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 Abstract 
  Background/Aims:  Tumor necrosis factor (TNF)-α is believed to play a role in diabetic kidney 
disease. This study explores the specific effects of TNF-α with regard to nephropathy-relevant 
parameters in the podocyte.  Methods:  Cultured mouse podocytes were treated with recom-
binant TNF-α and assayed for production of monocyte chemoattractant protein-1 (MCP-1) by 
enzyme-linked immunosorbent assay (ELISA). TNF-α signaling of MCP-1 was elucidated by 
antibodies against TNF receptor (TNFR) 1 or TNFR2 or inhibitors of nuclear factor-kappaB (NF-
κB), phosphatidylinositol 3-kinase (PI3K) or Akt. In vivo studies were done on male  db/m  and 
type 2 diabetic  db/db  mice. Levels of TNF-α and MCP-1 were measured by RT-qPCR and ELISA 
in the urine, kidney and plasma of the two cohorts and correlated with albuminuria.  Results:  
Podocytes treated with TNF-α showed a robust increase ( ∼ 900%) in the secretion of MCP-1, 
induced in a dose- and time-dependent manner. Signaling of MCP-1 expression occurred 
through TNFR2, which was inducible by TNF-α ligand, but did not depend on TNFR1. TNF-α 
then proceeded via the NF-κB and the PI3K/Akt systems, based on the effectiveness of the 
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inhibitors of those pathways. For in vivo relevance to diabetic kidney disease, TNF-α and MCP-
1 levels were found to be elevated in the urine of  db/db  mice but not in the plasma.  Conclu-
sion:  TNF-α potently stimulates podocytes to produce MCP-1, utilizing the TNFR2 receptor 
and the NF-κB and PI3K/Akt pathways. Both TNF-α and MCP-1 levels were increased in the 
urine of diabetic  db/db  mice, correlating with the severity of diabetic albuminuria. 

 © 2015 S. Karger AG, Basel 

 Introduction 

 Tumor necrosis factor (TNF)-α, a potent cytokine associated with inflammatory response, 
is believed to play a major role in many kidney diseases, including diabetic nephropathy. 
TNF-α mRNA and protein expressions are known to be elevated in the kidney of strepto-
zotocin (STZ)-induced diabetic rats  [1–3] , and TNF-α protein is excreted in increased amounts 
in the urine of diabetic subjects  [4] . When TNF-α signaling is prevented by a chimeric mono-
clonal anti-TNF-α antibody in the STZ-diabetic rat, albuminuria and urinary TNF-α excretion 
are both significantly reduced  [5] .

  In the diabetic kidney, various inflammatory cells and resident kidney cells such as renal 
tubular  [6, 7] , mesangial  [6] , glomerular endothelial, and dendritic cells  [8]  produce TNF-α. 
Podocytes may also generate TNF-α  [9] , and high glucose has been shown to increase podo-
cyte TNF-α mRNA expression after 14 days  [10] . The locally secreted TNF-α could have potent 
effects upon the kidney, such as the recruitment of polymorphonuclear neutrophils and 
monocytes, the local generation of reactive oxygen species and an increase in the glomerular 
permeability to albumin  [11, 12] . The multitude of biological activities of TNF-α could 
converge to inflict damage to the kidney in diabetes, but the precise mechanisms remain to 
be elucidated.

  One of the potential links between TNF-α and the manifestations of diabetic nephropathy 
is the chemokine monocyte chemoattractant protein-1 (MCP-1). TNF-α is known to induce 
MCP-1 in human mesangial cells  [13] ; and MCP-1, being upregulated in the diabetic kidney, 
promotes the accumulation of macrophages, the progression of renal fibrosis, the exacer-
bation of diabetic albuminuria, and a decrement in kidney clearance function  [14–16] . With 
regard to podocytes, however, the effect of TNF-α upon MCP-1 production has scarcely been 
studied. Furthermore, our discovery of an MCP-1/CCR2 loop that increases podocyte motility 
and permeability to albumin gives additional impetus to investigate the relationship between 
TNF-α and MCP-1  [17] . Insofar as diabetic nephropathy may be attributable to TNF-α  [5, 18] , 
it is worthwhile to study TNF-α-induced podocytopathy. Podocytes are subject to the 
increased TNF-α levels in the diabetic state and are competent to respond to TNF-α, with 
conditionally immortalized podocytes expressing both TNF receptors (TNFR) 1 and 2  [9] .

  Methods 

 Cell Culture 
 Conditionally immortalized mouse podocytes (a gift of Dr. Peter Mundel, Harvard Uni-

versity, Boston, Mass., USA) were cultured as previously described  [19, 20] . Differentiated po-
 docytes were synchronized into quiescence by growing cells in serum-free medium for 24 h 
before the experiment. To examine the effects of TNF-α on MCP-1 generation, the cells were 
treated with recombinant mouse TNF-α (R&D Systems, Minneapolis, Minn., USA) at the dose 
and time indicated in each Results section. To neutralize the TNFRs, hamster anti-TNFR1 IgG 
(R&D Systems) and hamster anti-TNFR2 IgG (BD Biosciences, San Jose, Calif., USA) antibodies 
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were used. Control antibody was hamster IgG (BD Biosciences). To demonstrate the pathways 
involved in TNF-α-induced MCP-1 production, the following specific inhibitors were added 
concurrently with the TNF-α treatment: nuclear factor kappaB (NF-κB) activation inhibitor 
(BAY 11-7082; Enzo Life Sciences, Farmingdale, N.Y., USA), phosphatidylinositol 3-kinase 
(PI3K) inhibitor (LY294002; EMD, San Diego, Calif., USA) or Akt inhibitor IV (EMD). The 
experiments were also done in high-glucose media (450 or 540 mg/dl dextrose) for 24 h or 
with advanced glycation endproduct-bovine serum albumin (AGE-BSA; 50 μg/ml; Calbiochem, 
Billerica, Mass., USA) for 48 h to mimic specific metabolic features of diabetes.

