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Abstract. Podocyte injury is a pivotal factor during the 
progression of glomerular diseases. It has been demonstrated 
that the expression of ubiquitin carboxy‑terminal hydrolase L1 
(UCH‑L1) is increased in injured podocytes in a number of 
types of glomerulonephritis. However, its mechanism of regu-
lation remains to be elucidated. A previous study by our group 
suggested that UCH‑L1 is a downstream protein of nuclear 
factor (NF)‑κB signaling. In the present study, the involve-
ment of NF‑κB in the regulation of the expression of UCH‑L1 
was investigated in diseased podocytes in vivo and in vitro. 
Increases in the expression of phosphorylated NF‑κB at p65 
and UCH‑L1 were detected using immunohistochemical 
analysis of kidney biopsy tissues from 56 cases of nephritis, 
including immunoglobulin  A nephropathy, membranous 
glomerulonephritis and lupus nephritis. The two indicators 
were also analyzed using western blot analysis in cultured 
murine podocytes stimulated by inflammatory factors. The 
results of the present study demonstrated that in human 
renal biopsies of several cases of immune complex‑mediated 
glomerulonephritis, the increases of NF‑κB and UCH‑L1 were 
positively correlated with the number of diseased podocytes. 
By contrast, in non‑immune complex‑mediated glomerulone-
phritis, no clear activation of NF‑κB and increase of UCH‑L1 
expression was observed. In vitro, immune stimulation also led 
to the upregulation of UCH‑L1 through the NF‑κB signaling 
pathway in mouse podocytes. In conclusion, the results of 
the present study suggested that the activation of NF‑κB 
and upregulation of UCH‑L1 in podocytes may be vital in 

podocyte injury associated with immune complex‑mediated 
glomerulonephritis.

Introduction

The podocyte is one of the resident cells of the glomerulus, 
which is often attacked as the target cell in the glomerulus 
by a variety of immune or non‑immune inflammatory factors. 
Podocytopathy refers to the various degrees of podocyte 
injury occurring in pathological conditions. Due to their 
highly differentiated state and limited proliferative capability, 
podocytes are not able to recover from damage effectively. 
Therefore, podocyte injury is a pivotal factor during the 
progression of glomerular diseases (1‑3).

During the disease process of glomerulonephritis, 
numerous interconnected network signaling cascades are acti-
vated in renal cells. The mammalian nuclear factor (NF)‑κB 
signaling pathway, which is a fundamental intracellular 
transcription factor system, is induced in response to various 
sources of extracellular stimulation. An indicator of NF‑κB 
activation is the nuclear translocation of dimeric Rel protein 8, 
which regulates numerous NF‑κB‑dependent genes involved 
in inflammation, immunity, apoptosis, cell proliferation and 
differentiation (4‑6). Accumulating lines of evidence have 
indicated that the activation of NF‑κB is a critical response 
to kidney diseases. Upregulation of the canonical (RelA/p50) 
NF‑κB isoform in macrophages, mesangial cells, tubular 
epithelial cells and podocytes has a pathogenic role in medi-
ating acute and chronic inflammatory nephropathy (7‑13). A 
number of in vivo studies of podocytes in nephrotic glomerular 
diseases have demonstrated that NF‑κB and RelA are mark-
edly upregulated. For example, NF‑κB is activated within 
podocytes in passive Heymann nephritis, which contributes 
to autologous phase proteinuria (14). Furthermore, in patients 
with Lupus nephritis (LN), activation of NF‑κB (predomi-
nantly at p65) and upregulation of interleukin (IL)‑1, IL‑4 and 
tumor necrosis factor (TNF)‑α are co‑localized in diseased 
podocytes. The staining score of activated NF‑κB p65 has 
been observed to be positively correlated with the severity 
of proteinuria (11). Treatment with genistein, which is able to 
inhibit pro‑inflammatory cytokines through downregulation 
of the NF‑κB pathway, prevented pathological changes in 
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podocytes, including extensive disruption and effacement of 
processes (13). In vitro, NF‑κB is activated in podocytes in 
response to their exposure to various factors, which may cause 
kidney damage. For example, NF‑κB was upregulated in murine 
podocytes exposed to either a Shiga toxin or protein overload, 
and mediated the increase of endothelin‑1 production (15,16). 
Angiotensin II is capable of upregulating the expression of 
Toll‑like receptor 4 in murine podocytes, which may effec-
tively lead to NF‑κB activation (17). Transforming growth 
factor (TGF)‑β1 may induce podocyte damage by upregu-
lating transient receptor potential cation channel, subfamily C, 
member 6 protein, most likely through the Smad3‑extracellular 
signal‑regulated kinase‑NF‑κB pathway (18). Therefore, it was 
suggested that the podocyte injury was induced mainly via 
NF‑κB activation, which may further mediate a large number 
of NF‑κB target genes and cause morphological and functional 
abnormalities of podocytes.

