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Dimethyl fumarate ameliorates cisplatin-induced renal
tubulointerstitial lesions
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Abstract: Dimethyl fumarate (DMF) has an antioxidant effect by activating the nuclear factor erythroid 2-related transcription fac-
tor 2 (Nrf2). Cisplatin (CIS) has nephrotoxicity as a frequently associated side effect that is mainly mediated by oxidative stress. In
this study, we investigated whether the DMF-mediated antioxidative mechanism activated by Nrf2 can ameliorate CIS-induced renal
tubulointerstitial lesions in rats. In Experiments 1 and 2, 25 five-week-old male Wistar rats were divided into five groups: control, CIS,
and 3 CIS+DMF groups (300, 1,500, and 7,500 ppm in Experiment 1; 2,000, 4,000, and 6,000 ppm in Experiment 2). Rats were fed
their respective DMF-containing diet for 5 weeks. CIS was injected 1 week after starting DMF administration, and the same volume
of saline was injected into the control group. CIS-induced severe tubular injury, such as necrosis and degeneration in the outer seg-
ment of the outer medulla, was inhibited in the 7,500 ppm DMF group and ameliorated in all DMF groups in Experiment 2. Increased
interstitial mononuclear cell infiltration and increased Sirius red-positive areas were also observed in CIS-administered groups, and
these increases tended to be dose-dependently inhibited by DMF co-administration in Experiments 1 and 2. The numbers of a-smooth
muscle actin (SMA)-positive myofibroblasts, CD68-positive macrophages, and CD3-positive lymphocytes observed in the peritubular
area also increased with CIS administration, and these increases were dose-dependently inhibited by DMF co-administration. More-
over, renal cortical mRNA expression of Nrf2-related genes such as NQOI increased in DMF groups. This investigation showed that
DMF ameliorates CIS-induced renal tubular injury via NQO1-mediated antioxidant mechanisms and reduces the consequent tubuloin-

terstitial fibrosis. (DOI: 10.1293/t0x.2018-0049; J Toxicol Pathol 2019; 32: 79-89)
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Introduction

Chronic kidney disease (CKD) is a common pathologi-
cal condition that includes various kidney diseases, such as
glomerulonephritis, vascular injury, and tubulointerstitial
nephritis, and it is a problem worldwide. There is a high
prevalence of CKD in humans. In veterinary medicine,
CKD is widely found in dogs and cats, and especially in ag-
ing cats, its prevalence is estimated to be >30-40%!. Thus,
further elucidation of CKD and its manifestation is required
in both the medical and veterinary fields. Renal tubular
damage following interstitial fibrosis is a common finding
in CKD, and its development rate is closely related to renal
dysfunction. Fibrosis is an overreaction of tissue repair, and
its mechanism is considerably intricate and involves many
factors including myofibroblasts, macrophages, and cyto-
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kines such as TGF-f. Several experimental models have
been used to study the mechanisms of interstitial fibrosis2-8,
and among the chemical-induced models is the cisplatin
(CIS)-induced model. CIS is a useful anti-cancer agent but
it has several side effects, such as nephrotoxicity, and the
CIS-induced model is widely used to investigate the mecha-
nism of tubulointerstitial fibrosis and to evaluate therapeutic
strategies against nephrotoxicity. The pathogenesis of CIS-
induced nephrotoxicity includes apoptosis, oxidative stress,
and DNA damage, and because oxidative stress can induced
apoptosis and DNA damage, it is an important factor for
CIS-induced nephrotoxicity®-12.

Dimethyl fumarate (DMF) is a recently approved
therapeutic agent for multiple sclerosis and psoriasis. DMF
has a broad spectrum of action, which includes such things
as switching the immune response from Thl-dependent to
Th2-dependent!3, increasing in anti-inflammatory cytokine
production!4, and induction of an antioxidant effect through
activation of nuclear factor erythroid 2-related transcription
factor 2 (Nrf2)!5. Nrf2 is a heterodimer of p45 and a mem-
ber of the Maf family of proteins, and it stimulates expres-
sion of antioxidant-related genes such as heme oxygenase-1
(HO-1), NAD(P)H quinone oxidoreductase 1 (NQOI), and
glutathione S-transferase mu 1 (Gstml). These antioxidant-
related genes, especially HO-1, are protective against CKD
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and acute kidney injury (AKI)!¢-18. Previous studies sug-
gested that DMF attenuates renal fibrosis in TGF-B-treated
rat mesangial cells (RMCs), renal fibroblasts both in vitro
and in vivo'%, and CD68+ renal macrophage infiltration20 via
an Nrf2-mediated mechanism. Additionally, DMF was re-
cently shown to ameliorate lung fibrosis in a bleomycin-in-
duced lung fibrosis model, and this mechanism is speculated
to occur via antioxidants and reduced pro-inflammatory and
pro-fibrotic gene expression to prevent pathological colla-
gen deposition2!. Based on these findings, this investigation
aimed to determine whether DMF-mediated antioxidative
mechanisms activated by Nrf2 can ameliorate CIS-induced
renal tubular injury and subsequent tubulointerstitial fibro-
sis in rats.

