 g were purchased from Charles River (Wilmington,
MA). The rats were housed under standard conditions (room
temperature, 22°C; humidity, 50% ± 5%; 12:12 hour light/
dark cycle). The study was approved by Institutional Animal
Care and Use Committee of University of California, Irvine.

Experimental Design

Sixteen rats were randomly divided into 3 experimental
groups: (1) Control: given a vehicle. (2) CsA group (n = 8):
were treated with CsA (Novartis Pharma AG, Switzerland)
intraperitoneally at a dose of 20mg/kg for 28 days. This dose
was chosen based on earlier reports, which have been shown
to successfully and consistently produce nephrotoxicity15,16
Transplantation ■ June 2015 ■ Volume 99 ■ Number 6
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(3) CsA + DMF group (n = 7): In addition to CsA, DMF
(25mg/kg, twice per day) was orally administered via gavage
for 28 days. Experimental ratswere given oral DMF (25mg/kg,
twice per day) dissolved in methyl cellulose (Sigma, St. Louis,
MO). After the last dose of CsA, rats were kept individually
in metabolic cages for 24 hours with free access to food and
water to collect urine for the estimation of renal function.
Blood samples were taken at the end of urine collection by
cardiac puncture under anesthesia. The kidneys were imme-
diately removed for evaluation.

Histopathological Analysis

Hematoxylin and eosin and periodic acid-Schiff staining
was performed on, kidney tissue samples fixed in 10% buff-
ered formaldehyde and embedded in paraffin. Evaluation of
kidney histology was carried out in a blinded manner after
a semiquantitative scoring system by 2 pathologists. Histolo-
gies were graded in regards to their tubular epithelial aspects,
glomerular and vascular alterations according to modified
Banff classification criteria.17 Each kidney sample had 20
randomly selected, nonoverlapping fields analyzed for hema-
toxylin and eosin and periodic acid-Schiff stains. Tubular in-
jury (TI) was graded (0 to 3) based on the presence of tubular
atrophy (=interstitial widening) and presence/degree of iso-
metric tubular vacuolization: 0, no changes present; grade
1, ≤25%; grade 2, 26% to 50%; and grade 3, >50% TI in-
volvement. Interstitial fibrosis (IF) was scored as a sign of ar-
chitectural destruction: 0, no changes present; grade 1, 25%;
grade 2, 26% to 50%; and grade 3, >50% TI involvement.
Glomerular injury (GI) was graded 0 to −3 for sclerosis and
mesangial matrix expansion as a marker for glomerular is-
chemia and damage. Renal arterioli were evaluated with re-
spect to the presence of hyalinosis or sclerosis. Grade 0, no
arteriolar changes; mild-moderate (grade 1), 1 arteriole af-
fected; moderate-severe (grade 2), 1 to 2 arterioles affected;
severe (grade 3), more than 2 arterioles affected.

Assessment of Renal Function

Blood and urine samples were analyzed for urea and creat-
inine using a commercially available kit (BioAssay Systems,
Hayward, CA). Creatinine clearance was calculated using
standard formula.

Measurement of Serum and Renal Malondialdehyde

Serum and renal tissue malondialdehyde (MDA) was mea-
sured using the TBARS assay kit (Cayman, Ann Arbor, MI)
according to the manufacturer's instructions.

Myeloperoxidase Assay

The presence of myeloperoxidase (MPO)was used as an in-
dex of neutrophil accumulation in the kidney using the MPO
colorimetric Assay kit (BioVision, Milpitas, CA) according to
the manufacturer's instructions.