  Experimental Animals 
 All protocols using rodents were approved by the Institutional Animal Care and Use 

Committee of Northwestern University and were in compliance with the NIH Guide for the 
Care and Use of Laboratory Animals. Male diabetic  db/db  mice (C57BLKS/J- Lepr  db / Lepr  db ) 
and male nondiabetic  db/m  mice (C57BLKS/J- Lepr  db /+) were purchased at 6 to 7 weeks of 
age from Jackson Laboratory (Bar Harbor, Me., USA). By 8 weeks of age, all  db/db  mice were 
hyperglycemic. The animals were provided with food and water ad libitum .  The experiments 
were continued for 8 weeks, at which time the mice underwent a final 18-hour urine collection. 
Blood was obtained from the retro-orbital sinus during terminal anesthesia with isoflurane. 
Euthanasia was achieved by isoflurane and cervical dislocation. Urinary albumin concentra-
tions were determined by the Albuwell M kit, and urinary creatinine was assayed by the 
Creatinine Companion kit (both kits from Exocell, Philadelphia, Pa., USA).

  Processing Kidneys into Protein Lysates 
 Processing was done as previously reported by us  [21, 22] . In brief, after being flushed 

with phosphate-buffered saline injected into the aorta, the mouse kidney was removed and 
mechanically homogenized in RIPA lysis buffer, supplemented with protease inhibitors and 
sodium orthovanadate. The preparation was then centrifuged at 14,000  g , and the super-
natant was collected as the kidney protein lysate. Its total protein concentration was measured 
by the Lowry assay (Bio-Rad, Hercules, Calif., USA). Renal levels of TNF-α and MCP-1 were 
measured by enzyme-linked immunosorbent assay (ELISA), as described below.

  Measurement of TNF-α 
 The TNF-α concentration in murine kidney lysate, urine or plasma was measured using 

a commercial quantitative sandwich ELISA (Pharmingen; BD Biosciences) that was specific 
for mouse TNF-α and sensitive down to 5 pg/ml. The renal TNF-α concentration was 
normalized to the total protein concentration of the kidney lysate, and the urinary TNF-α 
concentration was normalized to the urinary creatinine concentration.

  Measurement of MCP-1 
 The MCP-1 concentration in podocyte medium, kidney protein lysate, mouse urine, or 

mouse plasma was measured using a commercial quantitative sandwich ELISA (R&D Systems) 
that was specific for mouse MCP-1 and sensitive down to 2 pg/ml. The podocyte or renal 
MCP-1 concentration was normalized to the total protein concentration of the respective 
lysate, and the urinary MCP-1 concentration was normalized to the urinary creatinine concen-
tration.

  Assay for Cytotoxicity 
 The potential for cellular cytotoxicity caused by the inhibitors was evaluated by a WST-1 

assay kit (Cayman Chemical, Ann Arbor, Mich., USA), which is based on the reduction of a 
tetrazolium salt WST-1 to soluble formazan by electron transport across the plasma mem-
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brane of viable cells  [23] . Differentiated podocytes, grown on a type I collagen-coated 96-well 
plate at a density of 10 4  cells/well, were incubated in serum-free DMEM with the reagents for 
the times indicated in the Results section. After a subsequent 2-hour incubation with recon-
stituted WST-1, optical density was measured at 450 nm. Alternatively, but still based on the 
reduction to formazan, the MTT assay was also used to assess cytotoxicity.

  RT-PCR 
 Podocyte RNA was treated with DNase I to clear contaminating genomic DNA and reverse-

transcribed with 100 U Superscript II (Invitrogen, Carlsbad, Calif., USA), 0.5 μg gene-specific 
primer, 20 U RNase inhibitor, and 1 m M  dNTPs. The RT reaction was carried out at 42   °   C for 
50 min, followed by inactivation at 70   °   C for 15 min, after which RNase H was added and the 
mixture was incubated at 37   °   C for 30 min. Subsequently, PCR was performed, with initial 
denaturation at 94   °   C for 1 min, followed by 40 cycles of denaturation at 94   °   C for 15 s, 
annealing at 60   °   C for 1 min, and extension at 72   °   C for 30 s, with a final extension at 72   °   C for 
8 min. Primers for mouse TNFR1 were 5 ′ -CAG TCT GCA GGG AGT GTG AA-3 ′  (forward) and 
5 ′ -CAC GCA CTG GAA GTG TGT CT-3 ′  (reverse)  [24] , with a predicted size of 197 bp. Primers 
for TNFR2 were 5 ′ -TAC CAA GGG TGG CAT CTC TC-3 ′  (forward) and 5 ′ -TCC TGG GAT TTC TCA 
TCA GG-3 ′  (reverse), with the predicted size of the RT-PCR product being 171 bp.

  Real-Time RT-qPCR 
 Total RNA was isolated from cultured podocytes using TRIzol reagent (Life Technologies, 

Grand Island, N.Y., USA), and the purity of RNA was confirmed by an A 260/280  absorbance ratio 
>1.8. First-strand cDNA synthesis was carried out using the High-Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Grand Island, N.Y., USA) or ReverTra Ace (Toyobo, 
Osaka, Japan). Real-time RT-PCR was performed on a StepOnePlus PCR machine (Applied 
Biosystems) in a 10-μl volume with TaqMan Gene Expression MasterMix (Applied Biosystems). 
Primers and FAM probes for mouse TNF-α (Mm00443258_m1), MCP-1 (Mm00441243_g1), 
TNFR1 (Mm00441875_m1), and TNFR2 (Mm00441889_m1) were purchased from ABI 
TaqMan Gene Expression Assay (Applied Biosystems, Life Technologies). PCR was run using 
standard conditions: initial 95   °   C for 10 min followed by 40 cycles of denaturation at 95   °   C for 
15 s and then annealing and extension at 60   °   C for 60 s. The relative expression of the gene of 
interest was measured by the ΔΔC t  method. To normalize the gene expression to a stable 
reference point not influenced by TNF-α, the geNorm reference gene selection kit (Prim-
erDesign, Ltd., Southampton, UK) was used. Of the 12 candidate genes in that kit, mouse 
calnexin and phospholipase A2 were determined to work the best for housekeeping purposes, 
and all of the results were normalized to calnexin and phospholipase A2 expression. Addi-
tionally, for mouse TNF-α, TNFR2 and MCP-1, the SYBR Green method was done using primers 
for (1) TNF-α: 5 ′ -TCC CAG GTT CTC TTC AAG GGA-3 ′  (forward) and 5 ′ -GGT GAG GAG CAC GTA 
GTC GG-3 ′  (reverse); (2) TNFR2: 5 ′ -GTC GCG CTG GTC TTC GAA CTG-3 ′  (forward) and 5 ′ -GGT 
ATA CAT GCT TGC CTC ACA GTC-3 ′  (reverse), and (3) MCP-1: 5 ′ -CTG GAT CGG AAC CAA ATG 
AG-3 ′  (forward) and 5 ′ -CGG GTC AAC TTC ACA TTC AA-3 ′  (reverse).

