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Abstract
Aims/hypothesis Increased renal mast cells have been
detected in diabetic nephropathy. However, only a few
patients have been examined. Evidence of the involvement
of mast cells in diabetic nephropathy is still scarce, and no
observation of mast cells during the development of
diabetic nephropathy has yet been reported in humans.
Here, we examined changes in renal mast cells in patients at
different stages of diabetic nephropathy and related these to
the development of the disease.
Methods Eighty patients at different clinical stages of
diabetic nephropathy and 16 normal kidney donors were
recruited. Immunohistochemical staining for tryptase,
chymase, TGF-β1, renin and TNF-α was done on renal
sections from patients and control participants. Changes in
mast cell number, degranulation, subtype and phenotype were
examined. Correlation between mast cells and patients’
clinical and pathological indices was analysed.
Results With progression of diabetic nephropathy, the
number and degranulation level of mast cells increased.
Increase in mast cell number and degranulation level
correlated significantly with tubular interstitial injury.
Almost all renal mast cells in patients with diabetic
nephropathy were found to produce chymase, renin, TGF-
β1 and TNF-α. The level of TNF-α in mast cells increased
with progression of diabetic nephropathy.
Conclusions/interpretation This study suggests that mast
cells are involved in development of diabetic nephropathy.
Through release of bioactive substances, such as tryptase,

chymase, TGF-β1, renin and TNF-α, into the tubular
interstitium by degranulation, mast cells could promote
renal inflammation and fibrosis, and thus contribute to
diabetic nephropathy.
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Abbreviations
eGFR Estimated glomerular filtration rate
MC Mast cell
NAG N-acetyl-β-glucosaminidase
RBP Retinol-binding protein
RIV Relative interstitial volume
UAE Urinary albumin excretion rate

Introduction

Diabetic nephropathy is a multistage clinical syndrome
characterised by thickening of the glomerular basement
membrane and mesangial expansion with progression
into glomerulosclerosis, tubular necrosis and interstitial
fibrosis, which ultimately result in renal failure. Although a lot
of investigations have been carried out, the pathogenic
mechanism involved in diabetic nephropathy is not completely
understood and no satisfactory therapeutic option is available
to treat this insidious disease [1].

Mast cells (MCs) are a group of multifunctional cells.
Knowledge obtained in the past two decades indicates that
MCs are not only the key effector cells in anaphylaxis, but
also regulators of innate and adaptive immune responses [2,
3]. The pathogenic roles of MCs have been extended to
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allergic diseases and helminth infection, and other diseases
such as autoimmune diseases, inflammatory diseases,
carcinogenesis and fibrosis [3–10]. With regards to the
production of tryptase and chymase, two subtypes of MCs
have been reported in humans: the MCT subtype is believed
to produce tryptase only, whereas the MCTC subtype is
believed to produce both tryptase and chymase.

MCs have been detected in a lot of renal diseases
[11–22]; however, only a few cases were investigated in
each kind of renal disease in most of the studies reported.
Observation of MCs in the development of renal disease is
still scarce. Evidence provided by previous studies
suggests that MCs contribute to renal diseases mainly by
promoting tubular interstitial injury; however, their exact
role remains poorly understood. Increased numbers of
MCs have been reported in diabetic nephropathy [11, 13,
17], but, again, only a few patients were examined.
Evidence of the involvement of MCs in diabetic nephropathy
is still scarce, and no observation has been made of
MCs during the development of diabetic nephropathy in
humans. The aim of the present study was to examine
changes in MC number, degranulation level, subtype
and phenotype in the renal tissues of patients at
different stages of diabetic nephropathy and to relate
this to the development of disease.

Methods

Study population Eighty type 2 diabetic patients with
biopsy-proven diabetic nephropathy, who were hospitalised
at the clinical unit of the nephrology centre of Jingling
Hospital from 2003 to 2008, were recruited. All these
patients met the World Health Organization criteria for
type 2 diabetes mellitus, and renal biopsy consistent with
the diagnosis of diabetic nephropathy and exclusion for
other concomitant renal diseases. According to their clinical
characteristics (regardless of duration of diabetes), patients
were classified into microalbuminuria (urinary albumin
excretion rate [UAE] >30 mg/24 h and <300 mg/24 h,
n=19), proteinuria (UAE ≥300 mg/24 h and estimated
glomerular filtration rate [eGFR, according to the equation
of Modification of Diet in Renal Disease] ≥60 ml min−1

