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Podocyte injury is a feature of glomerulopathies associated with proteinuria, which in turn has been used as a

clinical prognostic factor for glomerular diseases. The goal of this study is to investigate the relationship

between podocyte injury found in biopsied renal tissue and change of proteinuria in IgA nephropathy (IgAN).

In all, 35 patients with biopsy-proven IgAN and proteinuria (41.0g per 24h) were enrolled in the IgAN

group, while 8 patients with excision of renal harmatoma or carcinoma served as kidney controls (Control).

Immunohistochemistry was applied to detect the expression of nestin, cell-cycle regulatory protein p27, as well

as complement C5b-9 and complement receptor 1 (CR1). Podocyte foot process width (FPW) and podocyte

population in renal biopsied samples were measured by morphometric analysis. On the basis of the podocyte

density (Nv), the IgAN patients were divided into podocytopenic group (n¼ 17, Nvo57.10 /lm3� 106) and

normopodocytic group (n¼ 18, NvZ57.10 /lm3� 106). Changes of proteinuria were followed for 18 months after

biopsy. Compared with the Control, IgAN glomeruli had reduced podocyte expression of p27 and nestin along

with decreased podocyte number. IgAN glomeruli also showed activation of C5b-9 in mesangial and

subepithelial areas with decreased CR1 expression in podocytes. The C5b-9 positivity was inversely correlated

with the number of WT-1-positive podocytes. Although the magnitude of proteinuria at biopsy correlated with

podocyte FPW (Po0.05), the change in the amount of proteinuria expressed as proteinuria progression rate

significantly correlated with the podocyte density. Thus, the normopodocytic group showed significantly lower

proteinuria progression rate than the podocytopenic group regardless the comparable clinical features at

biopsy and treatment regimen between the two groups. The results of this study indicate that, in IgAN, podocyte

injury is involved in development of proteinuria and loss of podocytes predicts progression of the proteinuria.

Complement activation may contribute to podocyte damage in IgAN.
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IgA nephropathy (IgAN) is the most common type of
primary glomerular nephritis in Southeast Asia.1 It
has an extremely variable clinical course, ranging
from persistent asymptomatic microscopic hematur-
ia to rapidly progressive renal failure. Hypertension,
impaired renal function, proteinuria and the
severity of histologic lesions at the time of renal
biopsy have been used to predict development of

progressive renal disease in patients with IgAN.1–4

As experimental evidence showing a direct deleter-
ious effect of proteinuria on progressive kidney
damage,5–7 sustained nephrotic-range proteinuria
(43–3.5 g/day) has long been accepted as a poor
prognosis in many types of progressive glomerulo-
pathies. In IgAN, proteinuria level of 41 g/day is an
indicator for aggressive treatment involving corti-
costeroids.8 However, emerging studies have found
that, rather than the amount of proteinuria appear-
ing at diagnosis, it is the change in magnitude of
the proteinuria that is a stronger predictor of renal
outcome.4,8–12 Consistent with these findings, a
recent study reported that patients who achieved a
sustained reduction in proteinuria have a better
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prognosis regardless the initial proteinuria level.13

Another study also showed that mean proteinuria
during follow-up was a powerful independent
prognostic predictor in IgAN.14 In this study, we
chose the change of proteinuria as primary outcome.

Experimental and clinical studies suggest that
proteinuria reflects damage and/or loss of glome-
rular podocytes. Indeed, recent studies have shown
podocyte injury in proteinuric IgAN, which was
characterized by reduced expression of podocyte
markers such as GLEPP-1,15 nephrin and CD2AP,16,17

necrosis and detachment of podocytes from the
glomerular basement membrane (GBM),18 as well as
decreased number of podocytes in Indians or
Caucasians with IgAN.19,20 Although such studies
indicate that podocyte injury is associated with
proteinuria at the time of biopsy, it is not clear
whether podocyte injury predicts proteinuria pro-
gression and renal outcome in IgAN.

