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ameliorates kidney histopathological and functional changes 
in diabetic rats
Antagonista (p425) do fator de inibição da migração de macrófagos 
(MIF) melhora as alterações histopatológicas e funcionais renais em 
ratos diabéticos
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Introduction: It is hypothesized that in-
creased macrophage migration inhibi-
tory factor (MIF) expression may con-
tribute to diabetic nephropathy (DN) 
pathogenesis. The aim of the present 
study was to investigate the renal effects 
of MIF inhibition in a diabetic experi-
mental model. Methods: Eighteen male 
Wistar rats (230 ± 20 g) were divided 
into three groups: 1) control, 2) diabetic 
(STZ, 50 mg/kg, dissolved in saline, ip), 
3) diabetic + MIF antagonist (p425, 1 
mg/kg per day, ip, on the 21th day, for 
21 consecutive days). The treatment 
started since we founwd a significant in-
crease in urine albumin excretion (UAE) 
rate in the diabetic rats in comparison 
with the control rats. The rats were kept 
individually in metabolic cages (8 AM-2 
PM) and urine samples were collected in 
the 21 and 42th day. At the end, blood 
and tissue samples were collected for 
biochemical (BS, UPE, urine GAG, BUN, 
Cr, Na, and K) and histological analy-
ses. Results: The results of this study 
showed that MIF antagonist (p425) sig-
nificantly decreased urine protein and 
GAG excretion, urine protein/creatinine 
ratio, and serum BUN and Cr in the 
streptozotocin-induced DN in the rats. 
Pathological changes were significantly 
alleviated in the MIF antagonist (p425)-
administered DN rats. Conclusion: Col-
lectively, these data suggested that MIF 
antagonist (p425) was able to protect 
against functional and histopathological 
injury in the DN.

Abstract

Keywords: Macrophage Migration-Inhib-
itory Factors; Diabetic Nephropathies; 
Macrophage Activation; Proteinuria; Gly-
cosaminoglycans.

Introdução: Supõe-se que elevações da ex-
pressão do fator de inibição da migração 
de macrófagos (MIF) possam contribuir 
para a patogênese da nefropatia diabética 
(ND). O objetivo do presente estudo foi 
investigar os efeitos renais da inibição do 
MIF em um modelo experimental diabé-
tico. Métodos: Dezoito ratos Wistar ma-
chos (230 ± 20g) foram divididos em três 
grupos: 1) controle, 2) diabético (STZ 50 
mg/kg dissolvida em soro fisiológico, IP), 
3) diabético + antagonista do MIF (p425 
1 mg/kg por dia IP no 21o dia por 21 dias 
consecutivos). O tratamento começou 
após a identificação de aumento significa-
tivo na albuminúria nos ratos diabéticos 
em relação aos controles. Os ratos foram 
mantidos individualmente em gaiolas me-
tabólicas (8h-14h) e amostras de urina 
foram colhidas no 21o e no 42o dia. Ao 
final do estudo, amostras de sangue e teci-
do foram colhidas para análises bioquími-
cas (BS, excreção urinária de proteína, ex-
creção urinária de GAGs, BUN, Cr, Na e 
K) e histológicas. Resultados: O presente 
estudo demonstrou que o antagonista do 
MIF (p425) diminuiu significativamente 
proteinúria, excreção urinária de GAGs , 
relação proteína/creatinina na urina, BUN 
e Cr no grupo com ND induzida por es-
treptozotocina. As alterações patológicas 
foram significativamente abrandadas nos 
ratos com ND que receberam antagonista 
do MIF (p425). Conclusão: Coletivamen-
te, os dados sugerem que o antagonista do 
MIF (p425) teve efeito protetor contra le-
sões funcionais e histopatológicas da ND.

