
Mesangial matrix expansion is the hallmark of dia-
betic nephropathy. It is generally assumed that
mesangial expansion in diabetes mellitus is due to
the extracellular matrix enlargement rather than to
mesangial cell hyperplasia. Metabolic studies in

experimental models have provided evidence that
the enhanced production of collagen is a key event
in the development of diabetic glomerular extracellu-
lar matrix abnormalities. However, regulation of
mesangial matrix is a dynamic process involving syn-
thetic as well as degradative processes. The latter in-
volve a number of matrix metalloproteinases (MMP)
and tissue inhibitors of matrix metalloproteinases
(TIMP). Recently the issue of MMP activity in dia-
betic nephropathy has been addressed, and the idea
has been proposed of reduced degradation as a mech-
anism concurring with the enlargement of the mesan-
gial area; there are experimental data to support this
hypothesis [1±4] and find in MMP2 a possible culprit
of the anomalous degradation [1, 4]. That MMP2
might be involved is conceivable since it specifically
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Summary Regulation of mesangial matrix deposition
is a dynamic phenomenon involving synthetic and de-
gradative processes. The latter involve a number of
matrix metalloproteinases (MMP) and tissue inhibi-
tors of matrix metalloproteinases (TIMP). Experi-
mental studies suggest that mesangial matrix degra-
dation is inhibited in diabetic nephropathy, and that
this phenomenon has a pathogenic role. The expres-
sion of genes for MMP2 and TIMP2 in human diabet-
ic nephropathy was investigated. Reverse transcrip-
tion polymerase chain reaction was carried out in mi-
crodissected glomeruli and tubulo-interstitium ob-
tained from kidney biopsies. We studied 16 NIDDM
patients, 5 patients with glomerulonephritis or chron-
ic kidney transplant rejection, and 5 normal control
subjects. Albumin excretion rate and renal histology
for NIDDM patients were available. Contrary to
TIMP2 which was expressed both in tubulo-intersti-
tium and glomeruli in almost all renal biopsies,

MMP2 gene down-regulation was observed in glom-
eruli from all NIDDM patients, irrespective of the al-
bumin excretion rate, and of renal histology. In con-
trast, this gene was expressed in biopsies from other
subjects (c2 = 20.6; p = 0.000). In conclusion, this
study demonstrates that: 1) in glomeruli of NIDDM
patients the MMP2 gene is down-regulated; 2) in bi-
opsies of NIDDM patients the MMP2/TIMP2 pat-
tern is peculiar for NIDDM; 3) the MMP2 gene
down-regulation is observed in all NIDDM patients,
irrespective of the level of albuminuria and of renal
histology. MMP2 gene down-regulation seems to be
a molecular epiphenomenon of diabetes, rather than
a marker of diabetic nephropathy. [Diabetologia
(1997) 40: 1449±1454]
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degrades type IV collagen the accumulation of which
is a central and precocious event in the development
of diabetic glomerular extracellular matrix abnormal-
ities. Thus, as type IV collagen metabolism is abnor-
mal in diabetic nephropathy, the MMP2 loop should
have a pivotal position in this phenomenon since
mechanisms regulating the steady-state level of col-
lagen IV have to be triggered. To investigate whether
in human diabetes an abnormal matrix degradation
occurs and plays a role in the pathogenesis of diabetic
nephropathy, we studied the expression of MMP2
and its specific inhibitor TIMP2 in the two main kid-
ney compartments, glomeruli and tubulointerstitium,
of NIDDM patients and compared results with two
control groups, one with inflammatory nephropathies
and one with normal kidneys.

Subjects and methods

Patients. According to previously detailed criteria 16 NIDDM
patients (4 females) from an ongoing multicentre study of renal
structural-functional relationships were consecutively enrolled
[5]; criteria for selection were: 1) age less than 70 years; 2) age
at diagnosis of NIDDM more than 40 years; 3) known duration
of NIDDM more than 2 years; 4) serum creatinine less than
180 mmol/l; 5) absence of other obvious renal diseases; 6) no
secondary forms of hypertension.

On admission to the study three 24-h urine collections were
performed and albumin excretion rate (AER) was measured.
In patients on antihypertensive treatment therapy was with-
drawn 3 to 5 days before and during admission. Patients' clinical
data are listed in Table 1. Light and immunofluorescence mi-
croscopy was performed on coded sections. Based on the result-
ant overview of the renal tissues, histological analysis was classi-
fied in the following categories [5]: C I, normal or near-normal

renal structure; C II, typical diabetic nephropathology, i. e. es-
tablished diabetic lesions with balanced severity of glomerular,
tubulo-interstitial and arteriolar changes; C III, atypical pat-
terns of renal injury, i. e. severe tubulo-interstitial and/or arteri-
olar hyalinosis and/or global glomerular sclerosis in the pres-
ence of absent or mild glomerular changes. Electron microsco-
py was also performed. None of the patients had light, immuno-
fluorescence, or electron microscopy findings suggesting specif-
ic and typical glomerulopathies other than diabetic nephropa-
thy or the patterns described above.

Control subjects. Normal kidney biopsies were obtained from
5 patients (2 females) with kidney cancer (age range 45±62
years). Five patients (3 females) with ªinflammatoryº (i. e.
non-metabolic) nephropathies were also considered (2 IgA
glomerulonephritis and 3 chronic kidney transplant rejection)
(age range 26±54 years).