A previous in vitro study by our group demonstrated that 
ubiquitin carboxy‑terminal hydrolase L1 (UCH‑L1) is a down-
stream target protein of NF‑κB. The activation of NF‑κB by 
inflammatory factors may increase the expression of UCH‑L1 
in murine podocytes and affect morphological changes in 
podoctyes (19).

UCH‑L1 is a member of the deubiquitinating enzyme 
family, which is important in the regulation of the ubiq-
uitin‑proteasome system  (20,21). Although it is mainly 
localized to the brain and testis, UCH‑L1 is also expressed 
in the kidney and involved in nephrogenesis (22‑24). Previous 
studies by our group and others reported that UCH‑L1 is 
involved in podocyte differentiation and injury. The level of 
expression was increased in podocytes in a variety cases of 
immune complex‑mediated glomerulonephritis  (1,2,25). In 
cultured HEK293T cells, using a luciferase assay, it was further 
demonstrated that NF‑κB upregulates UCH‑L1 via binding to 
the ‑300 bp and ‑109 bp sites of the UCH‑L1 promoter. This 
supported the hypothesis that UCH‑L1 was upregulated in 
podocytes through the NF‑κB signaling pathways (19).

The present study further investigated the involvement 
of NF‑κB in the regulation of expression of UCH‑L1 in 
podocytes under inflammatory conditions. Expression levels 
of NF‑κB and UCH‑L1 were detected using immunohisto-
chemistry in kidney biopsy tissues from specific forms of 
immune complex‑mediated glomerulonephritis, including 
LN, immunoglobulin A nephropathy (IgAN) and membra-
nous glomerulonephritis (MGN). These proteins were also 
assessed in  vivo in murine podocytes co‑cultured with 
mesangial cells and treated with rabbit anti‑rat thymocyte 
serum (ATS), which may interact with mesangial cells to 
form immune complexes. 

Patients and methods

Immunohistochemistry. Tissues from 56 individuals, including 
1 normal control, 19 patients with LN, 15 patients with IgAN, 
15 patients with MGN and 6 patients with minimal change 
disease (MCD), were collected from renal needle biopsies 
from the Nephrosis Laboratory, Department of Pathology, 
(Fudan University, Shanghai, China) between 2010 and 2013. 
Permission to use the tissue sections for research purposes 
was obtained and approved by the Ethics Committee from 