Resumo

Palavras-chave: Fatores Inibidores da 
Migração de Macrófagos; Nefropatias 
Diabéticas; Ativação de Macrófagos; 
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Introduction

Diabetic nephropathy (DN) is the most common cau-
se of chronic kidney disease and is one of the most 
important long-term complications related to diabe-
tes. Although the DN is conventionally viewed as a 
nonimmune disease, numerous evidence show that 
inflammatory mechanism may play a pivotal role in 
its development and progression.1-3 

Several factors are involved in the development and 
progression of DN, including genetic factors, oxidati-
ve stress4 glomerular hyperfiltration,5 accumulation of 
advanced glycation end-products (AGEs),6 and ove-
rexpression of transforming growth factor-b (TGF-b), 
followed by increase of extracellular matrices.7

The glomerular basement membrane (GBM) main-
ly consists of laminin, type IV collagen, and heparan 
sulfate (HS) proteoglycans (HSPGs). Degradation of 
these components results in breakdown of the base-
ment membrane structure. Heparan sulfate proteo-
glycans (HSPGs) are abundant in extracellular ma-
trices (ECMs), including basement membranes, and 
consist of diverse core polypeptides and HS.8,9

HS maintains the mechanical integrity of glome-
rular basement membranes. Direct heparitinase di-
gestion through heparitinase existing in glomerular 
basement membranes results in a loss of membrane 
function.10 In patients with DN, loss of HSPG in glo-
merular extracellular matrices has been reported.11 
Both the urinary and plasma levels of heparanase ha-
ve been reported to be elevated in type 2 diabetes. 
In DN, an increase in urinary heparanase and its ac-
tivity as an endoglycosidase that specifically cleaves 
HS in side chains of HSPG is observed in both type 
1 and type 2 diabetic patients with proteinuria.12,13 
Therefore, loss of the HS in the glomerular basement 
membrane results in a decrease of the anionic charge 
barrier and may possibly be one of the major causes 
of albuminuria in the DN.14,15

Inflammatory cells, mainly macrophages, are 
present in the glomeruli and interstitium of patients 
with the DN, suggesting that the inflammatory pro-
cess is also involved in the development of DN.16,17 
Heparanase activity has been reported in macropha-
ges, platelets, neutrophils, monocytes, Langerhans 
cells, and many other cells.18-23 It is assumed that se-
creted or membrane-associated heparanase is respon-
sible for the degradation of ECM. Macrophage mi-
gration inhibitory factor (MIF) is the first molecule to 
arrive at the inflammation site and likely determines 

the degree of cellular inflammation.24 The MIF has 
been involved in both types of diabetes,25 and there 
is evidence linking the MIF with DN. Moreover, the 
MIF also increases in experimental DN26 before the 
onset of microalbuminuria.27 It is hypothesized that 
increased MIF expression may contribute to DN pa-
thogenesis. In the present study, we investigated the 
renal effects of MIF inhibition in a diabetic experi-
mental model.

Material and methods

Experimental design

Eighteen male 10-week-old Wistar rats weighing 
(230 ± 20 g) were purchased from the animal house 
of the Urmia University of Medical Sciences, Urmia, 
Iran. All procedures for the animals were conduc-
ted in accordance with the Principles of Laboratory 
Animal Care (NIH publication no. 85-23, revised 
1985) and approved by the Ethical Committee of the 
Urmia University of Medical Sciences. The animals 
were maintained under controlled conditions of tem-
perature (21 ± 2ºC) and a 12/12 h light/dark cycle. 
The animals were fed normal rat diet and water. The 
animals were randomly divided into three groups (six 
animals each): Group 1 - healthy control (0.2 mL ip 
injection of normal saline), Group 2 - diabetic group, 
and Group 3 - diabetic group treated with MIF anta-
gonist (p425, 1 mg/kg; daily, ip).

In the diabetic group animals, diabetes was induced 
by a single intraperitoneal injection of streptozotocin 
(STZ, 50 mg per kg body weight, dissolved in saline), 
while the control rats were injected only with normal 
saline. Five days after the STZ injection, fasting blood 
glucose levels were determined with a glucose strip test 
in a glucometer. Rats with blood glucose levels above 
200 mg/dL were defined as the diabetic animals. MIF 
inhibitor (p424) was dissolved in normal saline. The 
treatment started 21 days after the STZ injection and 
this was considered the first day of treatment. The tre-
atment was continued daily for three weeks.