The mechanisms underlying IgAN remain un-
clear. Aberrantly glycosylated IgA molecules have
been found in the glomerular mesangium with
IgAN.21 These deposits were postulated to activate
mesangial cells22,23 and local complements.24 Me-
sangial activation of C3 may occur through the
mannan-binding lectin pathway or alternative path-
way leading to the generation of C5b-9 in IgAN.25,26

A recent study showed that positive mesangial C4d
staining, a downstream activated complement factor
of mannan-binding lectin pathway, was associated
with evolution to end-stage renal disease in patients
with IgAN.27 The mRNA expression ratio of C3 to
DAF (decay accelerating factor, a candidate for
the focal suppression of complement activation) of
glomerular cells was also found to be correlated
with the severity of glomerular injury in IgAN.28

Moreover, it has also been found that subepithelial
deposition of C5b-9 could attack podocytes in
membranous nephropathy. In contrast, normal po-
docyte itself may synthesize complement regulatory
proteins, such as complement receptor 1 (CR1), to
reduce susceptibility to complement attack.29 Thus,
we also studied whether complement activation
took part in podocyte injury in IgAN.

Thus, this study examined podocyte injury in
IgAN and its effects on proteinuria at the time of
diagnosis as well as proteinuria progression. We also
accessed the possible relationship between comple-
ment activation and podocyte injury. We found that,
hypertension, impaired renal function and level of
proteinuria at the time of renal biopsy did not
predict progression, instead podocyte density sig-
nificantly related with the resolution of proteinuria.

Materials and methods

Subjects

All proteinuric patients who underwent renal
biopsy in our renal care program and received the

diagnosis of IgAN from January 2000 were enrolled
into the study. The included patients met the
following criteria: (1) dominant or co-dominant
deposition of mesangial IgA by immunofluorescence
microscopy; (2) exclusion of diseases with IgA
deposition, including systemic lupus erythemato-
sus, Schönlein-Henoch purpura and liver disease;
(3) proteinuria 41.0 g/day; and (4) normal serum
creatinine. A total of 35 IgAN patients were
included. Eight patients with excision of renal
harmatoma or carcinoma without proteinuria or
hematuria, hypertension or renal impairment served
as kidney controls (Control).

This study was approved by the Institutional
Review Board of Research Ethics Committee of
Huashan Hospital, Fudan University, Shanghai, China.

Clinical and Laboratory Data

Serum IgA, C3, C4, creatinine, magnitude of protei-
nuria based on 24-hr urine collections and blood
pressure were assessed at biopsy, the time referred
as baseline, and over time. Each patient was
evaluated with laboratory tests every 3 months for
18 months, including 24-h urine protein, serum
creatinine and blood pressure.

The effect of treatment was evaluated by the
proteinuria progression rate, reflecting the rate
change of proteinuria from baseline, with the
percent change plotted for each subject. A regression
line then was drawn, and the slope of this line
reflecting the average percent change of proteinuria
per month was referred as the proteinuria progres-
sion rate. We also defined partial remission when
proteinuria dropped to o0.5 g/day, and complete
remission when proteinuria was o0.2 g/day during
the follow-up.

Each IgAN patient received renoprotective ther-
apy with either an angiotensin-converting enzyme
inhibitor or an angiotensin II receptor blocker. The
use of corticosteroid or immunosuppressant was
recorded.

Routine Examinations on Biopsied Renal Tissue

Renal specimens, obtained by needle-core biopsies
(14- or 16-gauge) performed under ultrasonographic
guidance, were fixed with 4% paraformaldehyde
in phosphate-buffered saline, dehydrated although
graded alcohols, embedded in paraffin, then sec-
tioned for routine stainings (hematoxylin & eosin,
periodic acid-Schiff, silver methenamine and
Masson’s trichrome). The biopsies were graded
according to the scheme of Lee et al.30 Detailed
renal morphologic changes were also evaluated
for mesangial cellularity, percentage of segmental
sclerotic glomeruli, percentage of glomeruli showing
endocapillary hypercellularity, percentage of cres-
cent glomeruli and interstitial fibrosis.31 For each
case, at least eight glomeruli were scored.
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Frozen tissue sections were processed for routine
immunofluorescence microscopy with antisera for
IgG, IgA, IgM, C3, C1q and fibrinogen. Mesangial
immunoglobulins and C3 by immunofluorescence
were semiquantitated (0—negative, 1—minimally
positive, 2—moderately positive and 3—maximally
positive).