the College of Basic Medicine, Fudan University, and a 
written consent form was obtained from all patients. Sections 
(4 µm) were deparaffinized in 100% xylene for 10 min then 
rehydrated gradually in an alcohol series. They were then 
incubated in a 0.3% hydrogen peroxide/methanol buffer for 
30 min to quench endogenous peroxidase activity. Antigen 
retrieval was performed by immersing the sections in 
0.5 mol/l ethylenediaminetetraacetic acid buffer (pH 8.0) for 
3 min, followed by boiling in a water bath for 7 min. The 
sections were rinsed in phosphate-buffered saline (PBS) and 
subsequently incubated with rabbit polyclonal anti-UCH-L1 
antibody (1:100; cat. no. AB1761; Millipore, Billerica, MA, 
USA) overnight at 4˚C in a humidified chamber. Following 
incubation, the sections were washed three times with PBS 
containing 0.05% Tween-20 for 5 min each time. The sections 
were then incubated with 100  µl horseradish peroxidase 
conjugated‑anti‑rabbit immunoglobulin G, maintaining the 
tissue section in a moist chamber for 30 min at 37˚C and 
then the sections were washed three times, as previously. 
Immobilized antibodies were detected using a two step 
EnVision+ system peroxidase kit (Dako, Carpinteria, CA, 
USA). 3,3'‑diaminobenzidine was used as the chromogen and 
hematoxylin as the nuclear counterstain (Sangon Biotech Co., 
Ltd., Shanghai, China). The sections were rinsed thoroughly 
with tap water for 1-2 min, then they were rinsed with distilled 
water, followed by tap water. The protocol for assessing acti-
vated NF‑κB p65 (rabbit monoclonal anti-p-p65 antibody; 
1:100; cat. no. 3033; Cell Signaling Technology, Beverly, MA, 
USA) and Wilms tumor 1 (WT1; rabbit polyclonal anti-WT1 
antibody; 1:100; cat. no. P-0526; Changdao Biotech Co., Ltd., 
Shanghai, China) in successive sections was similar to that 
described above. The positive cell number of all slides was 
counted by two individuals.

Cell  cul ture.  The condit iona l ly thermosensit ive 
SV40‑transfected immortalized murine podocyte cell line 
MPC5 (a gift from Professor Xu Hong; Affiliated Children's 
Hospital of the Medical College of Fudan University, Shanghai, 
China) was cultured as described previously (19). Briefly, MPC5 
cells were cultured under permissive conditions [33˚C, 5% (v/v) 
CO2, RPMI‑1640 (Gibco Life Technologies, Carlsbad, CA, 
USA), 10% (v/v) fetal bovine serum (Gibco Life Technologies), 
50‑10 U/ml γ‑interferon (ProSpec‑Tany TechnoGene Ltd., Ness 
Ziona, Israel)] and under formulary conditions (37˚C without 
γ‑interferon) for external differentiation. Podocytes, which were 
between passages 5 and 20 were used. Differentiated cells were 
identified by their large arborized shape and by cell expression 
of synaptopodin mRNA, a known marker for differentiation. An 
inverted microscope (TS100; Nikon, Tokyo, Japan) was used to 
observe the growth of podocytes. 

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Synaptopodin mRNA expression was identified 
using synaptopodin DNA. Total RNA from differentiated 
and non‑differentiated podocyte cells was isolated using the 
RNAiso Plus extraction reagent and cDNA was produced using 
PrimeScript reverse transcriptase (Takara Bio, Inc., Otsu, 
Japan) according to the manufacturer's instructions. RT‑qPCR 
was then conducted using SYBR Premix Ex Taq II (Takara 
Bio, Inc.) in 25 µl reactions with 2 µl cDNA and 0.4 µM each 
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of the forward and reverse primers using the following ther-
mocycling conditions: 95˚C for 30 sec, 95˚C for 5 sec and 60˚C 
for 30 sec for 40 cycles. Data was collected and all expression 
levels were normalized to β‑actin. The ABI7900 thermocy-
cler (Life Technologies, Carlsbad, CA, USA) was used. The 
following primers were used: Synaptopodin, forward 5'‑CCT​
GCC​CGT​AAC​TTC​CGTG‑3',  and reverse 5'-GAG​CGG​CGG​
TAG​GGA​AAAG‑3'; β‑actin, forward 5'‑CAT​CCG​TAA​AGA​
CCT​CTA​TGC​CAAC‑3', and reverse 5'-ATG​GAG​CCA​CCG​
ATC​CACA‑3'. The primers were synthesized by Jie Li Biology 
(Shanghai, China).

Subsequently, the cells were treated with TNF‑α 
(15  ng/ml; Sigma‑Aldrich, St. Louis, MO, USA), IL‑1β 
(15  ng/ml; Sigma‑Aldrich) and lipopolysaccharide (LPS; 
1  µg/ml; Sigma‑Aldrich) and ATS (50  µl/ml)  +  human 
serum (30  µl/ml) for the indicated durations. Pyrrolidine 
dithiocarbamate (PDTC; Sigma‑Aldrich) was used to treat 
podocytes at various concentrations for 2 h before the cells 
were treated with TNF‑α, IL‑1β, LPS and ATS  +  human 
serum for 24 h.