From the beginning of the third week after the in-
duction of diabetes, the rats were kept individually 
in metabolic cages (8 AM-2 PM) and urine samples 
were collected for 6-h measurement of urine protein 
excretion (UPE) and urine creatinine. The results re-
vealed a significant increase in the urine albumin ex-
cretion (UAE) rate in the diabetic rats in comparison 
with the control rats and the animals were considered 
nephropathic.
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Table 1	 Serum levels of creatinine, BUN, sodium and potassium in studied groups

Group Creatinine (mg/dl) BUN (mg/dl) Na (meq/L) K (meq/L)

Control 0.45 ± 0.1 13.3 ± 2.3 139.5 ± 4.8 4.2 ± 0.4

DN 1.04 ± 0.2* 26.1 ± 4* 141.2 ± 3.2 5.3 ± 0.6*

DN +p425 0.61 ± 0.1† 18.2 ± 1.9† 139 ± 4.7 4.6 ± 0.5
The values are shown as mean ± SD. DN (diabetic nephropathy), p425 (MIF antagonist)* and †indicate significance in comparison with control and 
DN group, respectively (p<0.05).

At the end of the sixth week, the rats were kept 
individually in metabolic cage (8 AM-2 PM) and 6-h 
urine samples were collected for biochemical analy-
sis. Then, six rats from every investigated group 
were sacrificed under ether anesthesia. Moreover, 
blood and tissue samples were collected.

Biochemical analyses

Blood samples were collected by cardiac puncture for 
measurement of Na, K, BUN, and creatinine (Cr). 
Serum BUN and creatinine were measured using au-
to-analyzer and serum Na and K concentrations were 
measured by flame photometry. Moreover, 6-h urine 
samples were collected for measurement of BUN, Cr, 
UPE, and glycosaminoglycan (GAG).

Urine protein excretion (UPE) was determined by 
a kit (Pars Azmon, Iran) and UPE was measured by 
quantitative reaction with bromocresol green28 using 
bovine serum albumin as standard. A volume of 10 
μL of the sample and standard were mixed separately 
with 1 mL of bromocresol green and then the absor-
bance was read at 625 nm.

Urinary GAG was measured spectrophotometri-
cally at a wavelength of 520 nm in 6-h urine samples, 
with a colorimetric method described by Jong,29 using 
1.9 dimethylene blue and bovine kidney heparan sul-
fate as standard (Sigma Cat No H7640).

Histological study

Following the blood sample collection, the right kid-
ney was removed and stored in 10% formaldehyde. 
Kidney sections (5 µm) were stained with periodic 
acid-Schiff (PAS) and Masson’s trichrome (MTC) for 
histologic and morphometric analysis. Mesangial ma-
trix accumulation was assessed by PAS-positive stai-
ning in nuclei-free areas of the mesangium. Mesangial 
matrix was evaluated in 30 randomly selected glome-
ruli and scored in a blinded manner on a scale of 0 to 
4, where 0 = 0–5%, 1= 0.5–25%, 2 = 0.25–50%, 3 
= 0.50–75%, and 4 = 0.75% deposition. The scores 
revealed variations in the extent rather than intensity 

of staining.30 The ‘sclerotic index’ referred to the me-
an score. Collagen deposition was measured with 
Masson’s trichrome staining of 30 glomeruli, scored 
in a blinded manner using the above-mentioned sys-
tem and reported as an arbitrary unit.30,31 Then, it 
was reported as mean sclerotic index and glomerular 
collagen staining score for each group.

Statistical analysis

Data are reported as the mean ± SD. Statistical sig-
nificance of differences was assessed with one-way 
ANOVA on SPSS (Version 18; SPSS Inc., Chicago, 
USA) followed by Tukey’s test. A p value less than 
0.05 was considered statistically significant. Linear 
regression analyses were applied to evaluate the rela-
tionship between the two variables.

Results

Effects p425 on serum BUN, creatinine, K and Na

As shown in Table 1, a significant increase could be no-
ted in the serum BUN, Cr, and K levels of the DN rats 
in comparison with the control (p < 0.001, p < 0.001, 
and p < 0.05, respectively). However, there was no sig-
nificant difference in the serum concentration of Na be-
tween the groups. Moreover, the administration of MIF 
antagonist (p425) in the DN group reduced serum BUN 
and Cr and these changes were statistically significant 
(p < 0.01 and p < 0.05, respectively). Collectively, these 
data suggested that p425 was able to protect against DN 
injury.