1.73 m−2, n=32) and renal insufficiency (eGFR
<60 ml min−1 1.73 m−2, n=29) stage groups. Patients
with hypertension were given angiotensin-receptor block-
ers such as irbesartan or valsartan. Other antihypertensive
agents (calcium-channel blockers, ACE inhibitors, diu-
retics, etc.) were also used as needed. The target blood
pressure was the same (a systolic blood pressure of
135 mmHg or less, and a diastolic blood pressure of
85 mmHg or less). Sixteen normal renal tissues from
mismatched kidney donors served as normal control

participants (normal control group). Informed consent was
obtained from participants. All research work with human
participants was in accordance with the ethical standards of
the responsible committee on human experimentation and
with the Declaration of Helsinki. Table 1 shows relevant
clinical and pathological characteristics of the patients.

Histology For light microscopy, renal biopsy specimens
were fixed in 10% neutral buffered formalin, embedded in
paraffin and sectioned at 2 μm thickness. Haematoxylin–
eosin, periodic acid–Schiff’s reagent, Masson’s trichrome
and periodic acid methenamine silver staining were carried
out. Glomerular, tubular interstitial and vascular lesions in
biopsies were recorded, classified and scored according to
criteria described by Tervaert et al. [23]. Immunofluores-
cence included the use of antibodies against IgA, IgG, IgM,
C3, C1q, and κ and 1 light chains to rule out other renal
diseases. Electron microscopy was also performed to
confirm the diagnosis.

Neutrophils, eosinophils and plasma cells were identified
according to the morphological characteristics of these cells
on haematoxylin and eosin-stained sections, and the
number of these cells in the tubular interstitium was
counted by two pathologists. Immunohistochemical
staining for CD3, CD20 and CD68 was performed to
label T lymphocytes, B lymphocytes and macrophages
respectively. The numbers of CD3, CD20 and CD68
positive cells in the tubular interstitium were counted.
For each section, at least ten randomly selected cortical
regions were examined, and the area of the selected regions in
each section was measured using NIS Element BR3.4 software
(Nikon, Shinagaw-ku, Tokyo, Japan). The number of each
kind of inflammatory cell (including neutrophils, eosinophils,
plasma cells, T lymphocytes, B lymphocytes and macro-
phages) was presented as the number of the cells per mm2 of
renal cortex area.

The relative interstitial volume (RIV) was measured
according to methods described by Okon et al. [17, 24]. For
each section, ten randomly selected cortical regions were
measured and the average value was taken as the RIVof the
section.

Evaluation of the degranulation level of MCs Renal
sections were stained with Toluidine Blue and examined
under a high power field by two different researchers
using a single blind approach. Degranulated MCs were
determined by the presence of extruded granule contents
[25]. At least 20 randomly selected fields were examined
for each section. The total numbers of Toluidine Blue
staining-positive cells (total MCs) and of degranulated
MCs were counted. The degranulation level of MCs in
each section was presented as the ratio of degranulated
MCs to total MCs.
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Table 1 Clinical and pathological variables of participating patients

Variable Microalbuminuria
stage group

Proteinuria stage
group

Renal insufficiency
stage group

n 19 32 29

Age (years) 46 (43–48) 49 (45–57) 53 (46–57)

Duration of diabetes mellitus (months) 48 (34–72) 84 (36.0–153.8) 148 (90–152)**†

Male/female 11/8 16/16 16/13

BMI (kg/m2) 26.0 (20.6–27.7) 25.1 (23.1–27.3) 25.9 (22.1–27.5)

Fasting blood glucose (mmol/l) 6.2 (5.6–7.1) 7.0 (6.0–8.6) 7.0 (5.4–7.8)

Postprandial blood glucose (mmol/l) 10.0 (8.4–13.0) 10.9 (9.2–13.5) 11.9 (11.0–13.1)

Serum creatinine (μmol/l) 63.6 (54.8–77.8) 69.0 (56.4–89.9) 142.3 (125.1–202.4)**††

Serum cystatin C (mg/l) 0.9 (0.8–1.0.) 1.1 (1.0–1.3) 2.0 (1.6–2.6)**††

Serum albumin (g/l) 43.7 (42.4–47.1) 39.1 (32.6–43.2)** 34.5 (30.1–38.4)**

Haemoglobin (g/l) 142 (128.5–152.5) 128 (109.0–141.5)** 102 (93.5–117.5)**††

Glycated haemoglobin (%) 6.8 (6.0–7.5) 7.0 (6.4–8.5) 6.6 (6.3–7.4)