Materials and Methods

Chemicals

CIS solution (0.5 mg/mL) was purchased from Nichi-
iko Pharmaceutical Co., Ltd. (Toyama, Japan), and DMF
was purchased from Wako Pure Chemical Industries Co.,
Ltd. (Osaka, Japan). All other chemicals were obtained
commercially.

Animals and experimental design

All efforts were made to minimize the number of ani-
mals used and any suffering they might experience. All pro-
cedures in this study were conducted in accordance with the
Guide for Animal Experimentation of Tokyo University of
Agriculture and Technology.

Five-week-old male Wistar rats were purchased from
SLC Japan (Shizuoka, Japan). Because previous toxicology
tests revealed that there were no sex differences in CIS-in-
duced nephrotoxicity, based on similar previously published
studies, we used male rats in this experiment. Rats were
housed in temperature-controlled cages with a 12-h light/
dark cycle and were allowed ad libitum access to tap wa-
ter and a powdered CRF-1 basal diet (Oriental Yeast Co.,
Ltd., Tokyo, Japan). Animals were acclimatized for 1 week
and divided into five group: control (n=5), CIS (n=5), CIS
+ DMF 300 ppm (n=5), CIS + DMF 1,500 ppm (n=5), and
CIS + DMF 7,500 ppm (n=5). The control group was fed a
normal diet. The middle DMF doses were set based on the
results of preliminary experiments that were performed by
Zhang et al.?2. When we decided upon these doses, we ex-
pected that the renal lesions would be ameliorated by the 300
and 1,500 ppm doses and inhibited by the 7,500 ppm dose.
Rats were fed their respective DMF-containing diet for 5
weeks. At 1 week after the start of DMF administration, a
single dose of intraperitoneal CIS (6 mg/kg; i.e., 12 mL/kg)
was administrated to all CIS groups. The control group was
administered saline intraperitoneally at the same volume.
During the experimental period, the general conditions of
the animals were observed, food and water consumption
were measured daily, and body weight was measured once
every 2 days. Four weeks after CIS administration, all rats
were sacrificed by exsanguination from the abdominal aorta

under isoflurane anesthesia. The left and right kidneys were
excised and weighed, and the relative weight was calculated
as a percent of the terminal body weight.

When the histopathological changes were evaluated,
the inhibitory effect of 1,500 ppm DMF was milder than
expected. Therefore, we redesigned the experiment. In Ex-
periment 2, the animals were also divided into five group:
control (n=5), CIS (n=5), CIS + DMF 2,000 ppm (n=5), CIS
+ DMF 4,000 ppm (n=5), and CIS + DMF 6,000 ppm (n=5).
The other procedures were the same as for Experiment 1.

For histopathology and immunohistochemistry, the
kidney obtained from each rat was fixed using periodate-
lysine-paraformaldehyde (PLP)—acetone, methyl benzoate,
and xylene (AMeX)23. Briefly, specimens were immersed
in the PLP fixative (containing 4% paraformaldehyde) for
7 h at 4°C and then washed with phosphate-buffered saline
(PBS; 0.01 M, pH 7.4) for 2 h at 4°C. Then, the tissues were
dehydrated in acetone overnight at 4°C and twice for 1 h
each at room temperature, cleared twice in methyl benzo-
ate for 30 min followed by xylene twice for 30 min, soaked
three times in paraffin for 40 min each at 60°C, and em-
bedded in paraffin. The paraffin blocks prepared using the
PLP-AMeX method were stored at 4°C. The kidney tissue
for PCR was collected by cutting the renal cortex into small
pieces, freezing it, and storing it at —80°C.

Blood biochemistry

Blood urea nitrogen (BUN) and serum creatinine (Cre)
were measured in serum samples obtained from each rat at
the end of the experimental period. The measurements were
performed by a commercial inspection agency.