Protein Extraction and Western Blots

All steps for protein isolation were conducted at 4°C. Kid-
ney samples were homogenized in tissue protein extraction
reagent (RIPA, Thermo Scientific, NJ) with protease cocktail
inhibitor (Sigma, St. Louis, MO). The resulting homogenate
was centrifuged at 1600�g for 10 minutes. The supernatant
total protein content was estimated using by the Bio Rad
Copyright © 2015 Wolters Kluwer H
Assay kit (Bio-Rad, CA). Equal 50 μg protein amounts were
loaded into 4% to 12% 2-[Bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)-1,3-propanediol (Life Technologies, CA)
and transferred to nitrocellulose membrane (GE Healthcare
Biosciences, MA), which had been blocked in 5% nonfat
dry milk in Tris-buffered saline with Tween (TBST) for
90 minutes. The membranes were then probed with rabbit
polyclonal antibody to inducible nitric oxide synthase (iNOS)
(1:400; Santa Cruz, CA), endothelial nitric oxide synthase
(eNOS) (1:400, Santa Cruz, CA), glutamate-cysteine ligase
catalytic (GCLC) (1:1000; Abcam, CA), superoxide dismutase
(1:200; Santa Cruz, CA), heme oxygenase-1 (HO-1) (1:1000;
Abcam, CA), and glyceraldehyde 3-phosphate dehydroge-
nase (1:5000; Cell Signaling, MA). Rabbit monoclonal anti-
body to catalase (1:5000; Rockland Immunochemicals, PA)
and mouse monoclonal antibody to NAD(P)H quinone
oxidoreductase-1 (NQO-1) (1:1000; Abcam) followed by
secondary antirabbit or mouse immunoglobulin G (1:3000;
Cell Signaling, MA) were also accessed. The membranes were
developed with an enhanced chemiluminescence detection kit
(Bio-Rad, CA) and exposed to X-ray film (Kodak, Rochester,
NY). Glyceraldehyde 3-phosphate dehydrogenase was the in-
ternal reference for quantification. Immunoblots scanned by
the densitometer were subjected to grey analysis with Image
Quant TL 7.0 (GE Healthcare Life Sciences, PA).

Western Blot for Nuclear Nuclear Factor
Erythroid2-Related Factor1

Dimethyl fumarate dissolved inmethyl cellulose was orally
administered via gavage for twice per day. Sprague–Dawley
rats were treated with vehicle, 15 mg/kg or 30 mg/kg.
One hundred milligrams of kidney cortex was homogenized
on ice in lysis buffer containing 10 mM HEPES, pH 7.9,
1.5 mM MgCl2, 10 mM KCL, 1 mM DTT and Protease
Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). Cellytic
NuCLEAR Extraction Kit (Sigma-Aldrich) was used for iso-
lation of nuclear proteins. Protein concentration in the tissue
homogenates was determined by DC protein assay kit (Bio-
Rad, US) and 100 μg of protein per sample was fractionated
on 4% to 12%Novex Tris-Glycine gel (Invitrogen, Carlsbad,
CA) at 120 V for 2 hours and transferred to nitrocellulose
membrane (Invitrogen). The membrane was incubated for
1 hour in blocking buffer (1� TBS, 0.05% Tween-20 and
5% nonfat dry milk) and then overnight in the same buffer
containing the given primary antibody. The membrane was
washed 3 times for 10 minutes in 1� TBST before a 2-hour
incubation in a buffer (1� TBST) containing horseradish
peroxidase-conjugated anti-rabbit (1:3,000) (Abcam), anti-
mouse (1:2000) (GE Healthcare), and anti-sheep (1:5000)
immunoglobulin G (EMD, Millipore) secondary antibodies.
The membrane was washed 3 times, then visualized with ECL
prime Western blotting detection reagent (GE Healthcare) and
developed by autoluminography. Band densities were quanti-
fied using the free Image J software (version 10.2) from the
National Institutes of Health (www.imagej.nih.gov/ij/).

Statistical Analyses

All the results are presented as mean ± standard deviation.
Comparisons between the two were performed with Student
t test, Mann–Whitney U test, as appropriate as appropriate
using Stat View-J 5.0 software (SAS, Cary, NC). Statistical
significance was defined as P value less than 0.05.
ealth, Inc. All rights reserved.
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RESULTS

Effects of CsA and DMF on Body Weight Change and
Urine Output

The CsA-treated group had a nonsignificant weight loss
compared to the control group (P = 0.12). However, CsA +
DMF group had significantly lower body weight increase
compared to the control group (P = 0.003). Urine output
was significantly increased in the CsA group (P = 0.03 vs.
normal) and decreased by DMF cotreatment (P = 0.01 vs.
CsA group). There was no significant difference between
the control group andCsA +DMF group (P = 0.21). The sim-
ilar tendency was observed in urine output divided by body
weight (Figure 1A-C).

Effects of CsA and DMF on Renal Function

The effects of CsA and DMF on renal function are shown
in Figure 1D to F. Serum creatinine (Cr) and urea were signif-
icantly increased (P < 0.001, P < 0.0001, respectively), and
creatinine clearance was significantly reduced in the CsA-
treated group. The DMF treatment significantly reduced se-
rum Cr (P = 0.001) and urea (P < 0.0001) concentrations
and significantly improved creatinine clearance in DMF +
CsA group compared to CsA group (P = 0.01).