Immunohistochemistry

Four-micron-thick paraffin-embedded tissue sec-
tions were used in the study, and a two-step
EnVision System peroxidase kit (Dako, USA) was
used for immunohistochemistry. Slides were sub-
jected to microwave antigen retrieval with wet heat
at sub-boiling temperature for 10min before the
addition of antibodies against Wilm’s tumor-1
(WT-1, 1:800, Santa Cruz Biotechnology, USA), nestin
(1:400, BD Biosciences, USA), p27 (1:200, Dako),
CR1 (1:25, Dako) and C5b-9 (1:25, Abcam, UK).

Dual immunostainings for laminin and C5b-9
were conducted as follows: frozen sections were
air dried and fixed in 4% buffered paraformalde-
hyde for 10min, incubated with rabbit anti-mouse
laminin (1:100, Santa Cruz) at 37 1C for 1 h, then
anti-rabbit-Cy2 (1:600, Vector Laboratories, USA) at
room termperature for 45min, followed by C5b-9
immunostaining with primary mouse monoclonal
antibodies against human C5b-9 then Cy3-conju-
gated rabbit anti-mouse IgG (1:800, Dako). The
stained sections were examined by confocal micro-
scopy (Leica TSP SP20).

The number of p27-positive nuclei per glomerulus
was counted, and the assessment for localization to
podocytes was based on the cell morphology and
relationship to the basement membrane. Nestin,
C5b-9, CR1 expressions were evaluated by the
percentage of positive area in the glomeruli. Nega-
tive control slides were treated with nonspecific
antisera instead of primary antibody. All stainings
were reviewed and analyzed without knowledge of
the group.

Podocytic Morphometrics

Podocytes were identified by immunohistochemical
staining for WT-1, a podocyte differentiation marker.
The density of WT-1-positive podocytes in the
glomerulus (Nv), that is, the number of podocytes
per glomerular volume unit (mm3� 106) was calcu-
lated as previously reported32: Nv¼ 1/b(NA

3 /VV),
1/2

where Nv is the number density of cells per mm3 of
tuft volume; NA is the number of intersections of cell
nuclei per mm2 of tuft area; VV is fractional areal
density of the nuclei; b is the shape factor for prolate
ellipsoids, which has the value of 1.65 for podo-
cytes. All biopsied glomeruli were analyzed except
for the ones with global sclerosis. The mean
podocyte Nv was counted as 323.22±135.78/
mm3� 106 (mean±s.d.) in Control group. A cut-off

value o57.10 /mm3� 106, the low 2.5 percentile of
the Nv in Control group, was applied as the criterion
for podocyte depletion. This value is lower than the
criteria that were applied in human studies with
diabetic nephropathy.33,34 By that, 35 IgAN cases
were further divided into two groups: podocytope-
nic group (n¼ 17, Nvo57.10/mm3� 106), and nor-
mopodocytic group (n¼ 18, NvZ57.10/mm3� 106).

Transmission electron microscopy (EM) was used
to assess podocyte foot process width (FPW). As
previously reported,35 10 photographs (10 000� )
covering one or two glomerular cross-sections were
taken by transmission electron microscope (Philips
CM10, Eindhoven, The Netherlands). The length of
the peripheral GBM was measured and the number
of slit pores was counted. The arithmetic mean of
the FPW was calculated as follow: FPW¼ p/4
�
P

GBM length/
P

slits, where the
P

slits was the
total number of slits counted,

P
GBM length was the

total GBM length measured in one glomerulus, and
the correction factor p/4 served to correct for the
random orientation in which the foot processes were
sectioned.