  Nuclear Fraction Isolation 
 Mouse podocytes at 80% confluency were harvested from 10 cm culture dishes, washed 

twice with 4   °   C phosphate-buffered saline and subsequently centrifuged at 450  g  for 5 min. 
After removal of supernatant, cellular pellets were resuspended and incubated in isotonic 
lysis buffer (10 m M  Tris HCl, pH 7.5, 2 m M  MgCl 2 , 3 m M  CaCl 2 , 0.3  M  sucrose, and protease 
inhibitor cocktail) for 15–20 min until obvious swelling of the cellular membranes was 
observed. The swollen cells were centrifuged at 11,000  g  for 30 s to pellet the heavy nuclear 
fractions. After removal of supernatant, nuclear pellets were incubated for 30 min in an 
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extraction buffer (20 m M  HEPES, pH 7.9, 1.5 m M  MgCl 2 , 0.42  M  NaCl, 0.2 EDTA, 25% (v/v) 
glycerol, and protease inhibitor cocktail) at 4   °   C with gentle agitation. Solubilized nuclear 
proteins in this supernatant were collected after centrifugation at 20,000  g  for 5 min.

  Western Blotting 
 The podocyte lysate was homogenized in RIPA lysis buffer and spun at 14,000  g  to pellet 

the nuclei and large cellular fragments. The supernatant protein concentrations or the nuclear 
fraction protein concentrations were measured by the Lowry assay (Bio-Rad) and equalized 
with the addition of Laemmli buffer, before SDS-based electrophoresis through a 3–8% 
gradient polyacrylamide gel (Invitrogen). Proteins were electrically transferred to a nitrocel-
lulose membrane that was probed with the appropriate primary antibody: rabbit anti-
phospho-Akt (Ser473; Cell Signaling, Beverly, Mass., USA), rabbit anti-Akt (Cell Signaling) or 
mouse anti-RelA/p65 (R&D Systems). After incubation with horseradish peroxidase-conju-
gated secondary antibody, anti-rabbit or anti-mouse IgG (both GE Healthcare, Piscataway, 
N.J., USA), the chemiluminescent reaction was developed with SuperSignal West Pico (Pierce, 
Rockford, Ill., USA).

  Immunostaining Kidney for TNFR2 
 Frozen kidney sections from the male  db/m  and  db/db  mice were air-dried on glass slides 

for 30 min, fixed with 100% cold acetone for 10 min, blocked with 1% BSA for 45–60 min
at 37   °   C, and incubated with primary anti-TNFR2 rabbit polyclonal antibody (sc-7862; San-
ta Cruz Biotechnology, Dallas, Tex., USA) for 1 h at 37   °   C. Then the slides were incubated
with secondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L; A-11008; 
Life Technologies) for 1 h at room temperature. Nuclear staining was done with DAPI 
(4’,6-diamidino-2-phenylindole dihydrochloride). Immunofluorescence images were cap-
tured with a laser-scanning confocal microscope (LSM 510 Meta; Carl Zeiss Microimag-
ing) at 600× magnification and overlaid onto the DAPI images.

  Statistical Analyses 
 Data are displayed as the mean ± SEM for the number of independent experiments or 

animals indicated. Student’s t test was used to compare two groups. One-way analysis of 
variance followed by Bonferroni’s posttest was used to compare multiple groups. A p value 
<0.05 was considered statistically significant.

  Results 

 Dose-Response of the TNF-α Effect on Podocyte MCP-1 Production 
 Podocytes were exposed to exogenous recombinant mouse TNF-α in doses of 1, 10 and 

100 ng/ml for 24 h. Already 1 ng/ml TNF-α increased MCP-1 secretion into the culture media 
of the podocytes by 8.7-fold versus control ( fig. 1 a). 10 ng/ml TNF-α stimulated MCP-1 
secretion even more (12.4-fold vs. control,  fig. 1 a). The effect seemed to plateau at 10 ng/ml; 
100 ng/ml TNF did not increase MCP-1 secretion any further.