Glycated haemoglobin (mmol/l) 50.3 (42.1–57.9) 53.0 (46.4–68.9) 48.6 (45.4–57.4)

Serum cholesterol (mmol/l) 4.0 (3.8–5.3) 5.2 (4.0–6.7) 5.0 (4.2–6.3)

Serum triacylglycerol (mmol/l) 1.6 (1.1–2.4) 2.0 (1.6–2.7) 1.7 (1.2–2.9)

Urine C3 (mg/l) 2.8 (2.5–3.0) 3.1 (2.7–8.1)* 18.0 (5.1–30.6)**†

Urine α2–microglobulin (mg/l) 2.9 (2.5–3.5) 3.0 (2.8–5.4) 4.1 (3.0–7.5)**††

Urine lysozyme (mg/l) 0.5 (0.5–1.0) 0.5 (0.5–0.9) 1.6 (0.7–4.6)**††

Urine RBP (mg/l) 0.3 (0.1–0.4) 0.5 (0.2–1.6) 3.6 (2.0–7.1)**††

Urine NAG (U/mmol creatinine) 1.3 (0.8–1.9) 3.1(1.7–5.8)** 5.6(3.8–6.8)**†

Proteinuria (g/24 h) 0.2(0.1–0.3) 1.1 (0.8–2.8)** 2.6 (1.9–4.0)**†

Urinary osmotic pressure (mosmol/kg H2O) 754 (425–825) 466.5 (341.5–785.8) 445 (354.5–636.5)**

eGFR (ml min−1 1.73 m−2) 105.6 (98.7–121.8) 92.4 (76.6–115.5) 43.7 (29.1–49.9)**††

Systolic blood pressure (mmHg) 120 (110–130) 140 (124.8–150) 130 (122–147.5)

Diastolic blood pressure (mmHg) 80 (71–80) 85.5 (75.8–90) 84 (80–90)

Hypertension, n (%) 8 (42.1) 25 (78.1) 24 (82.8)

Glomerular lesions, n (%)

Class Ia 19 (100) 8 (25.0) 0 (0)

Class IIb 0 (0) 6 (18.8) 4 (13.8)

Class III 0 (0) 18 (56.3) 18 (62.1)

Class IV 0 (0) 0 (0) 7 (24.1)

Interstitial lesions (score), n (%)

Score=1 4 (21.1) 0 (0) 0 (0)

Score=2 13 (68.4) 13 (40.6) 0 (0)

Score=3 2 (10.5) 16 (50.0) 6 (20.7)

Score=4 0 (0) 3 (9.4) 12 (41.4)

Score=5 0 (0) 0 (0) 11 (37.9)

Vascular lesions (score), n (%)

Score=0 1 (5.3) 0 (0) 0 (0)

Score=1 6 (31.6) 1 (3.1) 0 (0)

Score=2 5 (26.3) 5 (15.6) 1 (3.5)

Score=3 7 (36.8) 17 (53.1) 15 (51.7)

Score=4 0 (0) 9 (28.1) 13 (44.8)

Data are median (interquartile range), unless otherwise indicated

*p<0.05, **p<0.01 vs microalbuminuria stage group; † p<0.05, †† p<0.01 vs proteinuria stage group
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Immunohistochemistry Immunohistochemical staining was
performed using routine methods. Briefly, formalin-fixed
sections were deparaffinised with xylene and rehydrated
with graded ethanols. The sections were autoclaved for
antigen repair. Endogenous peroxidase was blocked with
hydrogen peroxide. For reduction of background labelling,
the sections were blocked for 30 min in 10% fetal calf
serum. The samples were rinsed in PBS and then incubated
overnight at 4°C with different first antibodies, such as
mouse anti-human MC tryptase monoclonal antibody
(Chemicon, Temicon, CA, USA, 1:2,000), mouse anti-
human MC chymase monoclonal antibody (Chemicon,
1:1,000), rabbit anti-human renin polyclonal antibody
(Santa Cruz Biotechnology, CA, USA, 1:200), mouse
anti-human TNF-α monoclonal antibody (Santa Cruz
Biotechnology, 1:100), rabbit anti-human TGF-β1 poly-
clonal antibody (Santa Cruz Biotechnology, 1:200), mouse
anti-human CD3 monoclonal antibody (Novocastra, UK,
1:200), mouse anti-human CD20 monoclonal antibody
(Dako, Glostrup, Denmark, 1:100) and mouse anti-human
CD68 monoclonal antibody (Dako, 1:100). After washing
with PBS, the tissues were incubated with Envision reagent
(Dako) for 45 min, then the sections were washed and
developed with diaminobenzidine. Each section was coun-
terstained with haematoxylin. Normal homologous serum
was used to replace the first antibody as a negative control.