Statistical Analysis

Data were expressed as mean±standard error of
mean unless otherwise specified. Mann–Whitney
U-tests were used for between-group comparisons.
Spearman correlation followed by univariate linear
regression analysis was applied to uncover the
correlations between nominal variables. Differences
of the follow-up parameters were analyzed by mixed
model, and difference in remission rate during the
study was analyzed by w2 test. All statistical tests
were two-sided and significance was defined as
Po0.05. Statistical analysis was performed using
Stata and SPSS.

Results

Podocyte Injury and Loss in IgAN

In glomeruli of Control kidneys, most podocytes
expressed p27, a negative cell-cycle regulatory
protein that maintains podocytes in quiescence by
arresting cell cycle in G1 phase.36 By contrast, the
proportion of p27-positive podocytes was signifi-
cantly decreased in glomeruli of IgAN (Control
91.1±2.7 vs IgAN 71.3±2.5%, Po0.05, Figure 1a).
As a type VI intermedial filament, nestin is one of
the constitutive proteins expressed in the cytoplasm
of podocytes, stained in a linear pattern along the
GBM. In IgAN, the percentage of nestin-positive area
in the glomerulus was decreased by some 30%
(Control 17.3±1.8% vs IgAN 12.5±0.9%, Po0.05,
Figure 1b) and the continuity of the normal staining
pattern was interrupted. Transmission EM revealed
podocyte vacuolization, microcystic change, foot
process effacement and detachment from the GBM
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in some glomeruli with IgAN. In areas with reduced
number of podocytes, there was focal denudation of
the underlying GBM.

Podocyte density (Nv) was significantly lower in
the IgAN group than the Control (Control 323±46
vs IgAN 161±38/mm3� 106, Po0.05, Figure 1c).
This decrease in podocyte population coincided
with increased severity of glomerular injury,

which was reflected by the Lee’s grade of IgAN
(359±269 /mm3� 106 for grade I, 270±103 for grade
II, 166±81 for grade III and 79±25 for grade IV).

Complement Activation and Association with
Podocyte Injury

In IgAN, C3 was found primarily deposited in the
mesangial area and occasionally along the capillary
loops. Semi-quantitation showed a trend for more
C3 deposition in glomeruli with fewer podocytes
(Figure 2a). C5b-9 was also mainly expressed in the
mesangium and partly located in subepithelial area,
a finding confirmed by co-staining for GBM protein
laminin (Figure 2b). In addition, C5b-9 deposition
inversely correlated with the number of WT-1-
positive cells in glomeruli (Figure 2b). In Control
glomeruli, CR1 was expressed primarily in the
cytoplasm of podocytes (Figure 3a). In IgAN glomer-
uli, the CR1-positive area was significantly de-
creased compared with the Control (15.0±1.8 vs
23.8±2.8%, Po0.05, Figure 3a). There was also an
inverse correlationship between C5b-9 deposition
and CR1 expression in podocytes (Figure 3b),
indicating the role of decreased CR1 expression
in the increased susceptibility of podocytes to
C5b-9 attack.

Relationship between Podocyte Injury and Proteinuria
at Biopsy

A significant correlation was found between the
podocyte FPW and the amount of proteinuria at the
time of biopsy (Figure 4a), the latter one of which
also tended to correlate with podocyte density
(P¼ 0.07, Figure 4b). Moreover, the podocyte den-
sity was found significantly correlated with protei-
nuria progression rate (Figure 5a). However, the
clinical characteristics of normopodocytic group
and podocytopenic group were not significantly
different at the time of biopsy (Table 1). It is
noteworthy that this relationship was not affected
by treatment with corticosteroid and angiotensin
blocking drugs. Thus, patients with podocytopenia
at biopsy had significantly slower reduction in
proteinuria than normopodocytic patients regard-
less of treatment (Po0.05, Figure 5b). Futhermore,
after 18 months follow-up, the complete remission
rate, partial remission rate and total remission rate
were all significantly greater in the normopodocytic
group (complete remission rate 28%, partial remis-
sion rate 39% and total remission rate 67%) than in

Figure 1 Quantitation of podocyte injury in glomeruli with IgAN.
Significant reduction in podocyte p27 (a) and nestin positivity
(b), along with decreased podocyte density (Nv) (c) was found in
patients with IgAN.