  As is visible in figure 10, the circulating plasma level of TNF-α in the diabetic  db/db  mouse 
is about 20 pg/ml. To test a more ‘physiological’ concentration of TNF-α on the in vitro 
podocyte, we also included TNF-α doses below the 10 ng/ml that is otherwise used throughout. 
Besides the 1 ng/ml used above, the doses ranged from 0.020 ng/ml (20 pg/ml) to 0.100 ng/
ml (100 pg/ml). Both of these TNF-α concentrations were able to elicit a significantly increased 
production of MCP-1 at 24 h ( fig. 1 b). The graph shows a graded dose-response curve for 
sub-10 ng/ml TNF-α doses.
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  Fig. 1.  TNF-α stimulates MCP-1 production and secretion in cultured podocytes. Differentiated mouse podo-
cytes were treated with incremental doses of recombinant mouse TNF-α for 24 h.  a  Compared with control, 
TNF-α markedly increased MCP-1 concentrations, measured by ELISA, in the conditioned media (n = 4).
 *  p < 0.005 vs. control,  †  p < 0.05 vs. 1 ng/ml TNF-α.  b  More physiological concentrations of circulating TNF-α 
that are found in diabetes were also tested. At 20 and 100 pg/ml, the podocyte production of MCP-1 was sig-
nificantly increased, in a graded dose-response manner with 1 and 10 ng/ml TNF-α (n = 3).  *  p < 0.05 and 
 *  *  p < 0.01 vs. control (0 ng/ml TNF-α).  c  The effect of high glucose (HG) medium for 24 h was tested. Dex-
trose at 450 mg/dl seemed to inhibit the ability of TNF-α to induce podocyte MCP-1, especially at the 10 ng/
ml dose, with a p < 0.01 for the comparison between normal glucose (NG) and HG (n = 3).  *  p < 0.05 and
 *  *  p < 0.01 vs. 0 ng/ml TNF-α in NG.  d  Testing cytotoxicity, an MTT assay showed that escalating doses of 
TNF-α from 0 (control) to 50 ng/ml progressively decreased podocyte viability (n = 6).  *  p < 0.01 vs. 0 ng/ml 
TNF-α in NG.  e  Dextrose at 540 mg/dl for 24 h stimulated TNF gene expression by about 2-fold compared 
with control (100 mg/dl dextrose) and osmotic control (30 m M  mannitol) (n = 2).  *  p < 0.05 vs. NG.  †  p < 0.05 
vs. mannitol. f AGE-BSA at 50 μg/ml did not significantly affect TNF-α mRNA expression compared to control 
BSA (n = 2). 
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  We then tested if high glucose might modulate the stimulatory effect of TNF-α on podocyte 
MCP-1 production. TNF-α at 1 and 10 ng/ml induces MCP-1 in normal glucose medium, as 
expected ( fig. 1 c). But in the presence of high glucose medium (450 mg/dl dextrose), the 
TNF-α doses do not seem to be able to stimulate MCP-1 production further at 24 h ( fig. 1 c). A 
14-day treatment with high glucose  [10]  was not compatible with the time course of TNF-α 
effect.   Finally, an MTT assay for cytotoxicity showed that TNF-α reduced podocyte viability 
in a dose-response manner up to 50 ng/ml ( fig. 1 d).

  Effects of High Glucose and AGE on TNF-α 
 High glucose may not further stimulate MCP-1 secretion beyond the robust effect of 

TNF-α, but high glucose did increase the expression of TNF-α. When treated for 24 h with 540 
mg/dl dextrose, the cultured podocytes demonstrated an about 2-fold increase in TNF-α 
mRNA expression. However, a significant increase in TNF-α mRNA was not seen with an 
osmotic control (mannitol;  fig. 1 e). In contrast to high glucose, 50 μg/ml of an advanced 
glycation endproduct for 48 h did not increase the expression of TNF-α compared to a non-
glycated protein control (AGE-BSA vs. BSA;  fig. 1 f).

  Time Course of the TNF-α Effect on Podocyte MCP-1 
 With the dose of TNF-α fixed at 10 ng/ml, the stimulation of MCP-1 secretion by mouse 

podocytes was evident in as short as 6 h (16.3-fold). Additional exposure time to TNF-α 
further increased the secretion of MCP-1 protein, and the effect of TNF-α persisted over a 
48-h incubation (10.1-fold). The gradual MCP-1 increase under control conditions reflects 
MCP-1 accumulating in the medium over time. However, the rate of MCP-1 accumulation due 
to the TNF-α-treated podocytes far exceeded that from the control podocytes. Concordant 
with the protein production, the TNF-α-induced gene expression of MCP-1, seen by RT-qPCR, 
increased exuberantly with time. The mRNA level peaked at around 13-fold at 24 h before 
dipping somewhat to  ∼ 11-fold at 48 h ( fig. 2 ).

  Podocytes Express Both TNFRs 
 Differentiated cultured mouse podocytes showed mRNA expression by RT-PCR of both 

TNFR1 ( TNFRSF1A , accession No. NM_011609) and TNFR2 (TNFRSF1B, accession No. 
NM_011610;  fig. 3 ). The bands are of the expected sizes (197 and 171 bp, respectively) and 
do not arise from genomic DNA contamination, as the primer sets each cross an exon-intron 
junction. As negative controls, RNA treated with DNase but not reverse-transcribed did not 
show any PCR band ( fig. 3 ).
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  Fig. 2.  Time course of TNF-α stim-
ulation of MCP-1 mRNA expres-
sion in cultured podocytes. Differ-
entiated mouse podocytes were 
treated with 10 ng/ml recombi-
nant mouse TNF-α for the indicat-
ed periods of time up to 48 h. 
TNF-α potently increased MCP-1 
gene expression, assayed by RT-
qPCR, in treated podocytes at 24 h 
(13.3-fold) and 48 h (11-fold). 
 *  *  *  p < 0.005 vs. control (n = 3). 
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  TNFR2 Is the Primary TNFR in Podocytes 
 To establish which TNFR(s) was mediating the effect of exogenous TNF-α on MCP-1 

production in podocytes, specific neutralizing antibodies against either TNFR1 (60 μg/ml) or 
TNFR2 (20 μg/ml) or both or else a species- and isotype-matched control IgG was added. 10 
ng/ml TNF-α was added for 6 h. A second set of podocytes undergoing the same experiment 
showed no effect of the antibodies on cell viability by WST-1 assay. In the presence of control 
IgG, 10 ng/ml TNF-α increased the MCP-1 quantity in the medium ( fig. 4 ). When neutralizing 
anti-TNFR1 antibody was used, no attenuation of MCP-1 secretion was seen. However, when 
neutralizing TNFR2 antibody was used, the increase in MCP-1 due to TNF-α was abrogated 
( fig. 4 ). The combination of both anti-TNFR1 and anti-TNFR2 had no additional effect 
compared to anti-TNFR2 alone ( fig. 4 ).