Effects of p425 on blood glucose

As shown in Figure 1, in the 5, 21, and 42th day of the 
6-week study period, blood glucose levels were 84.4 ± 
8.9, 81.2 ± 5.1, and 87.7 ± 8.7 mg/dL, respectively, for 
healthy controls while the DN animals had significantly 
elevated levels (316.4 ± 72.1, 328.1 ± 42.3 and 321.6 ± 
74.3 mg/dL, respectively, p < 0.001). The elevated blood 
glucose level remained stable over time. The administra-
tion of p425 in the DN group in the 42th day study pe-
riod reduced blood glucose in comparison with the DN 
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Figure 1. Blood glucose in the 5, 21, 42th day of the study period. 
The values are shown as mean ± SD. DN: Diabetic Nephropathy.; 
p425: MIF antagonist. *indicated significance in comparison with the 
control (p < 0.001).

Figure 2. Urine protein/creatinine ratio. The values are shown as 
mean ± SD. DN: Diabetic Nephropathy; p425: MIF antagonist; * and 
† indicate the significance in comparison with the control and DN 
group, respectively (p < 0.001).

Table 2	 Urine levels of creatinine, protein, and glycosaminoglycan (GAG)
Group Cr U (mg/dl) Prot. U 21 (mg/6h) Prot. U 42 (mg/6h) GAG (mg/6h)

Control 33.9 ± 4.8 8.8 ± 2.4 9.4 ± 2.6 41.6 ± 6.8

DN 26.9 ± 7.2 50 ± 14.6* 70 ± 2.4* 131.2 ± 19.2*

DN +p425 29.4 ± 7.7 48.6 ± 18.3* 17.4 ± 8.4† 60.8 ± 12†

The values are shown as mean ± SD. DN (diabetic nephropathy), p425 (MIF antagonist) Uprot.21 and 42 (urine protein in 21th and 42th day). * and † 
indicate significance in comparison with control and DN group, respectively (p < 0.01).

Figure 3. Linear regression curves representing urinary protein and 
glycosaminoglycan in the normal and diabetic rats (r= 0.89 and p < 
0.001).

group without p425, though this change was not statisti-
cally significant (Figure 1).

Effects p425 on urine GAG

At the end of the 6-week study period, urinary 6-hour 
GAG levels were significantly higher in the DN rats 
in comparison with the healthy controls (p < 0.001). 
However, the MIF antagonist (p425) group had lower 
GAG excretion than the untreated DN rats; this chan-
ge was statistically significant (p < 0.001, Table 2).

Effects of p425 on urine protein excretion and 
protein-creatinine ratio (PCR):

At the end of the 3-week study period, urinary 6-hour 
protein excretion level was 8.8 ± 2.4, 50 ± 14.6 
and 48.6±18 mg/6h in the healthy control, diabetic 
control, and treated diabetic control, respectively. 
Urinary protein excretion increased significantly in 
the diabetic rats (p < 0.01). Moreover, urinary 6-hour 
protein excretion level remained high over time in 
the DN in comparison with the control (p < 0.001). 
However, the administration of MIF antagonist 
(p425) significantly reduced urine 6-h protein excre-
tion (p < 0.001) in the DN in comparison with the 
untreated DN group (Table 2). The results indicated 
an improvement effect of p425 on the STZ-induced 
DN in the rats, which was evidenced by a significant 

decrease (p < 0.001) in the urinary protein/creatinine 
ratio (Figure 2).

Correlation between urinary protein and urinary 
glycosaminoglycan excretion

Urinary protein excretion was significantly corre-
lated with urinary glycosaminoglycan excretion 
(r =0.89, p < 0.001) in all the study groups (Figure 3).

Effects of p425 on morphological change after 
DN injury

As shown in Figures 4 and 5, DN led to tubular in-
jury characterized by pronounced renal tubular 
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Figure 4. Photomicrographs of PAS staining of renal tissues. DN: Diabetic Nephropathy; p425: MIF antagonist. Arrows show the mesangial matrix 
accumulation in nuclei-free areas of the mesangium in glomeruli. The “sclerotic index” refers to the mean ± SE score. The scores reflect variations 
in the extent rather than intensity of staining. * and † indicate significance in comparison with the control and DN group, respectively (p < 0.001). 
Magnification: 400×.

detachment, tubular cell necrosis, and loss of brush 
border as well as increased glomerular surface area, 
mesangial expansion, thickening of the GBM and 
Bowman’s capsule, and increased deposition of matrix 
proteins within the mesangial matrix. The ‘sclerotic 
index’, which reflects glomerular matrix accumula-
tion, increased in non-treated DN rats in comparison 
with the healthy control (2.73 ± 0.17 vs. 0.2 ± 0.07, 
three weeks after onset of albuminuria, p < 0.001), 
but was significantly reduced (1.17 ± 0.16, p < 0.001) 
with p425 treatment (Figure 4). Collagen deposition 
in the glomerulus was markedly reduced in the DN 
group following p425 treatment (2.37 ± 0.11 vs. 0.57 

± 0.09, p < 0.001) (Figure 5). As shown in Figures 4 
and 5, the aforementioned pathological changes were 
significantly alleviated in the p425 administered-DN 
rats.