Histopathological Changes

The photomicrographs of kidney in experimental groups
are depicted in Figure 2, and the histopathological scores are
summarized in Figure 3. There is no histological change by
DMF administration without CsA. Histological injury includ-
ing tubular cell vacuolization, tubular atrophy, IF, arteriolar
hyalinosis and glomerular mesangial matrix expansion were
observed in CsA group (Figure 2E-H). These structural alter-
ations were attenuated by DMF administration (Figure 2I-L).
FIGURE 1. Effects of CsA and DMF on body weight, urine volume and
ume (B), urine/weight (C), serum creatinine (D), serum urea (E), and crea

Copyright © 2015 Wolters Kluwer
There was a significant difference between the control
and CsA groups in tubular atrophy, IF, GI, and arteriolar
hyalinosis (Figure 3A-D). Tubular injury score was signifi-
cantly reduced by DMF administration (Figure 3A; P =
0.02 vs CsA group). In addition, insignificant trends for im-
provements in GI and arteriolar hyalinosis scores were ob-
served in the DMF group (Figure 3B and C; P = 0.12, P =
0.10, respectively vs CsA group).

Effects of CsA and DMF on Serum and Renal
MDA Levels

As shown in Figure 4A and B, there was a significant in-
crease in the serum MDA level in the CsA treatment group
(P = 0.01). Coadministration of DMF reduced serum MDA
to the level found in the control group (P = 0.0003 vs CsA;
P = 0.74 vs normal). The CsA administration also resulted
in modest increases in the renal tissue MDA level (P =
0.26), which was markedly ameliorated by DMF administra-
tion (P = 0.001 vs CsA).

Effects of CsA and DMF on Renal MPO Activity

As shown in Figure 4C, there was a significant increase in
the renal MPO level in the CsA treatment group (P = 0.03).
Coadministration of DMF significantly decreased the CsA-
induced elevation of the renal tissue MPO level (P = 0.03).

Effect of DMF on Nuclear Factor Erythroid2-Related
Factor1 Protein Expression in Renal Tissue

Renal tissue was evaluated via immunoblotting for protein
expression of Nuclear Factor Erythroid2-Related Factor1
(Nrf2) in nuclear fractions (i.e., activated Nrf2) after 15 or
30 mg/kg administration of DMF. Dimethyl fumarate sig-
nificantly increased the nuclear Nrf2 content in a dose-
dependent manner (Figure 5A).
renal function. Effects of CsA and DMF on body weight (A), urine vol-
tinine clearance (F). Data represent mean ± SD.
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FIGURE 2. Histopathological changes. Kidney sections from Normal (A-D), CsA (E-H), CsA + DMF (I-L) groups. CsA-treated group showed
histological injury included tubular cell vacuolization, tubular atrophy, interstitial fibrosis, glomerular mesangial matrix expansion, and arteriolar
hyalinosis. These structural alterations were attenuated when CsA treatment was accompanied by DMF.
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Effect of CsA and DMF on the Activities of Antioxidant
Enzymes and NO System in Renal Tissue

Figure 5B shows the protein expression of antioxidant
enzymes and NO synthase isoforms in the renal tissue. The
CsA treatment resulted in a decrease in the expression of
NQO-1 which was improved in CsA + DMF group (P =
0.03 vs CsA). The protein expressions of superoxide dismut-
ase, catalase, and GCLC were not significantly different
among the 3 groups.

The CsA treatment resulted in no difference in eNOS
expression of (P = 0.16) and increase in iNOS expression
FIGURE 3. Histopathological scores. Effects of CsA and DMF on tubu
hyalinosis (D). Data represent mean ± SD.

Copyright © 2015 Wolters Kluwer H
(P = 0.12). Administration of DMF increased eNOS expres-
sion (P = 0.18) and decreased iNOS expression (P = 0.15).

DISCUSSION

In the present study, we have demonstrated that DMFmay
have a protective effect against CsA nephrotoxicity. We
found that DMF maintained renal function and conferred
protection against CsA nephrotoxicity. This was associated
with and possibly, in part, mediated by attenuating oxida-
tive stress (as evidenced by the reduction of lipid peroxida-
tion product, MDA, and maintenance of the antioxidant
lar injury (A), interstitial fibrosis (B), glomerular injury (C), and arteriolar

ealth, Inc. All rights reserved.