In the podocyte‑mesangial cell co‑culturing system, podo-
cytes at 80% confluence were co‑cultured with mesangial cells 
[prepared from the kidney cortex of male Sprague‑Dawley rats 
as described previously (26) and planted in nested transwell 
plates (Corning Inc., Corning, NY, USA) at 30% confluence] 
in six‑well plates. Sprague‑Dawley rats were obtained from 
the Animal Center of the College of Basic Medicine of Fudan 
University). A total of 10 rats at 2 months‑old were used in 
the present study. The protocol was approved by the Ethics 
Committee from the College of Basic Medicine, Fudan 
University. Subsequently, the dual culture system was treated 
with ATS >1:1,000 for different time periods.

The ATS was produced in our laboratory (27). It is able 
to combine with antigens of rat mesangial cells and activate 
complement in the serum, and the resulting immune complex 
is capable of stimulating podocytes directly in the co‑culture 
system. The ATS was verified to be efficient at a dilution 
of 1:1,000 using the agarose immunodiffusion method as 
described previously (27).

Western blot analysis. Gel electrophoresis and western blot-
ting were performed as described previously (19). Samples 
(15 µl) of the podocyte lysates, including soluble cell proteins, 
were separated by SDS‑PAGE [10% (w/v) polyacrylamide 
gel; Bio‑Rad Laboratories, Inc., Hercules, CA, USA] and 
then transferred electrophoretically onto polyvinylidene 
difluoride membranes (Millipore). The membranes were 
blocked with 5% (v/v) nonfat milk and probed with primary 
antibodies against UCH‑L1 (Millipore), p65/p‑p65 (1:2,000; 
cat. no. 4764; Cell Signaling Technology) and β‑actin (as a 
loading control) overnight at 4˚C following incubation with 
horseradish peroxidase‑conjugated secondary antibody 
(Proteintech Group, Chicago, IL, USA). All washing steps 
were performed in Tris‑buffered saline containing 0.1% (v/v) 
Tween 20 (Sangon Biotech Co., Ltd.). The immune reaction 
was visualized via an enhanced chemiluminescence detec-
tion kit according to the manufacturer's instructions (Pierce 
Biotechnology, Rockford, IL, USA) and exposure to X‑ray 
film (Eastman Kodak, Rochester, NY, USA). The relative 
band intensities in the blots were determined using Adobe 

Photoshop software (Adobe Systems Inc., San Jose, CA, USA). 
Each experiment was performed at least three times.

Statistical analysis. All statistical analyses were performed 
with SPSS software (SPSS, Inc., Chicago, IL, USA) and the 
results are presented as the mean ± standard error of the mean. 
Paired means were analyzed using Student's t‑test. P<0.05 
was considered to indicate a statistically significant difference 
and P<0.01 was considered to indicate a highly statistically 
significant difference.

Results 

NF‑κB and UCH‑L1 distribution in diseased podocytes in 
glomerulonephritis. A previous study by our group identified 
that UCH‑L1 expression was significantly increased in several 
types of immune complex‑mediated glomerulonephritis (2). 
Therefore, the distribution of p65 was further examined using 
immunohistochemistry and it was compared with UCH‑L1 
expression in podocytes in a number of types of immune 
complex‑mediated glomerulonephritis, including LN, IgAN 
and MGN. WT1 was also used as a marker of podocytes in 
successive sections of renal biopsy tissues (Fig. 1A‑O).