25 

50 

75 

100 

150 

200 

250 

1 2 M 3 4
  Fig. 3.  RT-PCR demonstrating 
gene expression of the TNFRs in 
podocytes. Total mRNA in the 
podocyte was DNase I-treated and 
then reverse-transcribed using oli-
go-dT. PCR was performed using 
exon-junction spanning primer 
pairs that are specific for the mu-
rine TNFR1 and TNFR2. On the 
agarose gel, PCR product bands
are positive for both TNFR1 and 
TNFR2, with predicted amplicon 
sizes of 197 and 171 bp, respec-
tively. As a negative control, the RT 
reaction was omitted, and the PCR 
bands no longer appear. 1 = TNFR1, 
DNase I-treated, not reverse-tran-
scribed; 2 = TNFR1 primers; 3 = 
TNFR2 primers; 4 = TNFR2, DNase 
I-treated, not reverse-transcribed; 
M = marker in bp. 
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  Fig. 4.  TNFR2 mediates TNF-α-
induced MCP-1 in podocytes. 
Compared to a species-matched 
control antibody, a neutralizing 
anti-TNFR1 antibody had no sig-
nificant effect on the induction of 
MCP-1 by 10 ng/ml TNF-α for 6 h. 
In contrast, a neutralizing anti-
TNFR2 antibody completely pre-
vented the stimulation of MCP-1 
protein production. Combination 
therapy with both neutralizing 
antibodies had no further effect 
versus anti-TNFR2 alone. p values 
are as shown for the relevant 
comparisons (n = 3). 
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  TNFR2 Expression in Podocytes Is Increased by TNF-α 
 Cultured podocytes treated with 10 ng/ml TNF-α for 24 or 48 h were isolated for total 

RNA and quantified for mRNA encoding TNFR1 or TNFR2. The message for TNFR1 did not 
change significantly at either 24 or 48 h ( fig. 5 a). In contrast, the message for TNFR2 increased 
by  ∼ 60% at 24 h and remained significantly increased by  ∼ 40% at 48 h ( fig. 5 b), showing that 
TNFR2 gene expression in the podocyte is inducible by its ligand TNF.

  TNFR2 Is Increased by AGE but Not by High Glucose 
 Podocytes treated for 24 h in 540 mg/dl dextrose did not show any significant change in 

the mRNA expression of TNFR2. Neither was the podocyte TNFR2 increased by 24 h of 
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  Fig. 5.  TNFR2, but not TNFR1, 
gene expression is induced by 
TNF-α.  a  Podocytes treated with 
10 ng/ml TNF-α showed no 
change in TNFR1 mRNA levels by 
real-time RT-qPCR at either 24 or 
48 h of treatment.  b  However, 
there was a significant increase in 
TNFR2 mRNA levels at both 24 
and 48 h of treatment with TNF-α. 
 *  p < 0.01 and  *  *  p < 0.05 vs. con-
trol at T0 (n = 3).  c ,  d  Further in-
vestigating TNFR2, we found that 
high glucose (540 mg/dl; HG) for 
24 h did not change the expres-
sion but that AGE-BSA (50 μg/ml) 
for 48 h did increase TNFR2 
mRNA expression by more than 
2-fold (n = 2).  *  p < 0.05 vs. BSA.
 e  By immunohistological fluores-
cence (IF), the amount of TNFR2 
protein localized in the glomeru-
lus was increased in the  db/db  vs. 
 db/m  mice. A representative pho-
tomicrograph is shown (×600 
magnification). 
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exposure to an osmotic control (mannitol;  fig. 5 c). On the other hand, TNFR2 gene expression 
was markedly stimulated by 50 μg/ml AGE-BSA versus control BSA for 48 h ( fig. 5 d).

  TNFR2 Protein Is Increased in the Glomerulus of the db/db Mouse 
 Frozen kidney sections were immunostained for TNFR2. The  db/m  controls showed 

almost no green fluorescent signal, indicating a dearth of TNFR2 protein in the glomerulus 
( fig. 5 e). On the contrary, the  db/db  mice exhibited noticeably increased amounts of TNFR2 
fluorescent signal in the glomerulus ( fig. 5 e). It remains to be determined which glomerular 
cell types are expressing more TNFR2 in the diabetic state.

  NF-κB Is Involved in TNF-α-Stimulated MCP-1 
 Targeting of the NF-κB transcription factor was achieved with BAY 11-7082 that blocks 

the TNF-α-induced phosphorylation of inhibitory κB-α. When not phosphorylated, inhibitory 
κB-α continues to sequester NF-κB in the cytoplasm. Podocytes were pretreated with 2 μ M  
BAY 11-7082 for 1 h and then treated with 10 ng/ml TNF-α for 12 h. No cytotoxicity was seen 
due to BAY 11-7082 by WST-1 uptake in a parallel set of podocytes. The efficacy of BAY 
11-7082 in podocytes was established by assaying the translocation of the p65 subunit (RelA) 
of NF-κB into the nucleus. At baseline, the Western blot band for the p65 protein in the nucleus 
was barely detectable ( fig. 6 ). Upon stimulation with 10 ng/ml TNF-α, the levels of the NF-κB 
p65 subunit were visibly and markedly increased. Pretreatment with 2 μ M  BAY 11-7082, 
however, prevented the increase of the nuclear p65 levels due to TNF-α ( fig. 6 ). Assured of the 
efficacy of BAY 11-7082 on NF-κB, we tested its ability to inhibit TNF-α from stimulating the 
podocyte production of MCP-1. As before, TNF-α caused MCP-1 to increase 10.5-fold ( fig. 7 ). 
But 2 μ M  BAY 11-7082 blunted the stimulatory effect of TNF-α on MCP-1 by 62% ( fig. 7 ).

  PI3K Is Involved in TNF-α-Stimulated MCP-1 
 The PI3K pathway may mediate selected actions of TNF-α, so its role was investigated in 

MCP-1 expression. Cultured podocytes were pretreated with or without increasing doses of 
LY294002 (an PI3K inhibitor) or 750 n M  Akt inhibitor IV for 1 h and then treated with or 
without 10 ng/ml TNF-α for 6 or 48 h. WST-1 uptake assayed in parallel did not show cyto-
toxicity from LY294002 up to 50 μ M .

75 kDa

50 kDa

C C
+

BAY

TNF-
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  Fig. 6.  TNF-α-induced increase in the nuclear localization of the p65 subunit of NF-κB (RelA) is inhibited by 
BAY 11-7082 (BAY). The representative Western blot performed on podocyte nuclear extracts shows that 
the p65 band, positioned between the 50- and 75-kDa molecular weight markers, only became prominent 
when treatment with 10 ng/ml TNF-α occurred. When the podocytes were pretreated with BAY 11-7082 to 
inhibit NF-κB signaling, TNF-α was markedly hampered from increasing the translocation of p65 into the 
nucleus, seen in the diminished Western band intensity of TNF-α + BAY vs. TNF-α alone. C = Control. 
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  TNF-α increased PI3K activity, as revealed by the rise in phosphorylation of the PDK-1 
substrate Akt (at serine residue 473), which is out of proportion to the amount of total Akt 
( fig. 8 a). At 25 μ M , the PI3K inhibitor LY294002 was able to reduce the phospho-Akt level at 
baseline, proving its efficacy in mouse podocytes. Further, LY294002 effectively abrogated 
Akt phosphorylation in response to TNF-α ( fig. 8 a).