Histopathology

Paraffin sections (2 pm) were stained using hematoxy-
lin and eosin (HE) and Sirius red for histopathological ex-
amination. For quantification of the Sirius red-positive area,
five fields were selected at 100x magnification from the out-
er segment of the outer medulla in the right and left kidneys
and analyzed using Image J software (National Institutes of
Health, Bethesda, MD, USA).

Immunohistochemistry

For immunohistochemistry, the 2-um sections were
deparaffinized and soaked in methanol containing 0.3%
hydrogen peroxide for 30 min to block endogenous peroxi-
dase activity. The sections were then treated with 10% nor-
mal goat serum for 30 min to block nonspecific reactions.
Anti-a-smooth muscle actin (a-SMA) antibody (mouse
polyclonal, Dako, Denmark; diluted x200), anti-CD68 an-
tibody (mouse polyclonal, BMA Biomedicals, Switzerland,
diluted x100), anti-CD3 antibody (rabbit polyclonal, Ab-
cam Plc., UK diluted x100), and anti-Nrf2 antibody (rabbit
polyclonal, Abcam Plc., UK; diluted x100) were used as the
primary antibodies and incubated overnight at 4°C. Each
section was then incubated with EnVision solution (Dako,
Denmark) against mouse or rabbit immunoglobulin (Ig)
G for 30 min at room temperature. Antibody-binding was
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Table 1. Equences of Primer Used for Real-time PCR

Target Forward Reverse

Nrf2 ACCTGTGAGTCCTGGTCATCAAA GAGCCTCTAATCGGCTTGAATG
HOI GGTGATGGCCTCCTTGTACC GTGGGGCATAGACTGGGTTC
NQOI GTTTGCCTGGCTTGCTTTCA ACAGCCGTGGCAGAACTATC
G6PD CCTACCATCTGGTGGCTGTT GAAGGGCTCACTCTGTTTGC
MEI CGACCAGCAAAGCTGAGTGTT CTGCCGCTGGCAAAGATC
TNFa. TGCCTCAGCCTCTTCTCATTC GCTCCTCTGCTTGGTGGTTT
IL4 ACCTTGCTGTCACCCTGTTCT AGCTCGTTCTCCGTGGTGT
1L6 CCCACCAGGAACGAAAGTCA CTTGCGGAGAGAAACTTCATAGC
IL10 CTGTCATCGATTTCTCCCCTGT CAGTAGATGCCGGGTGGTTC
CD206 ACTGCGTGGTGATGAAAGG TAACCCAGTGGTTGCTCACA
HPRT-1 GCCGACCGGTTCTGTCAT TCATAACCTGGTTCATCATCACTAATC

visualized using 3,3-diaminobenzidine (DAB) chromogen
and counterstained with Mayer’s hematoxylin. The number
of each type of antibody-positive cells was counted in 50
fields per section at 400x magnification in the outer segment
of the outer medulla in the right and left kidneys, and an
average number per field was calculated.

Real-time revere transcription polymerase chain
reaction (real-time RT-PCR) analysis

Total RNA was extracted from the renal cortical tis-
sue of each rat using an RNeasy Mini Kit (QIAGEN, The
Netherlands). The concentration of total RNA samples was
measured using Gen5 2.0 (BioTek Instruments, Inc., Win-
ooski, VT, USA). Then, cDNA was prepared from 500 ng
of total RNA using PrimeScript RT Master Mix (Takara
Bio Inc, Shiga, Japan) in a LifeECO Thermal Cycler (Bio-
er Technology Co., Ltd, Hangzhou, China) at 37°C for 15
min and 85°C for 5 s. Real-time polymerase chain reaction
(PCR) was performed using SYBR Premix Ex Taq II (Ta-
kara Bio Inc, Shiga, Japan) in a Thermal Cycler Dice Real
Time System II (Takara Bio Inc, Shiga, Japan) (95°C for 30
s; 40 cycles of 95°C for 5 s and 60°C for 30 s; 95°C for 15 s;
60°C for 30 s; and 95°C for 15 s). Six targets for antioxidant-
related factors (Nrf2, heme oxygenase (HO)-1, NAD(P)H
quinone dehydrogenase (NQO) 1, glucose-6-phosphate de-
hydrogenase (G6PD), malic enzyme (Me) 1) and five tar-
gets for inflammation-related factors (tumor necrosis fac-
tor (TNF)-a, interleukin (IL)-4, IL-6, IL-10, CD206) were
analyzed. Primer sequences are presented in Table 1. The
relative differences in gene expression were calculated us-
ing cycle time (Ct) values that were normalized to those of
hypoxanthine phosphoribosyltransferase (HPRT)-1, an en-
dogenous control in the same sample, and then the expres-
sion level relative to controls was obtained using the 2-24¢
method?4.