In the normal kidney, WT1 is expressed in the peripheral 
cells of the capillary tufts and was therefore used to indicate 
the location of podocytes (Fig. 1A). No marked expression of 
UCH‑L1 and active p65 was observed in the corresponding 
areas (Fig. 1B‑C). LN is one of the typical forms of immune 
complex‑mediated glomerulonephritis. As shown in Fig. 1E, 
positive staining for UCH‑L1 was increased in the glomeruli 
of patients with LN and was located mainly at the peripheral 
area of the capillary tufts in accordance with the distribution 
of WT1 (Fig. 1D). Activation of p65 was also increased in 
the glomeruli of patients with LN, with more extensive cells, 
including mesangial cells, endothelial cells and infiltrating 
leukocytes in addition to podocytes (Fig. 1F). In podocytes, the 
expression of UCH‑L1 paralleled the activation of NF‑κB in the 
glomeruli and appeared to be positively correlated in patients 
with LN (R=0.925, P<0.01; Fig. 2A). As shown in Fig. 1G‑L, 
the localization of WT1, UCH‑L1 and activated p65 in patients 
with IgAN and MGN were concordant with those in patients 
with LN. All of these proteins were expressed in the respec-
tive podocytes. The expression of UCH‑L1 also paralleled 
the activation of NF‑κB in the glomeruli and also appeared 
positively correlated in IgAN (R=0.927, P<0.01; Fig. 2B), and 
in MGN (R=0.834, P<0.05; Fig. 2C). Furthermore, the expres-
sion levels of UCH‑L1 and active p65 were examined in MCD, 
a non‑immune complex‑mediated type of glomerulonephritis, 
in which no distinct inflammatory changes were observed in 
the glomeruli. Additionally, no clear expression of UCH‑L1 
and activated p65 was observed in podocytes in MCD 
(Fig. 1M and O). These results suggested that there was a close 
association between UCH‑L1 and the activation of NF‑κB in 
immune complex‑mediated glomerulonephritis.

Upregulation of UCH‑L1 expression via inflammatory stimu‑
lation with phosphorylation of p65. The cultured podocytes 
were divided into four groups, each with or without treatment 
with TNF‑α, IL‑1β, LPS and ATS. Western blot analysis 
revealed the expression of UCH‑L1 in the stimulated groups of 
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Figure 1. Expression of phosphorylated‑p65 and UCH‑L1 in glomeruli in several types of glomerulonephritis. (A‑C) Normal controls. (A) WT1 expression 
indicating the location of podocytes (long arrows). (B) UCH‑L1 expression was barely detectable in normal glomeruli. (C) NF‑κB p65 activation was barely 
identifiable in normal glomeruli using immunostaining against activated p65. (D‑F) Glomeruli from a patient with LN. (D) WT1 expression indicating the 
location of podocytes in LN (long arrows). (E) UCH‑L1 was clearly identified in podocytes in LN (arrowheads). (F) NF‑κB p65 activation was detectable 
in podocytes in LN (arrowheads). (G‑I) Glomeruli from a patient with IgAN. (G) WT1 expression indicating the location of podocytes in LN (long arrows). 
(H) UCH‑L1 expression was clearly identified in podocytes of IgAN (arrowheads). (I) NF‑κB p65 activation was detectable in podocytes of IgAN (arrow-
heads). (J‑L) Glomeruli from a patient with MGN. (J) WT1 expression indicating the location of podocytes (long arrows). (K) UCH‑L1 expression was clearly 
identified in podocytes in MGN (arrowheads). (L) NF‑κB p65 activation was detectable in podocytes in MGN (arrowheads). (M‑O) Glomeruli from a patient 
with MCD. (M) WT1 expression indicating the location of podocytes in MCD (long arrows). (K) UCH‑L1 expression was barely observable in podocytes 
in MCD. (L) NF‑κB p65 activation was barely identifiable in podocytes in MCD. Original magnification, x400. LN, Lupus nephritis; UCH‑L1, ubiquitin 
C‑terminal hydrolase 1; IgAN, immunoglobulin A nephropathy; MGN, membranous glomerulonephritis; NF‑κB, nuclear factor‑κB; MCD, minimal change 
disease; WT1, Wilms tumor 1.



MOLECULAR MEDICINE REPORTS  12:  2893-2901,  2015 2897

Figure 2. Statistical analysis of UCH‑L1 and activated p65 in several types of glomerulonephrits. (A) Close correlation of numbers of UCH‑L1‑positive and 
p-p65-positive cells in LN. (B) Close correlation of numbers of UCH‑L1‑positive and p-p65-positive cells in IgAN. (C) Close correlation of the number of 
UCH‑L1-positive and p-p65-positive cells in MGN. LN, Lupus nephritis; UCH‑L1, ubiquitin C‑terminal hydrolase 1; IgAN, immunoglobulin A nephropathy; 
MGN, membranous glomerulonephritis; p-p65, phosphorylated (active) p65. 