  When applied to podocytes treated with 10 ng/ml TNF-α for 48 h, escalating doses of 
LY294002 progressively prevented TNF-α from stimulating MCP-1 production ( fig. 8 b). 
The threshold at which LY294002 started to significantly inhibit TNF-α-induced MCP-1 
lies around 10 μ M . Inhibition is fairly complete at LY294002 doses of 25 μ M  and higher 
( fig. 8 b).

n.s.

1,750

1,500

1,250

1,000

500

750

250

0
–TNF- – +

M
CP

-1
 (p

g/
m

g 
of

 p
ro

te
in

)

+

p < 0.001 p < 0.001

+–+–BAY

Phospho-Akt

Total Akt

C TNF- C TNF-

LY294002 

†*

†
†

b

a

15,000

5,000

10,000

0

Contr
ol

TN
F-

 (1
0 n

g/m
l)

TN
F-

 +
 LY

 (1
 μM

)

TN
F-

+ LY
 (1

0 μ
M)

TN
F-

 +
 LY

 (2
5 μ

M)

TN
F-

 +
 LY

 (5
0 μ

M)

* *

M
CP

-1
 (p

g/
m

g 
of

 p
ro

te
in

)
  Fig. 8.  The PI3K pathway is in-
volved in TNF-α stimulation of 
MCP-1.  a  Representative Western 
blots of Phospho-Akt (pAkt) and 
Total Akt show that LY294002 
was effective at inhibiting PI3K in 
cultured mouse podocytes. TNF-α 
at 10 ng/ml for 24 h increased the 
ratio of pAkt (Serine 473) to Akt, 
a measure of PI3K activation, by 
roughly 2-fold. This was wholly 
prevented by concurrent treat-
ment with 25 μ M  LY294002, 
which also lowered the baseline 
pAkt/Akt ratio.  b  TNF-α at 10 ng/
ml for 48 h increased the podo-
cyte production of MCP-1, as ex-
pected, but the effect was steadily 
attenuated by escalating doses of 
LY294002 (LY), with the inhibi-
tion of TNF-α-induced MCP-1 be-
coming significant at 10 μ M  
LY294002. Inhibition was com-
plete at LY294002 doses of 25 μ M  
and higher.  *  p < 0.05 vs. control.
 †  p < 0.05 vs. TNF-α (n = 4). 

  Fig. 7.  BAY 11-7082 (BAY) inhib-
its TNF-α from stimulating podo-
cyte MCP-1 production. By block-
ing the activation of the NF-κB 
pathway, BAY 11-7082 signifi-
cantly attenuated the stimulation 
of MCP-1 production by the podo-
cyte in response to 10 ng/ml 
TNF-α for 12 h. BAY 11-7082 also 
seemed to attenuate podocyte 
MCP-1 production at baseline (in 
the absence of TNF-α), but BAY 
11-7082 alone vs. control was not 
statistically significant. p values 
are as shown (n = 4). 
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  Akt Also Participates in TNF-α-Induced MCP-1 
 Involvement of the PI3K pathway was found to extend downstream to Akt. When Akt was 

blocked by 750 n M  Akt inhibitor IV, which did not adversely affect cell viability by WST-1 
assay, a 6-hour TNF-α treatment of podocytes no longer stimulated MCP-1 expression to the 
same degree ( fig. 9 ). The inhibition was significant (65% decrease) and comparable to the 
effect of LY294002. Thus, TNF-α-induced MCP-1 relies on at least two components of the PI3K 
pathway: PI3K and Akt.

  TNF-α Concentrations in the Urine, Kidney and Blood of db/m and db/db Mice 
 Ten diabetic  db/db  mice were compared to 10 nondiabetic  db/m  age- and sex-matched 

littermates (all male). The urinary TNF-α level, adjusted for urinary creatinine, was signifi-
cantly increased in the  db/db  mice (2.5-fold) versus  db/m  mice ( fig. 10 ). However, there were 
no significant differences in the concentrations of TNF-α protein in the kidney parenchyma 
or blood plasma (data not shown) between the  db/db  and the  db/m  mice. Despite not being 
increased at the protein level, TNF-α mRNA expression was increased in the kidneys of the 
 db/db  mice, assayed by real-time RT-qPCR ( fig. 10 ).

  MCP-1 Concentrations in the Urine, Kidney and Blood of db/m and db/db Mice 
 In the same animal cohorts, MCP-1 in the urine was also significantly increased in the 

diabetic  db/db  mice compared with the control  db/m  mice ( fig. 11 ). Again, there were no 
significant differences in the concentrations of MCP-1 protein in the kidney or plasma between 
the  db/db  and the  db/m  mice. Similar to TNF-α, MCP-1 was not increased intrarenally at the 
protein level, but it was significantly increased at the mRNA level by real-time RT-qPCR in the 
kidneys of the  db/db  mice ( fig. 11 ).

  Albuminuria Is Increased in Diabetic db/db Mice 
 The urinary albumin-to-creatinine ratio was markedly increased in the diabetic  db/db  

mice versus the control  db/m  mice (636.26 ± 95.16 vs. 121.45 ± 20.80 μg/mg, respec-
tively). Measured another way, the urinary albumin excretion was also increased when 
quantified as an absolute amount per day (108.48 ± 22.47 vs. 32.15 ± 6.03 μg/day, respec-
tively).