Figure 2 Relationship of complement activation and podocyte injury in IgAN. (A) Decreased number of WT-1-positive podocytes in IgAN
tended to be associated with increased C3 deposition in glomeruli. (B) C5b-9, an activated complement product, which was expressed
mainly in glomerular mesangium and partly in subepithelial area (arrow in (a) and arrowhead in (b)). This localization was confirmed by
dual staining for laminin (b), in which confocal microscopy revealed some positive C5b-9 deposition (red) outside the laminin-positive
GBM (green). Magnifications were 400 for (a), and 600 for (b). The area with positive C5b-9 deposition in IgAN glomeruli was negatively
correlated with the podocyte number.
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the podocytopenic group (complete remission rate
12%, partial remission rate 23% and total remission
rate 35%, Figure 5c). As there was no significant
differences in the glomerular histologic changes
comparing the podocytopenic with the normopodo-
cytic group (mesangial cellularity score 0.46±0.12
vs 0.66±0.12, percentage of glomeruli showing

segmental sclerosis 53 vs 56%, percentage of
glomeruli showing endocapillary hypercellularity
24 vs 28%, percentage of glomeruli showing cres-
cents 12 vs 17% and interstitial fibrosis score 1.33 vs
1.07), the different resolution of proteinuria in IgAN
patients was determined mainly by the level of
podocyte injury in this study.

Figure 3 Relationship of CR1 and C5b-9 in IgAN. (a) CR1, a protective mechanism against complement attack, was normally expressed
on podocytes in a continuous and linear pattern as shown in Control. In IgAN, the expression of CR1 was significantly decreased and
changed to a discontinuous and dotted pattern (400). (b) Spearman correlation analysis showed that the area with positive C5b-9
deposition in IgAN glomeruli negatively correlated with the CR1 positivity.
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Discussion

Proteinuria is not only a hallmark of glomerulo-
pathy, but also is believed to be a mechanism of
progressive glomerular damage.37 Several clinical
studies have shown that proteinuria is a strong
prognostic factor for IgAN progression.8,9,12 Our
study revealed multiple podocyte injuries in protei-
nuric IgAN, including decreased cell-cycle protein
p27, decreased type IV intermediate filament nestin
expression, widened foot process and ultimately
decreased podocyte density. We further showed that
podocyte injury, especially the number of podocytes
is a better predictor of progression than the level of
proteinuria at the time of biopsy in IgAN. We also
found that complement activation correlates with
podocyte injury.

The blood-to-urine barrier, that is, glomerular
filtration barrier, is highly organized and consists
of three different layers: the fenestrated endothe-
lium of glomerular capillaries, GBM, which is the
fused basal lamina of endothelial cells and podo-
cytes, and the filtration slits of the podocytes.

Podocyte injury, which occurs in minimal change
disease, focal segmental glomerular sclerosis and
diabetic nephropathy, is considered to be a key
factor associated with proteinuria.38 Podocytes can

Figure 4 Correlation of proteinuria and podocyte injury in IgAN
at biopsy. (a) Prolate podocyte FPW was significantly correlated
with the amount of proteinuria at biopsy. (b) Podocytopenic IgAN
showed a trend to have more proteinuria. Figure 5 Relationship between podocyte population and progres-

sion of IgAN. (a) Proteinuria progression rate correlated to
podocyte density. (b) IgAN patients with normal range podocyte
number showed significantly more rapid decrease in proteinuria
during follow-up when compared with the podocytopenic
subjects (Po0.05 by mixed model analysis). (c) Significantly
fewer individuals reached complete or partial regression in the
podocytopenic group than in the group with normal-range
podocyte number (Po0.05 by w2 test).