FIGURE 4. Effects of CsA and DMF on serum and tissue MDA, MPO activity. Effects of CsA and DMF on serum (A) and kidney (B) MDA
(C) MPO activity. Data represent mean ± SD.
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enzymes) and inflammation (as evidenced by reduction of tis-
sue MPO level and inflammatory cell infiltration).

Significant increases in serumCr and urea and decreases in
creatinine clearances were found in CsA-treated rats. These
changes were associated with a remarkable rise in urine flow,
FIGURE 5. A, Effect of DMF on nuclear Nrf2 expression in kidney. Repr
dance of Nrf2 in the kidneys of Sprague–Dawley rats treated with vehicle
control for Nrf2. Histone H1 served as the loading control for Nrf2 depictin
anti-oxidant enzyme expressions in kidney. B, RepresentativeWestern blo
graph summarizing the Western blot data of (C) NQO-1, (D) SOD, (E) G
mean ± SD.

Copyright © 2015 Wolters Kluwer
pointing to CsA-induced renal tubular dysfunction which
was confirmed by histological evidence of TI, IF, GI, and ar-
teriolar hyalinosis. These observations are consistent with
earlier reports,18,19 which demonstrated significant changes
in these renal functional parameters in both patients and
esentative Western blots data are presented, depicting protein abun-
, 15 or 30 mg/kg of DMF for 1 day. Histone H1 served as the loading
g protein abundance of Nrf2 in nucleus. B, Effects of CsA andDMFon
ts of NQO-1, SOD, GCLC, HO-1, catalase, iNOS and eNOS. The bar
CLC, (F) HO-1, (G) catalase, (H) iNOS, and (I) eNOS. Data represent

 Health, Inc. All rights reserved.
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experimental animals after CsA administration. The DMF
administration reversed CSA-induced polyuria, suggesting
its potential protective effect against TI.

The development of CsA nephrotoxicity in the present
study was accompanied by the rise in renal and serum
MDA, a byproduct of lipid peroxidation, suggesting exces-
sive generation of reactive oxygen species and cellular dam-
age. The increased levels of free radicals, lipid peroxidation
products, and reduction of endogenous antioxidants after
CsA administration have also been demonstrated in previous
reports.6,20,21 Thus, we provided further support for the role
of oxidative stress as a pathogenic factor in nephrotoxicity
induced by CsA. Amelioration of renal dysfunction with
DMF administration was accompanied by the reduction in
serum and kidney tissue MDA levels which suggests that
the salutary effect of DMF may be related to its antioxi-
dant properties. This possibility has been substantiated
by numerous reports demonstrating that DMF can acti-
vate the Nrf2–Kelch-like ECH Associated protein1 path-
way10,11,14 and increase cellular levels of antioxidant
enzymes, such as NQO1, HO-1, and GCLC. The Nrf2–
Kelch-like ECH Associated protein1 signaling pathway
plays a significant role in protecting the cells against various
stresses including endogenous and exogenous oxidants, in-
flammatory stresses, and chronic exposures to cigarette
smoke and other carcinogens.22-28 The cytoprotective effects
of Nrf2 are mediated by transcriptional upregulation of
genes encoding numerous antioxidant, detoxifying, and
cytoprotective enzymes and related molecules.

In the present study, there were no significant changes
in antioxidant enzyme expressions by CsA administration.
Other studies indicate that HO-1 induction exerts renal
protective effects in animal models including CsA-induced
nephropathy, ischemia-induced acute kidney injury, radiation-
induced nephropathy, and cisplatin nephrotoxicity.29,30

Therefore, this increase tendency may be explained by a
self-defense system against CsA. The DMF administration
significantly enhanced the NQO-1 protein expression.
This was associated with the reduction of oxidative stress
as evidenced by the fall in the serum and renal tissue
MDA levels.