Statistical analysis

All obtained data were expressed as the mean + SD.
The statistical analysis was performed using a one-way
analysis of variance (ANOVA) followed by Tukey’s post-
hoc test for multiple comparisons. P<0.05 was considered
significant.

Results

Experiment 1

Body and kidney weight, and daily food and chemical
intake: The data are shown in Table 2. Final body weight
did not differ between the control and CIS groups, but it de-
creased in a dose-dependent manner in the DMF groups.
The absolute kidney weights in the CIS and DMF 7,500 ppm
groups were also similar to that in the control group, and
those of the DMF 300 and DMF 1,500 ppm groups were
significantly increased. Additionally, the relative kidney
weight in the CIS group was similar to that in the control
group, but it was significantly increased in all DMF groups.
The average daily food intake significantly decreased in
the DMF 7,500 ppm group. The average DMF intake in the
DMF groups was calculated from the amount of daily food
intake.

Blood biochemistry: BUN tended to be increased by
CIS administration, and Cre was significantly higher in the
CIS group compared with the control group. BUN levels
were decreased by a higher dose of DMF compared with the
CIS group (Fig. 1A). However, Cre was dose-dependently
decreased in the DMF 1,500 and DMF 7,500 ppm groups
compared with the CIS group (Fig. 1C).

Histopathology: CIS induced severe necrosis, degen-
eration, and luminal dilation and moderate urinary casts, es-
pecially in the proximal tubules in the outer segment of the
outer medulla (Fig. 2B, F). These tubular injuries (necrosis
and degeneration of tubular epithelial cells, luminal dilation
of renal tubules, and urinary casts) were recovered to the
control level only in the 7,500 ppm DMF group (Fig. 21, M).
In addition to tubular lesions, mononuclear cell infiltration
was observed in the tubulointerstitium and around arterioles
and peritubular fibrosis in CIS-treated groups. Mononucle-
ar cell infiltration tended to decrease in a dose-dependent
manner in the 300 ppm (Fig. 2G) and 1,500 ppm (Fig. 2M)
DMF groups, and it was hardly ever observed in the 7,500
ppm DMF group.

When the degree of peritubular fibrosis was evaluat-
ed using Sirius red stain, the positive area was found to be
significantly increased in the CIS group compared with the
control group but was found to be decreased in the DMF
300 and 1,500 ppm groups and to have recovered to control
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Table 2. Body and Kidney Weight, Daily Food and DMF Intake

Exp. 1
Control CIS CIS + DMF 300 ppm CIS + DMF 1,500 ppm CIS + DMF 7,500 ppm
Final body weight (g) 268.5+7.62  242.55+8.96 235.02 £23.08 226.52 £ 14.23* 175.76 & 17.52**++
Kidney Absolute (g) 1.59 +£0.12 1.56 £ 0.11 1.90 £ 0.21*++ 1.97 £ 0.18**++ 1.46 £0.11
Relative (g/100g BW) 0.59 +0.027 0.65 + 0.064 0.81 £ 0.12"+* 0.87 £0.069*++ 0.83 £ 0.042*"++
Average food intake (g/day) 14.81 £ 1.71 1425+ 1.18 13.84 + 1.61 13.07+ 1.74 10.19 + 0.89**++
Average DMF intake (mg/kg/day) — — 17.6 £2.02 86.35 + 11.69 431.47 +42.34
Exp. 2
Control CIS CIS + DMF 2,000 ppm CIS + DMF 4,000 ppm CIS + DMF 6,000 ppm
Final body weight (g) 259.75 + 11.54  236.45+9.49 199.66 + 16.7*"+ 191.78 + 24.15%*++ 168.36 + 28.29**++
Kidney Absolute (g) 1.51 £0.055 1.47+0.13 1.85+0.32 1.62 +0.18 1.53 +0.37
Relative (g/100g BW) 0.58 £0.018 0.61 +£0.044 0.92 £ 0.09™++ 0.85 £ 0.042"++ 0.90 £ 0.047"++
Average food intake (g/day) 14.21 £ 1.65 13.87+1.22 12.92+4.42 11.23 £3.19**++ 8.65 +£2.07*"++
Average DMF intake (mg/kg/day) - - 129.2 £47.22 233.91 +£71.08 339.21 + 86.61