Figure 3. UCH‑L1 expression in podocytes treated with TNF‑α, IL‑1β, LPS and ATS. Lysates from the podoctyes were assessed by western blot analysis using 
murine anti‑UCH‑L1 antibody. β‑Actin was used as a protein loading control. Murine podocytes treated with (A) TNF‑α (15 ng/ml), (B) IL‑1β (15 ng/ml), 
(C) LPS (1 µg/ml) and (D) ATS (50 µl/ml) + human serum (30 µl/ml) for the indicated durations. (E-H) Relative expression of UCH-L1 quantified from the 
western blot analysis of A-D, respectively. Data are representative of three independent experiments. **P<0.005 vs. 0 h. LPS, lipopolysaccharide; UCH‑L1, 
ubiquitin carboxy‑terminal hydrolase L1; TNF, tumor necrosis factor; IL, interleukin; ATS, anti‑rat thymocyte serum.

  A   B   C

  A   B

  C   D

  E   F

  G   H
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TNF‑α, and IL‑1β was markedly increased in a time‑dependent 
manner at 12 and 24 h, reaching a maximum at 24 h (Fig. 3A 
and B). In the LPS and ATS groups, UCH‑L1 expression 
also increased with the duration of treatment; however, the 
maximum level was achieved later than in the TNF‑α and 
IL‑1β groups mentioned above, namely at 48 h. Among the 
stimulation groups, the highest level of UCH‑L1 expression 
was observed in podocytes following ATS stimulation (Fig. 3C 
and D). These results confirmed that UCH‑L1 expression in 
podocytes may be upregulated by pro‑inflammatory mediators 
as well as immune stimulation.

NF‑κB is a common transcription factor family consisting 
of different subunits, which may function as homo‑ or 
heterodimers. p65 is a well‑known subunit, which is involved 
in the NF‑κB family in regulating the transcription of a 
number of genes. Phosphorylation of p65 is a typical feature in 
the activation of NF‑κB. Therefore, the phosphorylation of p65 
in the cell nucleus was further examined following treatment 

with TNF‑α, IL‑1β, LPS and ATS. It was identified that 
following treatment for 15 min, the p65 subunit was clearly 
phosphorylated in cultured podocytes and the phosphorylation 
lasted for several hours (Fig. 4A‑D). Of note, after 6 h, the 
phosphorylation of p65 was greater than that in the control 
group. It was confirmed that the NF‑κB signaling pathway was 
activated following stimulation with the four different treat-
ments. Among the four treated groups, immune stimulation 
with ATS was able to cause the most persistent phosphoryla-
tion of p65, which lasted for at least 12 h and was maintained 
at an elevated level (Fig. 4D).

Effect of NF‑κB inhibition on the expression of UCH‑L1. 
Subsequently, an inhibitor of the NF‑κB pathway was used to 
assess the specificity of NF‑κB phosphorylation and regulation. 
PDTC, a specific inhibitor of NF‑κB, is capable of preventing 
the degradation of inhibitor of κB and the subsequent 
translocation of NF‑κB from the cytoplasm into the nucleus 

Figure 4. p‑p65 expression in podocytes treated with TNF‑α, IL‑1β, LPS and ATS. Lysates from the podocytes were assessed by western blot analysis using 
rabbit anti‑p‑p65 antibody, and total‑p65 was used as control for protein loading. Murine podocytes were treated with (A) TNF‑α (15 ng/ml), (B) IL‑1β 
(15 ng/ml), (C) LPS (1 µg/ml) and (D) ATS (50 µl/ml) + human serum (30 µl/ml) for the indicated durations. (E-H) Relative expression of p-p65 quantified from 
the western blot analysis of A-D, respectively. Data are representative of three independent experiments. *P <0.05, **P<0.005 vs. 0 h.. LPS, lipopolysaccharide; 
TNF, tumor necrosis factor; IL, interleukin; ATS, anti‑rat thymocyte serum; p, phosphorylated; t, total.