Measurement of renal MCs Immunohistochemical staining
for tryptase was carried out to mark all the renal MCs. The
cortex part of each renal section was fully scanned and
photographed under a light microscope by a CCD (Nikon
DS-Ri1, Nikon), which was connected to a personal
computer. Then, the number of tryptase-positive MCs in
the cortex of each section was counted by two independent
researchers using a single blind approach. The renal tissue
area of the same region was measured using NIS Element
BR software. The number of renal MCs in each section was
presented as the number of MCs per mm2 of renal cortex
area (MCs density).

Analysis of the subtype of MCs Immunohistochemical
staining for tryptase and chymase was carried out on serial
renal sections. The MCs that were positive for tryptase
staining and negative for chymase staining were believed to
be MCT subtype. The MCs that were positive for both
tryptase and chymase staining were believed to be MCTC

subtype. To measure the ratio of each subtype, at least ten
randomly selected high power fields were examined. The
number of each subtype of MC was counted and the ratio
was calculated for each section.

Semi-quantitative analysis of TNF-α in renal MCs The
TNF-α level in MCs was analysed quantitatively using

Image-pro Plus 6.0 software (Media Cybernetics, Bethesda,
MD, USA). Serial renal sections were used in the assay. For
each pair of serial sections, one section was stained for
tryptase to mark MCs, and the other was stained for TNF-
α. At least 15 randomly selected MCs were analysed from
each section of the diabetic nephropathy patients. As only a
few MCs were found in each section of the normal control
participants, all MCs found in all sections were pooled
together and analysed.

Statistical analysis All data were analysed using SPSS
version 10.0 (SPSS, Chicago, IL, USA). Because the data
involved a small number of participants (for each group) or
were determined to be non-normal, all the data are
presented as median (interquartile range), and multiple
comparisons were performed using Kruskal–Wallis
ANOVA, with pairwise comparison performed using
Mann–Whitney U test with Bonferroni correction. Correla-
tion analysis was carried out using Spearman coefficients
with Bonferroni correction to adjust for the multiple testing.
p<0.05 was considered statistically significant.

Results

Distribution of MCs in renal tissues of patients with
diabetic nephropathy MCs were detected in the cortex
and medulla of renal sections from diabetic nephropathy
patients by immunohistochemical staining for tryptase,
which is the specific molecular marker of MCs. Most
MCs were found to be distributed diffusely in the
interstitium, especially in the peritubular, perivascular and
periglomerular regions (Fig. 1b). Occasionally, the MCs
were found to be infiltrated in the wall of atrophied tubules.
Few intraglomerular MCs were detected in our tissue
samples. MCs were mostly located on the periphery rather
than within areas where inflammatory cells aggregated.

Fig. 1 Distribution of MCs in the renal tissues of patients with
diabetic nephropathy. MCs (shown by black arrows) were found to be
distributed diffusely in the interstitium. a Negative control of
immunohistochemistry (original magnification ×200). Scale bar,
100 μm. b Occasionally, the MCs were found to be infiltrated in the
wall of atrophied tubules (original magnification ×200). Scale bar,
100 μm. c Immunohistochemical staining for tryptase was used to
mark the MCs. To show the renal structure better, haematoxylin–eosin
staining was performed after immunohistochemical staining (original
magnification ×400). Scale bar, 50 μm
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Renal MCs increased as the disease progressed In the
normal control group, only a few MCs were found. The
density of MCs in the normal control group was 2.2 (0.3–
3.7) MCs/mm2. However, increased numbers of MCs were
found in the diabetic nephropathy patients and these
paralleled the progression of the disease (Fig. 2).

Degranulation level of MCs increased with the development
of diabetic nephropathy The degranulation level of MCs
was analysed using Toluidine Blue staining. In the normal
control group, degranulation was found in only a few MCs
(about one in ten). However, with the development of
diabetic nephropathy, the degranulation level of MCs
increased significantly (Fig. 3).

