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Abstract—Macrophage migration inhibitory factor (MIF) plays a critical role in inflammation and is
elevated in diabetic kidney. However, whether MIF plays a causative role in diabetic nephropathy (DN)
remains unclear. In the present study, we have demonstrated that after treatment of 8-week-old diabetic
db/db and nondiabetic db/m mice with the MIF inhibitor ISO-1 (20 mg/kg) for 8 weeks, there was a
significant decrease in blood glucose, albuminuria, extracellular matrix accumulation, epithelial–mes-
enchymal transition (EMT), and macrophage activation in the kidney of db/db mice. Incubation of m-
acrophages withMIF induced the production of proinflammatory cytokines, including interleukin (IL) 6,
IL-1β, tumor necrosis factor α (TNF-α). The conditioned media (CM) of MIF-activated macrophages
and TNF-α induced byMIF caused podocyte damage. Moreover, CM fromMIF-activated macrophages
induced EMTof renal tubular cells, and this effect was blocked by ISO-1. Thus, MIF inhibition may be a
potential therapeutic strategy for DN. This effect may be attributable to its inhibitory effect on macro-
phage activation in the diabetic kidney.
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INTRODUCTION

Diabetic nephropathy (DN) is the leading cause of
chronic kidney disease and is one of the most significant
long-term complications in terms of morbidity and mortal-
ity for patients with diabetes. Although DN is traditionally
considered a nonimmune disease, accumulating evidence
indicates that immunologic and inflammatory mechanisms
play a significant role in its development and progression
[24, 36]. Infiltration of inflammatory cells and secretion of
inflammatory cytokines and chemokines from the inflam-
matory cells have been shown to be associated with DN

[11, 14, 27, 30]. Indeed, anti-inflammation is considered as
a potential therapeutic approach for DN [16].

Macrophage migration inhibitory factor (MIF), a
widely expressed pleiotropic cytokine, exhibits a
broad range of immune and inflammatory activities.
Previous studies have recognized MIF as the first
molecule to arrive at the inflammation site and the
factor that likely determines the degree of cellular
inflammation [21]. MIF is known to counter-regulate
the immunosuppressive effects of steroids [7] and to
over-regulate the expression of Toll-like receptor
(TLR)-4 on antigen-presenting cells [29]. MIF has
been implicated in both types of diabetes [32], and
there is evidence linking MIF with DN. MIF is
elevated in the serum of individuals with type 2
diabetes [13] and is also increased in experimental
DN [6], preceding the onset of microalbuminuria
[37]. In addition, the MIF receptor, CD74, is also
upregulated in clinical and experimental DN [31].
Based on the finding that MIF transgenic mice de-
velop progressive glomerulosclerosis with proteinuria
and renal failure [33], it is hypothesized that in-
creased MIF expression may contr ibute DN
pathogenesis.
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In the present study, we investigated the renal effects
of MIF inhibition in a diabetic experimental model.
Inhibition of MIF tautomerase activity with the small mo-
lecular inhibitor ISO-1 ((S,R)-3-(4-hydroxyphenyl)-4,5-
dihydro-5-isoxazole acetic acid methyl ester) has been
shown to significantly inhibit MIF’s proinflammatory ac-
tivities [1]. We observed that treatment of the diabetic db/
db mice with the MIF inhibitor ISO-1 significantly de-
creased blood glucose level, albuminuria, extracellular ma-
trix accumulation, and epithelial–mesenchymal transition
(EMT) in the kidney. These effects may be attributable to
its inhibitory effect on macrophage activation in the dia-
betic kidney. Thus, MIF inhibition may be a potential
therapeutic strategy for DN.

MATERIALS AND METHODS

Animals

Six-week-old C57BLKS/J db/db and db/mmale mice
were purchased from Jackson Laboratory (Bar Harbor,
ME, USA). Mice had free access to tap water and were
fed with a standard chow diet. Animals were kept under
12-h light/dark cycles.

ISO-1 Treatment

MIF inhibition was achieved by ISO-1 (Merck
Chemicals, Darmstadt, Germany), a widely used pharma-
cological compound that binds to the tautomerase active
site of MIF [2, 20]. Mice received ISO-1 intraperitoneal
injections (20 mg/kg total bodyweight) twice a week or the
equivalent amount of DMSO used as solvent [22] for
8 weeks, starting at 8 weeks of age. All experiments were
conducted in accordance with the National Institutes of
Health guidelines and with the approval of the University
Institutional Animal Care and Use Committee.