Table 1 Clinical features of podocytopenic and normopodocytic
patients with IgA nephropathy at renal biopsy

Podocytopenic Normopodocytic P-value

Sex 10M/7F 11M/7F 40.05
Age (years) 33.5±2.6 32.9±2.9 40.05
SBP (mmHg) 136.6±5.7 126.2±4.0 40.05
Proteinuria (g per 24h) 2.93±0.46 2.05±0.27 40.05
Scr (mmol/l) 111.7±11.8 115.8±16.6 40.05
sIgA (g/l) 2.94±0.28 2.53±0.17 40.05
sC3 (g/l) 1.05±0.05 1.04±0.04 40.05
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retract and broaden their foot processes after injury
and detach from the GBM when injury becomes
severe.39 In our study, increased FPW correlated and
decreased podocyte density tended to correlate with
the level of proteinuria at time of biopsy. These
findings are in consistence with the results from
some other groups that podocytopenia associates
with the amount of proteinuria in IgAN.19,20

Podocytopenia has been found associated with
development of glomerulosclerosis in several hu-
man and experimental diseases,40 and the loss of
podocyte population parallels progression of glo-
merulosclerosis.41 Our study also noted that de-
creased podocyte density paralleled the Lee’s grade
of IgAN. In an animal model with chronic glomer-
ulopathy, increased and persistent urinary excretion
of podocytes correlates with the progression of the
disease.42 Moreover, recent studies have shown that
corticosteroid treatment may have direct effects on
podocytes.43,44 In contrast, the clinical response to
immunosuppression therapy in focal segmental
glomerular sclerosis is different according to the
podocyte number.45 We, therefore, postulated that it
was not the severity of the proteinuria at diagnosis
but rather the dynamic change of proteinuria during
treatment and follow-up that is a more important
predictor for the outcome of IgAN. Indeed, the
results of our study showed a significant correlation
between podocyte density and proteinuria progres-
sion rate. The rate change of proteinuria in IgAN
patients with normal podocyte number is signifi-
cantly slower than those with podocytopenia. Our
data also indicated that the IgAN patients in
podocytopenia group were less likely to have
remission in proteinuria than the patients in
normopodocytic group, regardless of the comparable
baseline characteristics or therapeutic regimens. We
did not see remarkable changes in renal function
parameters in our IgAN patients, although the
follow-up period is relatively short.

It was previously found that IgA per se does not
directly induce podocyte injury.16,46 There is an
increasing body of evidence showing that stress-
tension, a result of increased intraglomerular pres-
sure, causes podocyte injury and loss,47,48 in which
increased activity of angiotensin II and its type 1
receptor AT1 have an important role.48,49 Other
mechanisms that are involved in IgAN-related
podocyte injury include increased level of proin-
flammatory factor TNF-a.16,46 In our study, we
unveiled that complement activation may contribute
to podocyte injury in IgAN. It is known that IgAN is
an immune-mediated disease characterized by IgA
deposition in mesangial area, followed by C3
activation through alternative pathway or lectin
pathway,25 and finally formation of membrane attack
complex C5b-9.50 In our study, C5b-9 deposited not
only in mesangial area but also in subepithelial area,
indicating that C5b-9 might directly attack podo-
cytes in IgAN. Podocytes that undergo C5b-9 attack
may produce oxidants, laminin and type IV col-

lagen,51 disrupt actin microfilaments,52 upregulate
cyclooxygenase-253 and induce DNA damage.54

Moreover, podocytes express CR1, which is a
physiological inhibitor of C3.55 We found that the
CR1 expression on podocytes decreased signifi-
cantly in IgAN, which was also reported by other
investigators.56 It has been suggested that the
decrease in CR1 on podocytes is not due to
consumption but due to decreased synthesis. Loss
of CR1 synthesis might increase the sensitivity of
podocytes to complement attack.36,57 Our observa-
tion of inverse correlationship between podocyte
density and C5b-9 deposition in glomeruli suggested
that complement activation might take part in
podocyte injury in IgAN.

In summary, results from our study indicate that
there are multiple podocyte injuries in IgAN with
proteinuria. Loss of podocytes not only associated
with proteinuria at diagnosis but also predicted
progression of proteinuria in IgAN. We also show
that complement activation may contribute to
podocyte injury in IgAN. These findings might be
relevant to future therapeutic and prognostic con-
siderations for IgAN.
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