Via inhibition of nuclear translocation of NF-κB which
regulates expression of numerous genes encoding proinflam-
matory cytokines and chemokines, DMF has been shown to
exert potent anti-inflammatory actions.31 Recent studies
have also demonstrated that NF-κB is involved in the regula-
tion of iNOS expression.32 The induction of iNOS is also in-
volved in CsA-induced renal damage.33 Cyclosporine A has
been shown to induce the expression of certain chemokines
and adhesion molecules, such as monocyte chemoattractant
protein-1, intercellular molecule-1, and vascular cell adhe-
sion molecule-1, which activate or recruit the transmigration
of inflammatory cells into the site of renal injury,34 It is, there-
fore, conceivable that the protection afforded by DMF may
be, in part, mediated through inhibition of NF-κB activation
and the associated inflammation. In fact, the renal tissue
MPO activity (an indicator of neutrophil infiltration) which
was significantly increased in CSA-treated rats was reduced
by DMF administration pointing to its anti-inflammatory
properties. Chronic CsA administration differentially affects
NO synthase isoforms and NO production.35 Cyclosporine
A causes renal arteriolar vasoconstriction and increase renal
Copyright © 2015 Wolters Kluwer H
vascular resistance by decreasing eNOS-mediated NO pro-
duction.36 On the other hand, via induction of iNOS and
consequent oxidative and nitrosative stress, CsA promotes
renal damage.33 Inducible nitric oxide synthase produces
NOwhich reacts with superoxide generated by nicotinamide
adenine dinucleotide phosphate-oxidase oxidases to form
peroxynitrite. Previous reports showed CsA-induced signifi-
cant decreases in eNOS expression while inducing significant
increases in iNOS expression. We observed the same trend in
the CsA-treated animals which was reversed with DMF. Our
findings also suggest that the reactive oxygen species/NO sys-
tems play a role in the pathogenesis of CsA-induced renal in-
jury and that DMF favorably influences these abnormalities.

Although antioxidant and anti-inflammatory activities
may be the principal mechanism for the protection afforded
by DMF, other unidentified actions cannot be excluded. Fu-
ture works on this aspect are warranted.

Dimethyl fumarate has been widely used in Europe for the
treatment of psoriasis vulgaris and psoriatic arthritis which
are chronic inflammatory disorders, for over 20 years. Di-
methyl fumarate has recently been investigated clinically in
the United States for its neuroprotective effects. In a phase 3
trial for relapsing-remitting MS, oral DMF significantly re-
duced the proportion of patients who had a relapse, the rate
of disease progression, the annual relapse rate, and the num-
ber of gadolinium enhancing lesions and new or enlarging
T2 weighted hyperintense lesions on MRI.37

The most common adverse reactions included flushing
and GI events (nausea, diarrhea), which were classified as
mild to moderate in nature. Most events occurred at the start
of therapy and usually decreased over time. In clinical trials,
40% of patients experienced flushing. However, only 3%
discontinued the drug because of adverse side effects. The
most severe adverse reaction reported was a decrease in lym-
phocyte count. In clinical trials, mean lymphocyte count de-
creased by approximately 30% during the first year and
then remained stable. Six percent of the patients experienced
lymphocyte counts less than the lower limit of normal.
However, the incidence and severity of infections was similar
in the treatment and placebo groups. An increased incidence
of elevated hepatic transaminases was observed in patients
treated with Tecfidera (DMF clinical grade) compared to
placebo, primarily in the first 6 months of treatment and
most had levels that were less than 3 times the upper limit
of normal. Discontinuation of the drug due to elevated he-
patic enzymes was less than 1% and was similar for both
the treatment and placebo patients. According to clinical trial
for patients with MS, there is no report regarding the abnor-
mal renal function. In this ongoing trial, patients have been
taking more than 5 years.

We also checked islet cells, pancreas, liver, and intestine
in rat for other projects after DMF treatment, showing no
abnormality.

Furthermore, CSA and tacrolimus are calcineurin inhibi-
tors and can both cause nephrotoxicity. It is therefore reason-
able to assume that the mechanism by which they cause
nephrotoxicity must be similar and that interventions that
attenuate the adverse effects of one may be equally effective
for the other. However, because the present study involved
CSA alone, we cannot comment on the efficacy of DMF in
the prevention of tacrolimus nephrotoxicity. Future studies
are needed to address this important question.
ealth, Inc. All rights reserved.
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In conclusion, the present study demonstrated that DMF
treatment confers renal protection against CsA nephrotoxi-
city at least, in part, by attenuating oxidative stress and
inflammation and enhancing or maintaining the antioxidant
defense system. Our findings suggest that DMF may be a
promising treatment option for limiting CsA-associated
nephrotoxicity.
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