Urine Collection and Measurement of Urinary
Albumin Excretion

Mice were placed individually in metabolic cages for
24-h urine collection with free access to food and water.
Urine specimens were collected every 12 h and kept at 4 °C
until the 24-h collection period was completed. To prevent
protein degradation, a total of 10 μl of protease inhibitor
(Roche Diagnostics, IN, USA) was added to the collection
tubes during the 24-h collection period. Urine samples were
centrifuged at 10,000×g for 5 min at 4 °C to remove debris,
and supernatants were aliquoted and stored at −80 °C for

later use. To measure urinary albumin excretion, individual
mice were placed once every month in ametabolic cage and
urine was collected for 18 h. Urinary albumin concentra-
tions were determined by enzyme-linked immunosorbent
assay (ELISA; Exocell, Philadelphia, PA) after the correc-
tion by urinary creatinine concentrations.

Blood Glucose Levels and Glucose Tolerance Test

Whole blood glucose levels on a drop of tail blood
collected between 10 a.m. and midday, or at intervals
thereafter as indicated were measured using FreeStyle®
Blood Glucose Test Strips and FreeStyle Lite® Blood
Glucose Monitoring System (Abbott, CA, USA). For glu-
cose tolerance test, mice were fasted overnight for 16 h and
injected with glucose (1.5 mg/kg, intraperitoneally (I.P.)).
Blood samples (5 μl) were collected in heparinized capil-
lary tubes from the tip of the tail at 0, 15, 30, 45, 60, 90, and
120 min after glucose injection and diluted in 10 % Lysis
M Reagent (Roche Diagnostics, IN, USA). Glucose con-
centration was determined colorimetrically using a glucose
oxidase/peroxidase reagent kit (Sigma, MO, USA).
Samples were incubated with 100 μl of assay reagent at
37 °C for 30min. The reaction was stopped by adding 12N
H2SO4 and measured at 540 nm using a Fusion Packard
plate reader. Values were expressed in milligrams per deci-
liter. Area under the glucose tolerance curve (0–120 min)
was carried out using Prism software.

Preparation of Bone Marrow-Derived Macrophages

Macrophages were generated from mouse bone mar-
row cells. The protocols for animal handling were previ-
ously approved by our Institutional Animal Care and Use
Committee. To prepare murine bone marrow cells, femurs
were obtained from 6- to 12-week-old C57BL/6 mice.
After euthanasia, the mice were sprayed with 70 % ethanol
and the femurs were dissected using scissors, cutting
through the tibia below the knee joints, as well as through
the pelvic bone close to the hip joint. Muscles connected to
the bone were removed using clean gauze, and the femurs
were placed into a polypropylene tube containing sterile
phosphate-buffered saline (PBS) on ice. In a tissue culture
hood, the bones were placed in 70 % ethanol for 1 min,
washed in sterile RPMI 1640, and then both epiphyses
were removed using sterile scissors and forceps. The bones
were flushed with a syringe filled with RPMI 1640 to
extrude bone marrow into a 15-ml sterile polypropylene
tube. A 5-ml plastic pipette was used to gently homogenize
the bone marrow. The cell suspension generated thereafter
is called fresh bone marrow cells.
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Bone marrow-derived macrophages (BMDM) were
prepared as previously described [41] using L929-cell
conditioned medium (LCCM) as a source of granulocyte/
macrophage colony-stimulating factor [10]. The cells were
resuspended in 10-ml bone marrow differentiation media
(R20/30), which is RPMI 1640 supplemented with 20 %
fetal bovine serum (Gibco, cat. 12657-029), 30 % LCCM,
100 U/ml penicillin, 100μg/ml streptomycin, and 2mML-
glutamine. Cells were seeded in nontissue culture-treated
Optilux Petri dishes (BD Biosciences) and incubated at
37 °C in a 5 % CO2 atmosphere. Four days after seeding
the cells, an extra 10 ml of fresh R20/30 were added per
plate and incubated for an additional 3 days. To obtain the
BMDM, the supernatants were discarded and the attached
cells were washed with 10 ml of sterile PBS. Ten milliliters
of ice-cold PBS were added to each plate and incubated at
4 °C for 10min. Themacrophages were detached by gently
pipetting the PBS across the dish. The cells were centri-
fuged at 200×g for 5 min and resuspended in 10 ml of
BMDM cultivation media (R10/5), which is composed of
RPMI 1640, 10 % fetal bovine serum, 5 % LCCM, and
2 mM L-glutamine. The cells were counted, seeded, and
cultivated in tissue culture plates 12 h before any further
experimental procedure.