Discussion

The results of the present study demonstrated that MIF 
antagonist (p425) reduced proteinuria and urine GAG 
excretion and prevented glomerular basement membra-
ne thickening and ECM accumulation in the STZ indu-
ced DN rats. Over the 6-week study, there was a signi-
ficant increase in urinary protein excretion. Glomerular 
abnormalities included thickening of the GBM. Changes 
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Figure 5. Photomicrographs of Masson trichrome (MTC) staining of renal tissues. DN: Diabetic Nephropathy; p425: MIF antagonist. Arrows show 
the collagen deposition. The “glomerular collagen deposition” refers to the mean ± SE score. * and † indicate significance in comparison with the 
control and DN group, respectively (p < 0.001). Magnification: 400×.

in heparan sulfate GAG chains were not investigated in 
the present study; however, a loss of heparan sulfate 
proteoglycans in the GBM contributed to proteinuria in 
glomerular diseases including the DN.32 The results of 
the present study confirmed that urinary GAG excre-
tion was elevated in the non-treated diabetic rats as 
shown before in diabetic rats by Reddi.33,34 A signifi-
cant decrease in urinary GAG excretion was detected 
in the p425-treated DN rats compared with the non-
-treated DN rats. Urinary GAG excretion was signi-
ficantly correlated with protein excretion in all the 
study groups. This might indicate that increased loss 
of proteoglycans from diabetic kidneys is prevented 
by the MIF antagonist (p425) treatment. This is the 
first report of such an effect. 

Results of biochemical parameters are in agree-
ment with light microscopy findings. These findings 
suggest that MIF inhibition may be beneficial to DN 
and this effect may be attributable to its modula-
tion of macrophage activation as well as glomerular 

basement membrane. We are interested in the MIF as 
a potential therapeutic target for DN not only becau-
se it is elevated in DN patients and animal models26,27 
but also due to its pivotal role in inflammation casca-
de and macrophage polarization. The MIF is the first 
molecule to arrive at the inflammation site and likely 
determines the degree of cellular inflammation.24 

Although heparanase activity changes were not 
examined in the present study, heparanase activity has 
been reported in macrophages, platelets, neutrophils, 
monocytes, Langerhans cells, and many other cells.18-23 
It was assumed that secreted or membrane-associated 
heparanase was responsible for the degradation of the 
ECM. Heparanase activity, an endoglycosidase that 
specifically cleaves HS side chains of HSPG, has been 
observed in both type 1 and type 2 diabetic patients 
with proteinuria.12,13 Therefore, loss of HS in the glo-
merular basement membrane results in a decrease of 
the anionic charge barrier and may possibly be one of 
the major causes of proteinuria in DN.
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DN is characterized by progressive fibrosis as a 
final pathway, which eventually affects all substructu-
res of the kidney. Recent studies have revealed inters-
titial infiltration of macrophages that produce cytoki-
nes responsible for histological injury and fibroblast 
proliferation and activation.35,36 Some studies have 
demonstrated that classically activated M1 macro-
phages induce podocyte permeability.37 The present 
study provided evidence that the inhibition of the 
MIF was functionally significant, which may have re-
sulted in reduced macrophage activation in the diabe-
tic kidney, associated with reduced proteinuria, ECM 
accumulation, and collagen deposition in glomeruli in 
vivo. These effects may be attributable to the inhibi-
tory effect of the MIF on macrophage activation in 
the diabetic kidney. Thus, MIF inhibition may be a 
potential therapeutic strategy for DN. 

In conclusion, the MIF antagonist (p425) treatment 
reduces urinary protein and GAG excretion, prevents 
GBM thickness and collagen deposition, and probably 
protects from the loss of GBM anionic content in DN 
rats. Preservation of GAG and anionic charges of the 
GBM seems to be one of the mechanisms by which 
p425 mitigates the proteinuria in diabetic rats.
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