Data are expressed as the mean + SD. *P<0.05 compared with the control group. **P<0.01 compared with the control group. *P<0.05 compared

with the CIS group. **P<0.01 compared with the CIS group.
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Fig. 1. Blood biochemistry: serum BUN (A and B) and Cre (C and D) in Experiment 1 (A and C) and Experiment 2 (B and D). Data are presented as
the mean + SD. **P<(.01 compared with the control group. *P<0.05 compared with the CIS group. **P<0.01 compared with the CIS group.

levels in the DMF 7,500 ppm group (Fig. 3A-E, I).
Immunohistochemistry: Compared with the control
group, the numbers of a-SMA-, CD68-, and CD3-positive
cells per field were significantly increased in the CIS group.
Among the infiltrating cells observed in the tubulointersti-
tium and around arterioles, CD68-positive cells were pre-
dominant rather than CD3-positive cells. a-SMA-positive
cells were particularly observed around the dilated tubules.
The numbers of a-SMA- and CD68-positive cells were sig-
nificantly and dose-dependently decreased with DMF 1,500
or 7,500 ppm compared with the CIS group (Fig. 4A, C).

Additionally, the number of CD3-positive cells was signifi-
cantly and dose-dependently decreased in all DMF groups
compared with the CIS group (Fig. 4E).

Nrf2-positive cells were mainly located in the tubu-
lar epithelial cells. The number of Nrf2-positive cells was
significantly increased in the DMF 7,500 ppm group, but
there were no significant differences among any of the other
treated groups (Fig. 5A).

Changes of mRNA expression: The data are shown in
Table 3. Among antioxidant-relative genes, NQOl mRNA
expression was significantly and dose-dependently in-
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Fig. 2. Histopathological changes. There was no change in the control group (A and E). In Experiment 1, tubular lesions such as necrosis,
degeneration, and luminal dilation; mononuclear cell infiltration; and peritubular fibrosis were prominent in the CIS group (B and F).
These histological changes were ameliorated by 300 ppm (C and G) and 1,500 ppm (D and H) DMF and recovered to the control level
by 7,500 ppm DMF (I and M). Additionally, in Experiment 2, these changes were dose-dependently ameliorated in the 2,000 ppm (J
and N), 4,000 ppm (K and O), and 6,000 ppm (L and P) DMF groups. Hematoxylin and eosin staining. Magnification: x100 (A-D and
I-L) or x400 (E-H and M—P).
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Fig. 3. Peritubular fibrosis was not observed in the control group (A), but it was prominent in the CIS group (B). In Experiment 1, fibrosis was
ameliorated by 300 ppm (C) and 1,500 ppm (D) of DMF, and it recovered to control levels with 7,500 ppm of DMF (E and I). Addition-
ally, in Experiment 2, these changes were dose-dependently ameliorated in all DMF groups (F—H, J). Magnification: x100 (A—H). Data
are expressed as the mean + SD. **P<0.01 compared with the control group. *P<0.05 compared with the CIS group. **P<0.01 compared

with the CIS group.

creased with DMF doses above DMF 1,500 ppm, but HO-1
mRNA expression showed no significant differences among
the groups. For other genes that are also controlled by Nrf2
activation, G6PD mRNA expression was significantly in-
creased in the 7,500 ppm DMF group compared with the
control group. Mel mRNA expression significantly de-
creased in the CIS group and recovered to control levels in
the 7,500 ppm DMF group. Cytokine mRNA expression
tended to increase in response to CIS administration, and
this increase was suppressed by DMF. The same tenden-
cy was observed for CD206 mRNA expression. For Nrf2

mRNA expression, no significant differences were observed
among the groups.

Experiment 2

When the histopathological changes were evaluated,
the inhibitory effect of 1,500 ppm DMF was milder than ex-
pected. Therefore, we redesigned the experimental doses to
fall between 1,500 and 7,500 ppm (i.e., 2,000 ppm, 4,000,
ppm, and 6,000 ppm) in Experiment 2.