  A   B

  C   D

  E   F

  G   H
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without inhibiting other nuclear factors, including specificity 
protein‑1, Oct and cyclic adenosine monophosphate response 
element‑binding protein (4). In the present study, podocytes 
were pre‑treated with PDTC at various concentrations for 2 h 
and then subjected to treatment with TNF‑α, IL‑1β, LPS and 
ATS for 24 h. UCH‑L1 expression significantly decreased in 
podocytes treated with PDTC in a dose‑dependent manner 
(Fig.  5A‑D). This result demonstrated that the inhibition 
of NF‑κB activation blocked the expression of UCH‑L1 in 
response to stimulation by TNF‑α, IL‑1β, LPS and ATS.

Discussion

The present study provided further evidence supporting that 
UCH‑L1 expression is upregulated through the activation 
of NF‑κB in diseased podocytes in human glomerulone-

phritis and in cultured mouse podocytes in vitro. It has been 
suggested that the NF‑κB signaling pathway is important in 
the underlying mechanism of podocyte injury in glomerulo-
nephritis (28).

A study has indicated that the podocyte is a primary vulner-
able cell in glomerular diseases (2). The pathological features 
of injured podocytes may be observed as effacement of the 
processes, pseudocystic changes and microvilli formation, 
which are closely associated with the development of protein-
uria and glomerulosclerosis (29-31). In general, these podocyte 
changes are recognized as prominent characteristics in MCD 
and focal segmental glomerulosclerosis (FSGS) amongst 
others, which are known as non‑immune complex‑mediated 
glomerular diseases. However, it should not be ignored that 
severe damage to podocytes also occurs in a number of other 
types of glomerulonephritis, including IgAN, MGN and LN, 

Figure 5. Inhibition of NF‑κB with PDTC reduced UCH‑L1 expression in podocytes treated with TNF‑α, IL‑1β, LPS and ATS. Lysates from the stimulated 
cells were assessed by western blot analysis using murine anti‑UCH‑L1 antibody, and β‑actin was used as a control for protein loading. Murine podocytes 
were pre‑treated with PDTC at the stated concentrations for 2 h, following stimulation with (A) TNF‑α (15 ng/ml), (B) IL‑1β (15 ng/ml), (C) LPS (1 µg/ml) and 
(D) ATS (50 µl/ml) + human serum (30 µl/ml) for 24 h. (E-H) Relative expression of UCH-L1 quantified from the western blot analysis of A-D, respectively. 
Data are representative of three independent experiments. *P<0.05, **P<0.005, vs. PDTC. LPS, lipopolysaccharide; TNF, tumor necrosis factor; IL, interleukin; 
ATS, anti‑rat thymocyte serum; UCH‑L1, ubiquitin C‑terminal hydrolase 1; PDTC, pyrrolidine dithiocarbamate.

  A   B

  C   D

  E   F

  G   H
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via the immune injury mechanism  (1,2,25,32,33). Studies 
have demonstrated that the changes to podocyte morphology 
and function following injury were closely associated with 
the abnormalities of numerous podocyte proteins, including 
UCH‑L1, nephrin and synaptopondin (1,34,35). A previous 
study by our group demonstrated that UCH‑L1 is upregulated in 
podocytes in a number of types of immune complex‑mediated 
glomerulonephritis, which was detected by immunoelectron 
microscopy, accompanied by foot process fusion  (2). In 
addition, it was reported that the expression of UCH‑L1 is 
associated with podocyte differentiation (25). In immature 
podocytes, UCH‑L1 expression was higher, whereas when the 
cell was differentiating into a mature cell, UCH‑L1 expression 
was significantly reduced and then eliminated, accompanied 
with the formation of foot processes. When the glomerular 
lesions formed, UCH‑L1 expression increased again with foot 
process fusion. These results implied that elevated UCH‑L1 
expression is an indication of podocyte injury, which may 
appear in non‑immune complex‑mediated and immune 
complex‑mediated glomerular diseases. However, the regu-
latory mechanisms of UCH‑L1 or other podocyte‑specific 
proteins are complex and remain to be elucidated.