Correlation of renal MCs with clinical and pathological
indices As shown in Table 2, density of renal MCs was
found to be correlated significantly with eGFR, serum
creatinine, serum cystatin C, urine retinol-binding protein
(RBP), urine lysozyme, urine N-acetyl-β-glucosaminidase
(NAG), urine C3, urine α2 microglobulin and 24 h urine
protein level. Significant correlation was also found
between the density of renal MCs and the RIV. Moreover,
MCs were found to be significantly correlated with the
number of renal tubular interstitial inflammatory cells,
including neutrophils, eosinophils, macrophages and
T lymphocytes. However, plasma cells and B lymphocytes
were not found to be correlated with MCs.

Most MCs were found to be MCTC subtype and no change
in MC subtype was found during the development of

Fig. 3 Increased degranulation level of renal MCs (shown by black
arrows) was found with development of diabetic nephropathy.
Sections of renal biopsies from 80 patients with diabetic nephropathy
(including microalbuminuria stage group [n=19], proteinuria stage
group [n=32] and renal insufficiency stage group [n=29]) and 16
normal control participants were used in the assay. For the diabetic
nephropathy patients, at least 20 randomly selected high power fields
were examined and the ratio of degranulated MCs was calculated for
each section. As only a few MCs were found in each section from the
normal controls, all MCs found in all sections from the normal
controls were pooled together and the ratio of degranulated MCs was
calculated (three degranulated MCs were found in 31 MCs). Multiple
comparisons were performed using Kruskal–Wallis ANOVA, and
pairwise comparison was performed using Mann–Whitney U test,
with Bonferroni correction. a MCs without degranulation (note that
the MC is intact and no granule was found outside the cell).
b Degranulated MCs (note that some granules have been released
outside the cell). Scale bars for (a) and (b) 10 μm. c Results of
statistical analysis: the horizontal line was represents the average
degranulation level of the normal control group, **p<0.01. White
circles represent extreme values where the extremes are defined as
cases with values more than three box lengths from the upper or lower
edge of the box. The box length is the interquartile range. MG,
microalbuminuria stage group; NG, normal control group; PG,
proteinuria stage group; RIG, renal insufficiency stage group

Fig. 2 Renal MCs (shown by black arrows) increased with
development of diabetic nephropathy. Sections of renal biopsies from
80 patients with diabetic nephropathy (including the microalbuminuria
stage group [n=19], proteinuria stage group [n=32] and renal
insufficiency stage group [n=29]) and 16 normal control participants
were used in the assay. Immunohistochemical staining for tryptase was
carried out to mark renal MCs. The number of tryptase-positive cells
in the cortex part of each section was counted. The area of the same
part was measured and the density of MCs in renal cortex was
calculated. Multiple comparisons were performed using Kruskal–
Wallis ANOVA, and pairwise comparison was performed using
Mann–Whitney U test, with Bonferroni correction. a Normal control
group. b Microalbuminuria stage group. c Proteinuria stage group.
d Renal insufficiency stage group. Scale bars for (a–d) 100 μm. e
Results of statistical analysis, **p<0.01. White circles represent
extreme values where the extremes are defined as cases with values
more than three box lengths from the upper or lower edge of the box.
The box length is the interquartile range. MG, microalbuminuria stage
group; NG, normal control group; PG, proteinuria stage group; RIG,
renal insufficiency stage group
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diabetic nephropathy To explore whether MCs at different
stages of diabetic nephropathy have different subtypes
and functions, production of tryptase and chymase in
the renal MCs was investigated. Immunohistochemical
results showed that more than 80% of the tryptase-
positive MCs in the sections of diabetic nephropathy
patients and normal control participants were chymase-
positive (Fig. 4). No obvious change was found in
subtype of MCs in different groups of diabetic nephrop-
athy patients.

Expression changes of TGF-β1, renin and TNF-α in renal
MCs during the development of diabetic nephropathy TGF-
β1 and renin were detected in the MCs of normal control
participants and diabetic nephropathy patients. No obvious
change in these two molecules was found in the MCs of the
diabetic nephropathy patients compared with the normal
control participants (Fig. 5). Only very weak immunohis-
tochemical staining for TNF-α was found in the MCs of
normal controls; however, immunohistochemical staining
for TNF-α increased in the MCs of diabetic nephropathy
patients. The immunohistochemical staining intensity of
TNF-α increased gradually from the microalbuminuria
stage to the proteinuria stage and renal insufficiency stage
(Fig. 6).