Body and kidney weight, and daily food and chemical
intake: The data are shown in Table 2. Similar to Experi-
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Fig. 4. The numbers of a-SMA- (A and B), CD68- (C and D), and CD3-positive cells (E and F) in Experiment 1 (A, C, and E) and Ex-
periment 2 (B, D, and F). Data are expressed as the mean + SD. *P<(.05 compared with the control group. **P<0.01 compared
with the control group. *P<0.05 compared with the CIS group. +*P<0.01 compared with the CIS group.

ment 1, final body weight was not different between the con-
trol and CIS groups, but it was dose-dependently decreased
in all DMF groups. The absolute kidney weights in the CIS
and DMF 6,000 ppm groups were similar to that in con-
trol group, but slight, but not significant, increases were ob-
served in the DMF 2,000 and 4,000 ppm groups. Addition-
ally, in Experiment 2, the relative kidney weight in the CIS
group was similar to that in the control group, but it was sig-
nificantly increased in all DMF groups compared with the
control group. The average daily food intake significantly
decreased in the DMF 6,000 ppm group.

Blood biochemistry: BUN and Cre were significantly
higher in the CIS group compared with the control group.
BUN had a tendency to be decreased by DMF compared
with the CIS group (Fig. 1B). Cre was significantly and
dose-dependently decreased in all DMF groups compared
with the CIS group (Fig. 1D).

Histopathology: CIS induced severe necrosis, degen-
eration, and luminal dilation and moderate urinary casts,
especially in the proximal tubules in the outer segment of
the outer medulla. These tubular injuries were ameliorated
in all DMF groups (Fig. 2J-L, N-P). Mononuclear cell infil-
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Fig. 5. The numbers of Nrf2-positive cells in Experiment 1 (A) and Experiment 2 (B). Data are expressed as the mean + SD. +*P<0.01 com-

pared with the CIS group.

Table 3. The Relative Expression of Several Genes Analyzed by Real-time RT-PCR

Exp. 1

Control CIS CIS + DMF 300 ppm CIS + DMF 1,500 ppm CIS + DMF 7,500 ppm
Nrf2 1.00 £ 0.14 1.20 £ 0.07 1.32+0.23 1.25+0.45 1.04 +0.38
HO-1 1.00 + 0.64 1.21 £0.50 1.07 £0.15 1.19£0.36 1.65 +0.51
NQO! 1.00 £ 0.21 1.20 £ 0.44 1.81 £ 0.50 2.8 +0.88%*+ 4.63 + 1.08**++
G6PD 1.00 £ 0.13 1.24+0.27 1.63 £0.40 1.73 £0.48 1.89 +0.72*
Mel 1.00+0.24 0.53 +0.21** 0.43 + 0.09** 0.56 +0.13* 1.03 £ 0.22++
TNF-a 1.00 £ 0.55 2.70 + 1.05* 2.14£0.76 1.98 + 0.64 1.08 £ 0.57+
IL-6 1.00 £ 1.26 0.94 +1.14 2.32+1.02 2.15+2.32 0.46 +0.33
IL-4 1.00 £ 1.93 6.70 £ 13.15 15.99 +23.74 1.77 +3.88 1.98 £4.16
IL-10 1.00 £ 1.09 3.14£2.50 3.19+3.20 1.46 £ 1.13 1.25+2.13
CD206 1.00 +0.57 4.86 + 1.48 6.91 + 5.47* 5.01 +1.28 2.48 £ 1.99

Exp. 2

Control CIS CIS + DMF 2,000 ppm CIS + DMF 4,000 ppm CIS + DMF 6,000 ppm
Nrf2 1.00 = 0.08 1.29 £0.14 1.26 £0.14 0.99 +0.18 0.98 £0.10
HO-1 1.00 £ 0.37 2.04 +0.60 1.43 £ 0.65 1.67+£0.9 1.56 + 0.64
NQOI 1.00 +0.57 1.36 + 0.40 1.79 £ 0.56 7.65 £ 1.50%**++ 8.74 + 3.19%*++
G6PD 1.00£0.22 1.54£0.15 1.23+0.27 1.53 +£0.21 1.50 = 0.53
Mel 1.00 £ 0.35 0.59 £ 0.37 0.30 + 0.05** 0.61 +0.11 0.50 +0.11
TNF-a 1.00 £ 0.73 0.42 £0.21 0.89+£0.24 1.04 +0.41 0.75+0.19
IL-6 1.00 = 1.08 1.07 £ 1.13 0.19 +£0.25 0.13 +0.09 0.03 +£0.02
1L-4 1.00 +2.01 1.46 £2.36 0.14+0.25 0.02 +0.03 0.03 £ 0.05
IL-10 1.00 £ 0.85 4.64+4.36 1.95 +1.65 1.12+0.74 1.14 £ 1.07
CD206 1.00 £ 0.56 6.55 £ 1.94%* 4.95 +2.65* 2.91 + 1.88* 1.56 £ 0.92++

Data are expressed as the mean + SD. *P<0.05 compared with the control group. **P<0.01 compared with the control group.
+P<0.05 compared with the CIS group. +*P<0.01 compared with the CIS group.

tration and peritubular fibrosis were also observed in CIS-
treated groups and tended to be dose-dependently inhibited
by DMF co-administration.