It has been demonstrated that inflammation leads to 
podocyte injury involving multiple signaling pathways, 
including the samds, mitogen‑activated protein kinase, NF‑κB, 
Wnt/β‑catenin and TGF‑β1 signaling pathways (12,29,35,36). 
NF‑κB signaling is considered to be the most prominent acti-
vation pathway in the pathogenesis of human kidney diseases 
and numerous associated animal models (11,37).

In the present study, renal biopsy sections were analyzed 
in numerous types of immune complex‑mediated glomerulo-
nephritis, including LN, IgAN and MGN, and the expression 
of active NF‑κB p65 and UCH‑L1 were identified in the podo-
cytes. In addition, NF‑κB p65 over‑activation was correlated 
with the expression of UCH‑L1 in podocytes. By contrast, in 
non‑immune complex‑mediated glomerulonephritis, such as 
MCD, no marked expression of active p65 and UCH‑L1 was 
identified in podocytes. These results indicated that immune 
injurious stimulation is able to increase the expression of 
UCH‑L1 through the NF‑κB signaling pathway, which may 
be vital in the pathogenesis of podocyte injury in immune 
complex‑mediated glomerulonephritis. Furthermore, although 
podocyte injury and foot process effacement appeared in 
non‑immune complex‑mediated glomerulonephritis, there 
were no evident inflammatory changes in these glomeruli. 
Correspondingly, there was also no marked activation of 
NF‑κB and no increase of UCH‑L1 in MCD. It is therefore 
suggested that there may be another mechanism for podocyte 
injury in non‑immune complex‑mediated glomerulonephritis.

NF‑κB is known to be activated by the exposure of 
cells to pro‑inflammatory mediators, including TNF‑α and 
IL‑1β (38,39). It is also activated by the binding of Toll‑like 
receptors with their cognate ligands, such as LPS (4). In the 
present study, podocytes were therefore treated with TNF‑α, 
IL‑1β and LPS in vitro, which all caused translocation of 
phosphorylated p65 to the nucleus and then upregulated the 
expression of the UCH‑L1 protein. Thus, the present study 
further verified that UCH‑L1 is one downstream target protein 
of NF‑κB in podocytes. Subsequently, ATS was used in combi-
nation with human serum to treat podocytes co‑cultured with 

rat mesangial cells, duplicating a model of immune injury. 
Persistent phosphorylation of p65 and a significant upregula-
tion of UCH‑L1 were identified, which were more marked 
than those in the groups treated with TNF‑α, IL‑1β and LPS. 
This was consistent with the results of a previous study by our 
group (2), which demonstrated that the expression of UCH‑L1 
in podocytes was not elevated in non‑immune complex‑medi-
ated nephritis, including MCD and FSGS. By contrast, 
UCH‑L1 was markedly increased in immune complex‑medi-
ated glomerulonephritis (2). It has been reported that ATS is 
capable of interacting with antigens on the cell membrane of 
mesangial cells to form immune complexes and subsequently 
activate complements in fresh serum to assemble sublytic 
C5b‑9, leading to immune injury to cells in vitro (40,41). As 
podocytes present Fc and C3 receptors on the cell surface, it 
is possible that immune complexes and sublytic complement 
compounds are stimulatory factors affecting podocytes in 
glomeruli  (41,42). Therefore, the deposition of immunity 
compounds may be a key cause of the activation of NF‑κB to 
upregulate the expression of UCH‑L1 in podocytes in immune 
complex‑mediated glomerulonephritis.

In conclusion, the present study demonstrated that in 
human renal biopsy samples of several forms of immune 
complex‑mediated glomerulonephritis, the increase of 
NF‑κB and UCH‑L1 was positively correlated with diseased 
podocytes. However, in non‑immune complex‑mediated 
glomerulonephritis, no clear activation of NF‑κB and no 
increase of UCH‑L1 expression was observed. In  vitro, 
immune stimulation also upregulated UCH‑L1 through the 
NF‑κB signaling pathway in mouse podocytes. These results 
suggested that the activation of NF‑κB and upregulation of 
UCH‑L1 in podocytes are vital for podocyte injury in immune 
complex‑mediated glomerulonephritis.
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