Mouse Podocyte Cell Culture

A mouse podocyte cell line was donated by Dr. Peter
Mundel (Albert Einstein College of Medicine, Bronx, NY)
[12] Cultivation of conditionally immortalized mouse
podocytes was conducted as reported previously [26]. In
brief, podocytes between passage 14 and 20 were main-
tained in RPMI 1640 medium supplemented with 10 %
FBS. Cells were propagated in 10 U/ml murine interferon
gamma (IFN-γ) at 33 °C, and then differentiated by culture
for 1 week at 37 °C in the absence of IFN-γ. Differentiated
cells showed prominent cytoplasmic processes and
expressed nephrin and podocin as shown previously [26].

Mouse Renal Tubular Cell Culture

A mouse renal tubular cell line (MCT) was kindly
provided by Dr. Neilson (University of Pennsylvania) [39].
Cells were maintained in Dulbecco's modified Eagles's
medium (DMEM; GIBCO) and 10 % fetal calf serum
(FCS) as previously reported [28].

ELISA

Tumor necrosis factor alpha (TNF-α), interleukin
(IL)-6, and MIF were measured in protein extracts from

whole kidney cortex. Fifty milligrams of kidney cortexwas
homogenized in PBS and 0.5 mm zirconiumoxide beads
for 4 min using a bullet blender system (Next Advance,
Averill Park, NY, USA). The MIF, TNF-α, and IL-6
ELISA were performed according to the manufacturer’s
instructions (Quantikine, R&D Systems, Minneapolis,
MN, USA).

Western Blotting

The kidney tissues or cells were homogenized in
RIPA buffer and spun at 14, 000×g to pellet the
nuclei and large cellular fragments. The supernatant
protein concentrations were measured by the BCA
assay (Bio-Rad, Hercules) and equalized with the
addition of Laemmli buffer, before sodium dodecyl
sulfate (SDS)-based electrophoresis through a 6–
10 % SDS polyacrylamide gel. After electrical wet
transfer of the proteins to a nitrocellulose membrane,
the membranes were incubated with primary antibod-
ies at 4 °C overnight. After incubation with the
appropriate horseradish peroxidase-conjugated sec-
ondary antibodies, the chemiluminescent reaction
was developed with SuperSignal West Pico (Pierce,
Rockford, IL). The following primary antibodies
were used: mouse anti-CD86 (1:1,000, Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-inducible
nitric oxide synthase (iNOS; 1:1,000, Santa Cruz
Biotechnology, Santa Cruz, CA), mouse anti-nephrin
(1:1,000, Santa Cruz Biotechnology, Santa Cruz,
CA), mouse anti-podocin (1:1,000, Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit polyclonal
anti-fibronectin (1:1,000, Abcam), mouse anti-colla-
gen I (1:1,000, Abcam), rabbit anti-α-SMA (1:2,000,
Santa Cruz Biotechnology, Santa Cruz, CA), mouse
anti-E-cadherin (1:1,000, Santa Cruz Biotechnology,
Santa Cruz, CA), and goat anti-β-actin (1:5,000,
Abcam).

RNA Preparation and Quantitative Real-Time PCR

RNA was extracted using a standard TRIzol-based
protocol, according to manufacturer’s instructions.
Known concentrations of purified RNA were used for
complementary DNA (cDNA) synthesis. RNAwas reverse
transcribed using SuperScript II and random primers
(Invitrogen) to obtain cDNA. Quantitative real-time PCR
analysis was conducted by using specific primers for TNF-
a, IL-1b, IL-6, and iNOS, as previously described [9, 17].
Briefly, PCRs were carried out using 10 ng cDNA, 500 nM
forward and reverse primers, and SYBR green master mix
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(Applied Biosystems) in 20 ml reactions. Each sample was
analyzed in triplicate, and SYBR green fluorescence was
detected using the Applied Biosystems 7900HT real-time
PCR system. A standard curve was generated for each gene
by using a cDNA dilution series, and melting point analy-
sis was performed to confirm a single amplification prod-
uct. Data were normalized to the 18S gene, and expressed
as fold change from control.