When the degree of peritubular fibrosis was evaluated
using Sirius red stain, the positive area was found to be sig-
nificantly decreased in all DMF groups (Fig. 3F-H, J).

Immunohistochemistry: In Experiment 2, the numbers
of a-SMA-, CD68-, and CD3-positive cells per field were
significantly increased in CIS group compared with the
control group. The numbers of a-SMA-, CD68-, and CD3-
positive cells were significantly and dose-dependently de-
creased in all DMF groups compared with the CIS group
(Fig. 4B, D, F). However, the number of Nrf2-positive cells
showed no significant difference among the groups (Fig. 5B).

Changes of mRNA expression: The data are shown
in Table 3. Among the antioxidant-relative genes, NQOI
mRNA expression was significantly and dose-dependently
increased at DMF doses of 4,000 and 6,000 ppm, but HO-1
mRNA expression showed no significant differences. For
other genes that are also controlled by Nrf2 activation, there
were no significant changes in G6PD and Mel mRNA ex-
pression. Cytokine mRNA expression tended to increase
with CIS administration, and this increase was suppressed
by DMF co-administration. The same tendency was ob-
served for CD206 mRNA expression. For Nrf2 mRNA ex-
pression, no significant differences were observed among
the groups.
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Discussion

DMF was recently approved as a therapeutic agent for
multiple sclerosis and psoriasis, and it is a safe medication
that has no known toxicity except contact dermatitis25. In
our study, although a reduction in body weight gain was ob-
served in DMF-fed groups and the relative weights of the
liver (data not shown) and kidney increased in both Experi-
ments 1 and 2, there were no obvious histological changes
in the major organs such as the liver, spleen, heart, and lung,
and a reduction in intraperitoneal fat was observed in the
DMF-fed groups (data not shown). A previous study showed
that fumaric acid ester treatment may decrease visceral fat
weight and ectopic fat accumulation in the liver and muscle
and induce greater levels of lipolysis and incorporation of
glucose into adipose tissue lipids in transgenic spontane-
ously hypertensive rats26. Based on these findings, the sup-
pression of body weight gain observed in our study was con-
sidered to be a result of decreased food intake caused by a
repelling action against DMF, as well as a decreased volume
of intraperitoneal fat that may be caused by the influence of
lipid metabolism, but it was not an adverse effect of DMF.
Additionally, based on the decreased food intake that might
be caused by the repelling action, chemical intake was un-
predictably lower, especially in the higher-dose groups; this
resulted in a slight difference between 1,500 ppm in Experi-
ment 1 and 2,000 ppm in Experiment 2. However, the in-
creasing trend in the chemical intake was not reversed, and
thus, we judged that any changes examined in this study
could be considered based on dose dependency.

Histopathologically, tubular injuries, such as tubu-
lar necrosis, regeneration, and luminal dilation that were
induced by CIS administration, were dose-dependently
ameliorated by DMF doses over 2,000 ppm. Interstitial
mononuclear cell infiltration was also reduced by DMF
co-administration. The evaluation of fibrosis by Sirius red
staining showed that the red stained area ratio increased
following CIS administration, and this increase was dose-
dependently inhibited by DMF. Additionally, regarding the
immunohistochemical results, the numbers of CD68-, CD3-,
and o-SMA-positive cells significantly decreased in the
DMF groups compared with the CIS-group. Thus, DMF may
reduce the CIS-induced infiltration of mononuclear cells,
including CD68-positive macrophages and CD3-positive
lymphocytes, and decrease the number of a-SMA-positive
myofibroblasts that are induced by CIS. Similar to our study
results for CD68-positive macrophages, DMF ameliorated
the infiltration of CD68-positive macrophages in a nephro-
nophthisis model using the Lewis polycystic kidney rat20.
CD68-positive macrophages were classified as type 1 mac-
rophages that had proinflammatory effects, and a previous
study suggested that they were involved in renal intersti-
tial fibrosis?’. Moreover, a-SMA-positive myofibroblasts
produce extracellular matrix and play an important role in
the development of fibrosis in various organs?8. Consider-
ing the similar dose-dependent changes with respect to the
decrease in fibrosis and the inhibition of increased numbers