Fig. 4 Most of the tryptase-positive renal MCs (shown by black
arrows) of normal controls and patients with diabetic nephropathy
were found to be chymase-positive. Serial renal sections from 30
diabetic nephropathy patients (including microalbuminuria stage
group [n=10], proteinuria stage group [n=10] and renal insufficiency
stage group [n=10]) and ten normal controls were used in the assay.
For the diabetic nephropathy patients, the percentage of MCTC MCs
was calculated for each section. As only a few MCs were found in
each section from the normal controls, all the MCs found in all
sections from the normal controls were pooled together and
analysed. Multiple comparisons were performed using Kruskal–
Wallis ANOVA, and pairwise comparison was performed using
Mann–Whitney U test, with Bonferroni correction. a Normal control
group, immunohistochemically stained for tryptase. b Normal
control group, immunohistochemically stained for chymase.
c Microalbuminuria stage group, immunohistochemically stained
for tryptase. d Microalbuminuria stage group, immunohistochemi-
cally stained for chymase. e Proteinuria stage group, immunohis-
tochemically stained for tryptase. f Proteinuria stage group,
immunohistochemically stained for chymase. g Renal insufficiency
stage group, immunohistochemically stained for tryptase. h Renal
insufficiency stage group, immunohistochemically stained for
chymase. i Negative control of immunohistochemistry. Scale bars
(a–i) 100 μm. j Results of statistical analysis: the horizontal line
represents the average ratio of MCTC MCs in the normal control
group. White circles represent extreme values where the extremes are
defined as cases with values more than three box lengths from the upper
or lower edge of the box. The box length is the interquartile range. a and
b, c and d, e and f, g and h are serial sections. MG, microalbuminuria
stage group; NG, normal control group; PG, proteinuria stage group;
RIG, renal insufficiency stage group

Table 2 Correlation of renal MCs with clinical and pathological
indices

Indices n Mast cell number/mm2

r p value

Interstitial infiltrating cells

Interstitial neutrophils 80 0.616 <0.0001

Interstitial macrophages 80 0.701 <0.0001

Interstitial T lymphocytes 80 0.709 <0.0001

Interstitial eosinophils 80 0.377 0.024

Renal function injury

eGFR 80 −0.812 <0.0001

Serum creatinine 80 0.781 <0.0001

Serum cystatin C 76 0.844 <0.0001

Tubular interstitial injury

Urine NAG 79 0.563 <0.0001

Urine lysozyme 78 0.463 <0.001

Urine RBP 78 0.701 <0.0001

RIV 80 0.780 <0.0001

Glomerular injury

Urine α2-microglobulin 77 0.384 0.014

Urine C3 77 0.563 <0.0001

24 h urine protein 80 0.729 <0.0001

Correlation analysis was carried out using Spearman coefficients with
Bonferroni correction to adjust for multiple testing
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Discussion

By using renal sections from diabetic nephropathy
patients at different stages of disease, the present study
investigated changes in MCs occurring during develop-
ment of the disease and the association between renal
MCs and the progression of diabetic nephropathy.
Increased renal MCs were found at all stages of
diabetic nephropathy and these paralleled the progres-
sion of the disease. As early as the microalbuminuria
stage, MCs began to increase. As diabetic nephropathy
progressed, renal MCs increased continually. Interest-
ingly, in the present study, the degranulation level of
MCs was also found to be increased with the
development of diabetic nephropathy. MCs are rich in
growth factors, proteases and inflammatory mediators.
Once activated, MCs can release various kinds of
pathogenic substances such as TGF-β, chymase, tryp-
tase, histamine, renin and TNF-α by degranulation [26–
31]. Certainly, release of these kinds of substances can
cause renal injury. Therefore, the increase in the number
and degranulation level of MCs suggests that MCs could
be involved in the development of diabetic nephropathy.
In accordance with this, correlation analysis revealed that
MCs correlated significantly with serum creatinine, serum
cystatin C and the decline of GFR.

Previous studies suggested that MCs contributed to renal
diseases mainly through promotion of tubular interstitial
injury [13, 15–17, 32–34]. Most investigations focused on
the roles of MCs on renal fibrosis. Similar to previous
studies [16], in the present study, MCs were found to be
distributed mainly in the tubular interstitium, but rarely in
the glomerulus. Furthermore, the present study showed that
the increase in MC number and degranulation level
occurred mainly at the later stages of diabetic nephropathy
(in the proteinuria and renal insufficiency stage groups)
when tubular interstitial injury became obvious. The
involvement of MCs in tubular interstitial injury was also
supported by the results of correlation analysis. MCs were
found to be correlated significantly with urine RBP, urine
lysozyme, urine NAG and RIV. In addition, renal MCs
correlated significantly with the tubular interstitial inflamma-
tory cells, including neutrophils, eosinophils, macrophages
and T lymphocytes. The correlation between MCs and
inflammatory cells suggests that MCs play a role in promoting
renal inflammation in diabetic nephropathy.