Statistical Analysis

Data are expressed as mean±standard error of the
mean (SEM). Differences between the groups were exam-
ined for statistical significance using one-way ANOVA
with the Tukey’s correction (SPSS 11.5; SPSS, Chicago,
IL) for multiple comparisons when appropriate. A p value
of <0.05 was considered to be a statistically significant
difference.

RESULTS

ISO-1 Normalized Hyperglycemia and Improved
Glucose Metabolism in db/db Mice

Eight-week-old db/db mice exhibited significant-
ly higher blood glucose levels, which consistently
increased throughout the study periods, compared
with control mice (Fig. 1a). Chronic treatment of
db/db mice with ISO-1 (20 mg/kg) significantly de-
creased blood glucose after 1 week and normalized
hyperglycemia throughout the 8-week duration of
treatment (Fig. 1a). Using an intraperitoneal glucose

tolerance test, db/db mice showed impaired glucose
utilization compared to age-matched control mice,
which was significantly improved in ISO-1-treated
db/db mice (Fig. 1b, c). These effects were not
observed in lean control mice treated with ISO-1.

ISO-1 Treatment Ameliorated Diabetic Albuminuria

To assess the effect of ISO-1 treatment on albu-
minuria, we measured the total urinary albumin ex-
cretion rate and the urinary albumin-to-creatinine ra-
tio in the 18-h urine collections. The albumin excre-
tion rate was markedly increased in the diabetic db/
db mice compared with the nondiabetic db/m control
mice. Interestingly, urinary albumin excretion was
significantly ameliorated after ISO-1 treatment
(Fig. 2).

ISO-1 Treatment Prevented Renal Macrophage
Infiltration in Diabetes

The effect of ISO-1 on renal macrophage accumula-
tion was evaluated by Western blotting. The amount of
CD86 and iNOS, corrected for β-actin, in the kidney
tissues was found to be increased in the diabetic mice
compared with nondiabetic controls (Fig. 3a, b). The in-
crease in renal CD86 and iNOS with diabetes was signif-
icantly diminished by ISO-1 treatment (Fig. 3a, b).
Inflammatory markers in kidney tissue, i.e., IL-6 (Fig. 3c)
and TNF-α (Fig. 3d), were also measured. Both IL-6 and
TNF-α were markedly increased in diabetic mice com-
pared with control mice. Treatment of the diabetic mice
with ISO-1 significantly decreased the levels of IL-6 and
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Fig. 1. Chronic treatment with ISO-1 (20 mg/kg) normalized hyperglycemia and improved glucose tolerance in db/db mice. a Nonfasted blood glucose
levels in db/m, db/m+ISO-1, db/db, and db/db+ISO-1 mice. Data are represented as mean±SEM of each group (n=7–9). bGlucose tolerance test in ISO-1-
treated and untreated lean control and db/db mice. After 8 weeks of treatment with ISO-1, mice were fasted for 16 h and dosed with glucose (1.5 g/kg, I.P.).
Blood glucose levels were measured by tail tip bleed at 0, 15, 30, 60, 90, and 120 min postadministration. Data are represented as mean±SEM of each group
(n=7–9). c One-way ANOVA of area under curve showed that ISO-1 significantly improved the glucose tolerance in db/db+ISO-1 mice compared with
untreated db/db mice. *p<0.05 vs. age-matched lean control mice; #p<0.05 vs. untreated db/db mice.
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TNF-α as compared with the untreated diabetic mice
(Fig. 3c, d). Renal MIF levels were significantly increased
in diabetic mice (2.0-fold vs. nondiabetic control; Fig. 3e).
ISO-1 treatment did not significantly change renal MIF
levels in the diabetic mice (Fig. 3e).