of CD68- and a-SMA-positive cells, CD206, IL-4, and IL-
10 mRNA expression showed a tendency to be suppressed
by DMF compared with the CIS group. CD206, IL-4, and
IL-10 are classified into type 2 macrophage markers and
type 2 macrophages that induce extracellular matrix pro-
duction, and they are involved in fibrosis2®. Therefore, these
results suggested that DMF might ameliorate tubulointer-
stitial fibrosis by suppressing macrophage infiltration and
the increase in myofibroblasts. However, because previous
reports suggested that the regenerated proximal tubule may
produce chemokines (MCP-1 and RANTES) and a fibrotic
cytokine (TGF-B1) in the mercuric chloride-induced renal
tubulointerstitial model, it is possible that the inhibitory ef-
fect of DMF against tubular injury decreased production of
these factors, which would ameliorates the consequent mac-
rophage infiltration and increase in myofibroblasts follow-
ing tubulointerstitial fibrosiss: 39.

In the real-time RT-PCR analysis, among the anti-
oxidant-related genes controlled by Nrf2, NQOl mRNA
was upregulated by DMF. NQOI mRNA expression was
significantly and dose-dependently increased at 1,500 and
7,500 ppm in Experiment 1 and 4,000, and 6,000 ppm in
Experiment 2. A previous study also reported the protec-
tive role of NQOIL in cisplatin-induced nephrotoxicity3!. In
contrast to NQO1, HO-1 mRNA expression did not show a
significant difference among the groups. In previous stud-
ies, the protective effect of HO-1 against chronic kidney in-
jury was observed in unilateral ureter obstruction and isch-
emic renal tubular necrosis models# 32. Additionally, DMF
induced NQOI, not HO-1, in multiple sclerosis patients.
Therefore, it was speculated that the oxidative stress-related
factor might be different between the target organs, the tar-
get site in the kidney, and the mechanism of renal tubular
injury. G6PD and Mel are also Nrf2-regulated genes and
pentose phosphate pathway-related enzymes. G6PD mRNA
expression was significantly increased in the 7,500 ppm
DMF group compared with the control group. Mel mRNA
expression was decreased by CIS administration, and it re-
covered to the control level in response to 7,500 ppm DMF.
Mitsuishi et al. reported that Nrf2 directly controlled the
genes of some enzymes that catalyze the oxidative and non-
oxidative pathways of the pentose phosphate pathway and
produce NADPH34. When NADPH was produced by the
pentose phosphate pathway, NADPH synthesized reduced
glutathione, which can decompose and remove hydrogen
peroxide from oxidized glutathione and which also has an-
tioxidant effects3s. Therefore, it was suggested that, when
DMF mediated Nrf2 stabilization, the pentose phosphate
pathway was activated, and NADPH and NQOI produc-
tion, downstream of NADPH, increased. These factors then
exerted antioxidative and cytoprotective effects on CIS-in-
duced tubular injury.

For the first DMF target, Nrf2, there was no significant
change in DMF groups at either the protein localization or
mRNA expression level, except for a significant increase in
the number of positive cells at the highest dose in Experi-
ment 1 (7,500 ppm), which was contrary to our expectations.
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This finding may be explained by the effect of DMF being
stopped in the DMF-fed groups by the 5 weeks of co-ad-
ministration or by an antioxidant reaction that the animal
originally experienced, such as Nrf2 stabilization, which
might have been experienced for 4 weeks in the CIS group.
To clarify this hypothesis, further investigation into the
changes in Nrf2 expression over time is required. However,
as mentioned above, because the expression of several genes
that are controlled by Nrf2 were changed in DMF groups,
Nrf2 activation might be continued and/or increased by
DMF.

Gene expression of inflammatory cytokines such as
TNF-a and IL-6 tended to be suppressed by DMF, and par-
ticularly, TNF-a was significantly decreased at the highest
dose in Experiment 1 (7,500 ppm). A previous study also
showed that DMF inhibited the production of pro-inflam-
matory cytokines such as TNF-a and IL-63¢. 37. Consider-
ing the histopathological results, DMF might have an anti-
inflammatory effect on CIS-induced renal tubulointerstitial
lesions.

In conclusion, DMF is suggested to reduce CIS-in-
duced renal tubular injury via NQOI- mediated antioxidant
mechanisms and reduce the consequent tubulointerstitial
fibrosis as well.
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