MCs can be activated in several ways. The well-known,
classical pathway of MC activation is through IgE–FcεR
cross-linking. But MCs can also be activated through
alternative pathways, such as the complement pathway and
the microbial pattern recognition receptors (toll-like receptors)
pathway. In vitro studies have demonstrated that C3a is the

Fig. 5 TGF-β1 and renin were detected in MCs (shown by black
arrows) of normal controls and patients with diabetic nephropathy. No
obvious change in these two molecules was found in the MCs of
diabetic nephropathy patients compared with those of the normal controls.
a Normal controls, immunohistochemically stained for tryptase.
b Normal controls, immunohistochemically stained for renin. c Patients
with diabetic nephropathy, immunohistochemically stained for tryptase.

d Patients with diabetic nephropathy, immunohistochemically stained for
renin. e Normal controls, immunohistochemically stained for tryptase.
f Normal controls, immunohistochemically stained for TGF-β1. g
Patients with diabetic nephropathy, immunohistochemically stained for
tryptase. h Patients with diabetic nephropathy, immunohistochemically
stained for TGF-β1. i Negative control of immunohistochemistry. Scale
bars (a–i) 50 μm. a and b, c and d, e and f, g and h are serial sections
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most potent chemoattractant and activator of MCs [35, 36].
Activation of complement, which can lead to the generation
of C3a, has also been demonstrated to increase in diabetic
nephropathy [37]. Thus, we suggest that increased comple-
ment activation might contribute to the recruitment and
activation of MCs.

Tryptase and chymase are two major proteinases in
MCs. Studies have shown that these two enzymes play very
important roles in the function of MCs [21]. According to
the production of the two molecules, human MCs are
classified into two subtypes [16]. The MCTC MCs are
believed to produce both tryptase and chymase, whereas the
MCT MCs are believed to produce tryptase only. The MCT

MCs are believed to be T cell-dependent and the MCTC

MCs are believed to be T cell-independent [38]. In human
renal tissue, different results have been reported on MC
subtype [11, 15, 17, 32–34]. MC subtype is believed to be
disease-dependent [16]. In diabetic nephropathy, Rüger et
al. reported that most MCs of diabetic nephropathy patients
(about 80.3%) contained both tryptase and chymase [11].
However, in another study, Okon and Stachura reported a

much lower ratio of chymase-positive MCs in diabetic
nephropathy patients (about 52.9%) [17]. In the present
study, approximately 84% of the tryptase-positive MCs in
diabetic nephropathy patients were found to be chymase-
positive, and no obvious change in subtype was found in
different groups of diabetic nephropathy patients. This
result supports the idea that MCTC is the major subtype of
renal MCs in diabetic nephropathy patients. Unexpectedly,
in the present study, 80.5% of the MCs in normal control
participants were found to be MCTC subtype. The result
was quite different from what had been reported by
Okon and Stachura [17] and Tóth et al. [33] (about 14.5%
and 20.1% of MCs, respectively, in normal control
participants were found to be MCTC subtype in their
reports), but similar to the result of Rüger et al. [11] (about
62.5% of MCs in normal controls were found to be MCTC

subtype in their report). Is MCTC the major subtype of
renal MCs in healthy human beings? As only a few MCs
could be found in each section of the normal control
participants, investigations based on many more speci-
mens are required.

Fig. 6 TNF-α in renal MCs (shown by black arrows) was found to be
increased with the development of diabetic nephropathy. Serial
sections of renal biopsies from 30 patients with diabetic nephropathy
(including microalbuminuria stage group [n=10], proteinuria stage
group [n=10] and renal insufficiency stage group [n=10]) and ten
normal controls were used in the assay. At least 15 randomly selected
MCs were analysed in each section of diabetic nephropathy patients.
As only a fewMCs were found in each section from the normal controls,
all the MCs found in all sections from the normal controls were pooled
together and analysed (in total, 21 MCs were found and analysed).
Multiple comparisons were performed using Kruskal–Wallis
ANOVA, and pairwise comparison was performed using Mann–
Whitney U test, with Bonferroni correction. a Normal control group,