  Correlations between Urinary TNF-α, Urinary MCP-1 and Diabetic Albuminuria 
 The urinary TNF-α level was highly correlated with albuminuria (r = 0.794;  fig. 12 a), and 

the urinary MCP-1 was also well correlated with albuminuria (r = 0.772;  fig. 12 b). Compared 
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  Fig. 9.  Beyond PI3K, Akt is in-
volved in TNF-α stimulation of 
MCP-1 in podocytes. The marked 
increase in MCP-1 production due 
to 10 ng/ml TNF-α for 6 h was sig-
nificantly blunted by pretreat-
ment with 750 n M  Akt inhibitor 
IV. In the absence of TNF-α, Akt in-
hibitor IV also seemed to reduce 
the expression of MCP-1 at base-
line, but Akt inhibitor IV vs. con-
trol was not statistically signifi-
cant. p values are as shown (n = 3). 
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to each other, urinary TNF-α and urinary MCP-1 were significantly correlated (r = 0.611; 
 fig. 12 c). On each graph, quadrants can be drawn that cleanly segregate the  db/m  from the 
 db/db  mice.

  Discussion 

 TNF-α stimulates the podocyte to generate copious levels of MCP-1, an effect that is 
dependent on TNFR2 followed by the NF-κB and PI3K pathways. Stimulation of MCP-1 by 
TNF-α is all the more impressive considering that TNF-α reduces podocyte viability, possibly 
due to an apoptotic effect  [25] . Factors stimulating TNF-α in diabetes include high glucose, 
both in the short-term ( fig. 1 e) and in the long-term  [10] . As we found, high glucose in the 
short-term may not foster TNF-α-stimulated MCP-1 in podocytes, but other diabetic features 
may override the lack of effect. We have previously reported that transforming growth 
factor-β stimulates podocyte MCP-1  [17] . Others have reported that angiotensin II induces 
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  Fig. 11.  MCP-1 levels in the urine, 
kidney and plasma of  db/db  dia-
betic mice. Urinary MCP-1 was sig-
nificantly increased in  db/db  mice 
that were diabetic for  ∼ 8 weeks vs. 
 db/m  mice that remained nondia-
betic.  *  p < 0.001 vs.  db/m  mice. 
However, there were no signifi-
cant differences between  db/m  
and  db/db  mice in the concentra-
tions of MCP-1 protein in the kid-
neys or plasma (data not shown). 
At the mRNA level, though, MCP-1 
was significantly increased in the 
kidneys of  db/db  vs.  db/m  mice. 
 *  *  p < 0.05 vs.  db/m  kidneys (n = 10 
in both groups). 

  Fig. 10.  TNF-α levels in the urine, 
kidney and plasma of  db/db  dia-
betic mice. Urinary TNF-α was sig-
nificantly increased in  db/db  mice 
after 8 weeks of type 2 diabetes vs. 
control nondiabetic  db/m  mice.
 *  p < 0.001 vs.  db/m  mice. Howev-
er, there were no significant differ-
ences between  db/m  and  db/db  
mice in the concentrations of 
TNF-α protein in the kidneys or 
plasma (data not shown). At the 
mRNA level, though, TNF-α was 
significantly increased in the kid-
neys of  db/db  versus  db/m  mice. 
 *  *  p < 0.05 vs.  db/m  kidneys (n = 
10 in both groups). 
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TNF-α in cultured podocytes  [26] . Other testable candidates include amadori-glycated 
albumin, stretch, oxidative stressors, and AGEs. In our experiments, AGE-BSA did not increase 
TNF-α expression, but that does not preclude the efficacy of other AGE species. Ultimately, 
the relevance of increased TNF-α activity to diabetic nephropathy is borne out by the current 
in vivo studies in diabetic  db/db  mice showing significant correlations between urinary TNF-α 
and MCP-1 levels and the degree of albuminuria. These results suggest that part of the patho-
genesis of albuminuria in diabetic nephropathy might involve the way that TNF-α alters the 
biology of the podocyte and markedly stimulates the production of MCP-1.

  The receptor on the mouse podocyte that is primarily responsible for mediating the effect 
of TNF-α on MCP-1 expression is TNFR2. In contrast, the other receptor in this TNFR family, 
TNFR1, does not appear to be involved. The predominance of TNFR2 in podocytes was first 
described in models of glomerulopathy and proliferative podocytopathy  [27] . TNFR2, unlike 
TNFR1, is not basally expressed in most cells but rather is induced to be expressed in the 
kidney and specifically the podocyte by certain disease states  [9, 28]  and, in our data, by 
AGE-BSA. Our podocytes at baseline showed abundant TNFR1 message by RT-PCR but barely 
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  Fig. 12.  Correlations between urinary TNF-α, urinary MCP-1 and albuminuria in  db/m  and  db/db  mice.
 a  Urinary TNF-α was significantly correlated with albuminuria (r = 0.794).  b  Urinary MCP-1 was also well 
correlated with albuminuria (r = 0.772).  c  In turn, both urinary TNF-α and urinary MCP-1 were correlated 
with each other (r = 0.611). In each graph, the  db/m  and  db/db  datapoints cleanly segregate into opposite 
quadrants as drawn.  *  p < 0.001 for all comparisons (n = 10 in both groups). 



15Nephron Extra 2015;5:1–18

 DOI: 10.1159/000369576 

E X T R A

 Chung et al.: Effects of Tumor Necrosis Factor-α on Podocyte Expression of Monocyte 
Chemoattractant Protein-1 and in Diabetic Nephropathy 

www.karger.com/nne
© 2015 S. Karger AG, Basel

detectable TNFR2 mRNA. TNFR2 expression became significantly elevated, however, when 
podocytes were treated with TNF-α, a case in which the ligand upregulates its receptor. 
According to another study, however, TNF-α upregulates both TNFR1 and TNFR2 in podo-
cytes  [9] . In vivo, the glomeruli showed increased TNFR2 abundance by immunostaining in 
the  db/db  mice. The  db/m  mice showed almost no TNFR2 signal at baseline, lending credence 
to the need for induction of its expression.

  The TNF-α–TNFR2 axis is capable of activating NF-κB in podocytes and increasing MCP-1 
protein by 2- to 3-fold, as reported by Bruggeman et al.  [27] . However, an inhibitor of the 
NF-κB pathway was not employed, so our work nicely complements their study  [27]  and helps 
establish the role of NF-κB in stimulating MCP-1 expression. That NF-κB regulates tran-
scription of MCP-1 holds true in non-kidney cells as well  [29] . Lastly, NF-κB signaling of MCP-1 
is seen with stimuli other than TNF-α, such as mechanical stretch in mesangial cells  [30] .