ISO-1 Treatment Reduced ECM Expression and EMT
in the Kidneys of db/db Mice

We examined whether ISO-1 treatment can prevent
ECM accumulation and EMT in the kidneys of db/db mice.
Glomerular (Fig. 4a) and tubular (Fig. 4b) fibronectin and
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collagen I expression were significantly increased, whereas
tubular E-cadherin expression was significantly decreased
in the db/db mice compared with control mice. ISO-1
effectively prevented the increases in fibronectin and col-
lagen I and the decrease in E-cadherin expression levels in
db/db mice, whereas it had no effect in control mice
(Fig. 4).

CM fromMIF-ActivatedMacrophages Downregulated
Nephrin and Podocin Expressions

Incubation of macrophages with MIF resulted in
increased expression of iNOS and a number of proin-
flammatory cytokines, including TNF-α, IL-6, and IL-
1β (Fig. 5a). To examine whether MIF or the inflamma-
tory cytokines from MIF-activated macrophages plays a

role in podocyte damage, nephrin and podocin expres-
sion levels were measured with Western blotting after
MIF treatment. Incubation of differentiated mouse podo-
cytes with TNF-α significantly reduced the expression
levels of nephrin and podocin, consistent with a previous
report [15]. However, we did not observe a significant
effect of MIF, IL-6, or IL1β on the expression of nephrin
or podocin (Fig. 5b, c). We also examined whether CM
from MIF-activated macrophages causes podocyte dam-
age. Incubation of differentiated mouse podocytes with
CM from unstimulated macrophages had no effect upon
nephrin or podocin expression (data not shown). By
contrast, CM from MIF-activated macrophages caused
a significant reduction in both nephrin and podocin
expressions (Fig. 5c). This effect was blocked by a
TNF-α neutralizing antibody (Fig. 5c).

ISO-1     - - +      +     - - +      +

Fibronec�n

Collagen I

E-cadherin

β-ac�n

Fibronec�n

Collagen I

β-ac�n

db/m db/db

db/m db/db
ISO-1     - - +      +      - - +      +

0.0

0.5

1.0

1.5

2.0

ISO-1 - + +-

db/m db/db

#

*

F
ib

ro
n

ec
ti

n
 / 

β-
ac

ti
n

0.0

0.5

1.0

1.5

ISO-1 - + +-

db/m db/db

#

*

C
o

lla
g

en
 I 

/ β
-a

ct
in

0.0

0.5

1.0

1.5

ISO-1 - + +-

db/m db/db

#

*

F
ib

ro
n

ec
ti

n
 / 

β-
ac

ti
n

0.0

0.5

1.0

1.5

2.0

ISO-1 - + +-

db/m db/db

#

*

C
o

lla
g

en
 I 

/ β
-a

ct
in

0.0

0.5

1.0

1.5

ISO-1 - + +-

db/m db/db

#

*

E
-C

ad
h

er
in

 / 
β-

ac
ti

n

A

B
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CM from MIF-Activated Macrophages Enhanced
ECM Expression and EMTof MCT

Incubation of MCT with either MIF or CM from
unstimulated macrophages had no effect on the expression
of fibronectin, collagen I, α-SMA, or E-cadherin (data not
shown). By contrast, incubation of MCT with CM from
MIF-activated macrophages significantly increased fibro-
nectin, collagen I, and α-SMA expression levels and sig-
nificantly decreased E-cadherin expression compared with
the control CM from unstimulated macrophages.
Intriguingly, treatment of the CM from both MIF and
ISO-1-treated macrophages did not affect the expression
of fibronectin, collagen I, α-SMA, or E-cadherin in the
MCT cells (Fig. 6). These data suggest that MIF induces

the production of fibrogenic factors from macrophages,
and this process can be blocked by ISO-1.

DISCUSSION

In the present study, we demonstrate for the first time
that ISO-1 normalized hyperglycemia and improves glu-
cose handling, reduced albuminuria, and prevented ECM
accumulation and EMT in the kidney of db/db mice. ISO-1
treatment significantly reduced macrophage activation, as-
sociated with marked decrease in ECM accumulation and
EMT, in the diabetic kidneys. In the podocyte culture, MIF
did not directly induce podocyte damage, but CM from
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MIF-activated macrophages and TNF-α induced by MIF
in the macrophage culture did. Moreover, CM from MIF-
activated macrophages induced EMTof renal tubular cells,
which was abolished by ISO-1. These findings suggest that
MIF inhibition may be beneficial to DN patients and this
effect may be attributable to its modulation of macrophage
activation.