immunohistochemically stained for tryptase. b Normal control group,
immunohistochemically stained for TNF-α. c Microalbuminuria stage
group, immunohistochemically stained for tryptase. d Microalbuminuria
stage group, immunohistochemically stained for TNF-α. e Proteinuria
stage group, immunohistochemically stained for tryptase. f Proteinuria
stage group, immunohistochemically stained for TNF-α. g Renal
insufficiency stage group, immunohistochemically stained for tryptase.
h Renal insufficiency stage group, immunohistochemically stained for
TNF-α. Scale bars (a–h) 50 μm. i Results of quantitative analysis,
**p<0.01. a and b, c and d, e and f, g and h are serial sections. MG,
microalbuminuria stage group; NG, normal control group; PG,
proteinuria stage group; RIG, renal insufficiency stage group
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In the present study, we also investigated the expression
of TGF-β1, renin and TNF-α in MCs. As an important
profibrotic factor, TGF-β has been proven to play important
roles in the pathogenesis of diabetic nephropathy [39–42]. As
the key enzyme in the process of angiotensin production,
renin participates in the regulation of extracellular volume,
arterial vasoconstriction and blood pressure. Also, it has been
reported that renin can upregulate TGF-β expression [43,
44]. Recently, renin was reported to be able to induce renal
inflammation through binding and activating prorenin
receptors [45]. An increased renin level was reported in
patients with diabetic nephropathy and treatment with renin
inhibitor attenuated the development of the disease [46].
TNF-α is a pleiotropic cytokine. As an important proinflam-
matory molecule, TNF-α could promote the expression of
adhesion molecules and the recruitment and activation of
inflammatory cells [47, 48]. In addition, TNF-α could
increase production of reactive oxygen species [49]. For the
first time, we demonstrated that TGF-β, renin and TNF-α are
produced by human renal MCs. Interestingly, the level of
TNF-α in MCs was found to be increased with the
development of diabetic nephropathy. These findings further
support the involvement of MCs in diabetic nephropathy, and
also provide us with some clues for deeper understanding of
the mechanisms through which MCs could exert their roles:
(a) through synthesising and releasing TGF-β and renin, MCs
may contribute to tubular interstitial fibrosis; (b) through
synthesising and releasing renin and TNF-α, MCs may initiate
and (or) promote tubular interstitial inflammation. These clues
are helpful not only for understanding the mechanisms of
diabetic nephropathy, but also for developing treatment
strategies. For example, as a novel renin inhibitor, aliskiren
may protect against diabetic nephropathy not only through
blocking the renin–angiotensin system, but also through
inhibiting MC degranulation-associated renal inflammation.

It should be pointed out that in the present study we
could not identify the resident MCs and the infiltrated MCs.
Thus, we could not differentiate their pathogenic roles in
the development of diabetic nephropathy. MCs are highly
heterogeneous. The microenvironment (for example the
presence of different kinds of cytokines) in which the MCs
reside determines the gene expression and phenotype
development of the cells. With the variation of micro-
environmental conditions, the phenotypes (for example, the
expression level of TNF-α, as shown in the present study)
and pathogenic roles of MCs may differ to some degree
during the development of diabetic nephropathy. The
present study did not differentiate the pathogenic roles of
MCs at microalbuminuria stage, macroalbuminuria stage
and renal insufficiency stage. Also, the present study did
not observe the influence of agents that antagonise the
renin–angiotensin system on MC number. In a study based
on a 5/6 nephrectomy rat model, Jones et al. reported that

ACE inhibition led to a reduction in renal MC number and
reduced renal injury [50]. As a possible new mechanism of
renin–angiotensin system blockage therapy, it is interesting.
Further exploration of these questions may provide helpful
information for better understanding of the mechanisms of
diabetic nephropathy and the pathogenic roles of MCs.

In summary, increased MCs and degranulation level
were found at all stages of diabetic nephropathy and these
paralleled the development of the disease. Increased MCs
correlated significantly with the indices indicating tubular
and interstitial injury. As MCs are multifunctional, the
mechanisms of MC involvement in diabetic nephropathy
are likely to be complex. However, as MCs have been
proven to contain tryptase, chymase, TGF-β, renin and
TNF-α, theoretically they can contribute to diabetic
nephropathy through synthesis and release of these molecules.
Taken together, results from the present study suggest that
MCs play important roles in the development of diabetic
nephropathy, especially in tubular interstitial injury. However,
further work is necessary to prove this.
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