  The relative importance of TNFR2 for podocytes is intriguing in the context of diabetic 
nephropathy. In type 1 diabetic patients followed at the Joslin Diabetes Center, those having 
the highest quartile of serum TNFR2 levels showed the highest risk for early renal decline  [31] . 
High serum levels of TNFR1 were a close second. Conversely, in type 2 diabetic patients, those 
with the highest quartile of serum TNFR1 had the highest risk of end-stage renal disease after 
12 years  [32] . This time, high serum levels of TNFR2 were a close second. As for TNF-α itself, 
serum levels were only modestly associated with worsening diabetic kidney disease and not 
associated with end-stage renal disease  [31, 32] . In our  db/db  mice, plasma TNF-α levels did 
not correlate with being diabetic. Rather, TNF-α levels in the urine were elevated in the  db/db  
mice compared to the control  db/m  mice. Therapeutically, antagonizing TNF-α with etan-
ercept, a soluble TNFR2 fusion protein, ameliorated albuminuria and early nephropathy in 
diabetic KK-A y  mice  [33] . Although the interaction between circulating, intrarenal and urinary 
markers of all TNF-α components remains to be clarified, together the reports suggest a 
powerful influence of the TNF-α system on the progression of diabetic nephropathy.

  The discovery of PI3K as a signaling intermediary between TNF-α and MCP-1, at least in 
podocytes, points to an underrecognized mechanism of TNF-α signaling. The choices of 
signaling pathways that are available to TNF-α after binding to its cell surface receptors are 
manifold, but they include NF-κB, caspases and the mitogen-activated protein kinase family 
 [34] . Only a few studies mention PI3K being interposed in the TNF-α-to-MCP-1 pathway  [35–
37] , but none are in podocytes. Evidence is presented here that TNF-α stimulates PI3K activity 
in and of itself and that inhibition of PI3K is able to prevent TNF-α-induced MCP-1. Further 
downstream of PI3K, Akt was also found to participate, strengthening the case for the 
involvement of PI3K/Akt signaling in the cascade from TNF-α to MCP-1.

  TNF-α protein is excreted in increased amounts in the urine of diabetic subjects  [4] , a 
finding we were able to corroborate in the  db/db  mice. Since podocytes are the first cells to 
interface with the urinary space, it is conceivable that podocytes are exposed to elevated 
levels of TNF-α in the diabetic state. Other TNF-α sources could come before the urinary 
space, with the mesangium shown to be capable of secreting TNF-α that impinges upon the 
podocyte  [9] . Tubule cells also express and may secrete TNF-α into the urine  [38] . Others 
reported that TNF-α mRNA and protein expressions are elevated in the kidney of STZ-induced 
diabetic rats  [1–3] . One impact of high TNF-α may be to make the diabetic kidney more 
vulnerable to ischemic acute kidney injury  [39] . In our  db/db  mouse kidneys, there was a 
discrepancy between TNF-α mRNA (elevated) and TNF-α protein (no change). We rationalize 
that expression may be increased, but it is matched by an increased export of TNF-α protein 
out of the renal cell, which might explain the higher TNF-α protein content in the urine of 
diabetic  db/db  mice. The increased intrarenal mRNA expression plus enhanced excretion into 
the urine could explain the similar discrepancy seen in  db/db  mice with respect to MCP-1.
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  The correlation of urinary TNF-α and urinary MCP-1 with the diabetic manifestation of 
albuminuria possibly represents more than just an association, as the urine MCP-1 level in 
type 2 diabetic humans also correlated inversely with the estimated glomerular filtration rate 
 [40] . There are credible reasons to believe that TNF-α is causally connected to diabetic albu-
minuria and, further, that MCP-1 might bridge the two parameters. TNF-α increases nephrin 
and Neph3 mRNA expression, also via NF-κB, in human podocytes  [41] , but TNF-α suppresses 
nephrin in mouse podocytes  [42] . Although the reason for the species difference is unknown, 
the ability of TNF-α to dysregulate a critical slit diaphragm protein may provoke albuminuria 
and proteinuria, but this remains to be proven in diabetic nephropathy  [43] .

  The case for a relationship between MCP-1 and diabetic albuminuria is also building. 
When MCP-1 knockout mice were made type 1 diabetic by STZ for up to 18 weeks, they were 
largely protected from developing nephropathy in the form of albuminuria, elevated plasma 
creatinine, hypertrophy, tubular injury, and renal fibrosis  [44] . The damage wrought by 
MCP-1 in the wild type was believed to accrue from its ability to chemoattract and activate 
macrophages to infiltrate the diabetic kidney  [45] . Similar macrophage accumulation was 
also shown to occur in the kidneys of  db/db  mice  [46] .

  Besides macrophages, the intrinsic kidney cells themselves could be affected by MCP-1, 
and relevant to the pathogenesis of albuminuria, MCP-1 is known to animate podocytes into 
increased motility and cause a podocyte monolayer to become more permeable to albumin 
 [17, 47] , which could have ramifications for the pathogenesis of albuminuria in vivo. Interest-
ingly, MCP-1 does not need to come from outside the podocyte. MCP-1 derived from podo-
cytes can increase motility in an autocrine/paracrine mode  [17, 20] , set into motion poten-
tially by an increased urinary TNF-α level. Another way that MCP-1 might promote albu-
minuria is to suppress the podocyte expression of nephrin via a Rho-dependent mechanism 
 [16]  that is amenable to therapy with the PPAR-γ agonist rosiglitazone  [48] . Thus, the constel-
lation of MCP-1 actions, both inflammatory and noninflammatory, might plausibly link TNF-α 
to albuminuria in diabetes.

  In conclusion, urinary TNF-α excretion is increased in diabetes and is concordant with 
diabetic albuminuria, itself a powerful risk factor for the progression of chronic kidney 
disease. The effect of an increased TNF-α level upon podocytes is to induce robust MCP-1 
production, which proceeds via TNFR2 to the NF-κB system and also the PI3K/Akt pathway. 
The overactivity of a podocyte-based TNF-α–TNFR2  →  NF-κB/PI3K  →  MCP-1 axis may play 
an important role in the pathophysiology of diabetic glomerulopathy.
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