Like most other forms of chronic kidney diseases, DN
is characterized by progressive fibrosis as a final pathway
that eventually affects all substructures of the kidney.
Recent studies have revealed major pathways leading to
the development of renal interstitial fibrosis following uni-
lateral ureteral obstruction: (1) interstitial infiltration of
macrophages that produce cytokines responsible for tubu-
lar apoptosis and fibroblast proliferation and activation; (2)
tubular cell death leading to the formation of tubular atro-
phy; and (3) phenotypic transition of resident renal cells.
Chronic inflammation, attributed largely from aberrant
macrophage activation, is considered as a major player in
this pathogenic process. Recent studies have demonstrated
that classically activated M1 macrophages, but not M2
macrophages, induced podocyte permeability [40]. It is
also proved by other studies that M1 macrophages can
generate TNF-α, which mediates proapoptotic signaling
and renal tubular cell apoptosis following unilateral ureter-
al obstruction [23], whereas M2 macrophages generate
anti-inflammatory cytokines and trophic factors that induce
cell survival and proliferation [8].

We are interested in MIF as a potential therapeutic
target for DN not only because it is elevated in DN patients
and animal models [6, 13, 35, 37] but also due to its pivotal
role in inflammation cascade and macrophage polarization.
MIF modulates the production or expression of several
proinflammatory molecules, including cytokines, nitric ox-
ide, and in the activation of the cyclooxygenase pathway
[3], thereby playing an important role in the pathophysiol-
ogy of several inflammatory diseases [3]. More impor-
tantly, recent studies have pointed out an important role
of MIF in macrophage accumulation and polarization. For
instance, MIF deficiency results in reduced expression of
inflammatory mediators (e.g., IL-1β, CCL2, and MMPs)
and increased production of anti-inflammatory cytokines
(e.g., IL-10) in the lesion area [38]. These findings, togeth-
er with our data that incubation of macrophage cultures
with MIF resulted in increased expression of TNF-α, IL-6,
IL-1β, and iNOS, all of which are M1 macrophage
markers, suggest an important role of MIF in macrophage
polarization to M1.We provided evidence that the modula-
tion of macrophage activation and polarization by MIF is
of functional significance: (1) the CM from MIF-
activated macrophages caused podocyte damage and
EMT of renal tubular cells in vitro, and (2) treatment
of db/db mice with ISO-1 resulted in reduced mac-
rophage activation in the diabetic kidney, associated
with reduced blood glucose level, albuminuria, ECM
accumulation and EMT in vivo.
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Fig. 6. CM fromMIF-activatedmacrophages induced EMTof renal tubular cells, which was diminished by ISO-1. Murine renal tubular cell line culture was
incubated with MIF, CM from unstimulated (CM-none) or CM fromMIF-stimulated macrophages (MIF-CM) pretreated with or without ISO-1 for 24 h, and
the expression levels of fibronectin, collagen I, α-SMA, and E-cadherin were assessed with Western blotting. Representative Western blots (a) and quant-
itative data (mean±SEM) of the amount of fibronectin, collagen I, α-SMA, and E-cadherin from three independent experiments, corrected for β-actin im-
munoblots (b), were shown. #p<0.05 vs. CM-none treatment; *p<0.05 vs. MIF-CM treatment.
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As shown in the present study, whereas TNF-α pro-
duced byMIF-activated macrophages contributed to podo-
cyte damage, it did not directly induce EMT of renal
tubular cells, suggesting that different mechanisms are
involved in podocyte damage and fibrosis. Though mech-
anisms underlying the fibrogenic role of MIF-activated
macrophages in the diabetic kidney remain to be investi-
gated, previous studies have shown that MIF induces the
expression of several fibrosis mediators, including but
not limited to TGF-β1, ICAM-1, andMMPs [5, 19, 34], all
of which are able to induce EMT of renal tubular cells
[4, 18, 25].

Altogether, we demonstrated that treatment of the
diabetic db/db mice with the MIF inhibitor ISO-1 signifi-
cantly decreased blood glucose level, albuminuria, ECM
accumulation, and EMT in the diabetic kidney. These
effects may be attributable to its inhibitory effect on mac-
rophage activation in the diabetic kidney. Thus, MIF inhi-
bition may be a potential therapeutic strategy for DN.
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