After obtaining written informed consent for the study,
ªnon-surgicalº patients underwent renal biopsy under ultra-
sound guidance with a 14-gauge needle. In nephrectomies for
renal cancer, biopsies were obtained immediately before renal
artery clamp, with the same type of 14-gauge needle, from sites
remote from the tumour-bearing tissue.

Microdissection and RNA extraction. Immediately after biop-
sy, approximately 1/10 of the specimen was kept in a physiolog-
ical solution containing 100 U of RNAsin (Perkin Elmer,
Branch Burg, TX, USA) in ice. Three to 12 glomeruli and the
corresponding tubulointerstitium were isolated under a stereo-
microscope (Zeiss, Jena, Germany), and immediately put into
RNAzolB solution (BIOTEX, Houston, TX, USA). Total
RNA was extracted using the RNAzolB method with some mi-
nor modifications: glomeruli and tubulointerstitium were
homogenised in 200 ml of RNAzolB solution by pipetting; the
homogenate was added with 0.1 volume of chloroform, then
shaken vigorously, kept in ice for 5 min and centrifuged at
14,000 g (4 °C) for 20 min. The aqueous phase was transferred
to a fresh ªhigh yeld nucleic acid recoveryº tube (Robbins Sci-
entific, Sunnyvale, CA, USA), added to an equal volume of
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Table 1. Clinical data on NIDDM patients

Patient Gender Age
(years)

Diabetes
duration
(years)

HbA1c

(%)
AER
(mg/min)

Hypertension
and medication

Renal histology

1 F 66 8 6.5 N No C III
2 F 59 3 5.9 N Yes, CaB C I
3 M 64 12 7.0 M Yes, ACEI C III
4 F 61 15 7.3 M Yes, CaB C I
5 M 57 22 10.0 P Yes, ACEI C II
6 M 67 14 6.3 M No C III
7 M 57 5 7.3 N Yes, CaB C III
8 M 70 21 6.7 P Yes, ACEI C II
9 M 63 15 7.5 P Yes, ACEI C III

10 M 64 25 10.4 M Yes, ACEI n.e.
11 M 59 30 8.3 P No C III
12 F 40 10 7.0 P No C I
13 M 46 20 8.2 M Yes, ACEI C I
14 M 62 20 8.0 P Yes, ACEI C II
15 M 58 15 8.6 M Yes, CaB C II/C III
16 M 46 11 7.2 M Yes, ACEI C I

Patients reported in order of enrollment
n.e., Not evaluated due to lack of glomeruli in core tissue for
microscopy
AER, N, Normal (< 20 mg/min); M, microalbuminuria (20±
200 mg/min); P, macroalbuminuria (> 200 mg/min).

Renal histology, C I, normal or near-normal renal structure;
C II, typical diabetic nephropathology; C III, atypical patterns
of renal injury.
ACEI, angiotensin converting enzyme inhibitor; CaB, calcium
blocker



isopropanol, stored for 45 min in ice and centrifuged for
20 min at 14,000 g (4 °C). The supernatant was removed and
the RNA pellet was washed with 70 % ethanol. To obtain a
purer RNA preparation for the subsequent enzymatic assay,
an additional overnight precipitation step with 2 volumes of
100 % ethanol at −20 °C was performed. The RNA pellet was
dissolved in 10 ml of Diethyl Pyrocarbonate (Sigma, St. Louis,
MI, USA (DEPC) water. Five ml of RNA was used for the
spectrophotometric quantitation at 260 and 280 nm using a
50 ml microcell (Perkin Elmer).

Reverse transcription (RT). We reverse transcribed 30 ng of to-
tal RNA in a final volume of 20 ml, in the presence of 5 mmol/l
MgCl2, 1 mmol/l dNTP, 1 U/ml RNAse inhibitor, 2.5 U/ml
MuLV Reverse Transcriptase (Perkin Elmer), 2.5 mmol/l Ran-
dom Examers in buffer: 50 mmol/l KCl, 10 mmol/l Tris HCl,
pH 8.3. This reaction was carried out for 30 min at 42 °C, and
5 min at 99 °C in a thermalcycler (M. J.Research, Watertown,
MA, USA).

Polymerase chain reaction. An aliquot of 2.5 ml of RT reaction
was used to amplify the following genes in different tubes:
MMP2, TIMP2, and the housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (G3PDH) as internal standard. The
specific cDNA sequences were amplified using the following
primers: for MMP2 residues 1800±1816 (sense strand) and
2228±2247 (antisense strand), amplification product of 447 bp
[6]; for TIMP2, 349±369 and 813±933, 585 bp [6]; for G3PDH,
71±96 and 1053±1030, 983 bp (Clontech, Palo Alto, CA,
USA). Although the primers have been designed to span one
or more introns within the genes, control negative reactions,
without reverse transcriptase, were performed during the
cDNA synthesis step in order to exclude genomic contamina-
tion. The specificity of PCR products was verified by Southern
blot analysis with specific probes on RNAs extracted from sur-
gical biopsies of nephrectomies for renal cancer. Briefly, fol-
lowing amplification, 20 ml aliquots were analysed by 1 % aga-
rose gel electrophoresis in Tris-Borate/EDTA Electrophoresis
(TBE) buffer and PCR products highlighted by ethidium bro-
mide staining. After gel separation, DNA was transferred
onto a nylon membrane (Hybond N+; Amersham, Aylesbury,
UK) by means of alkali blotting (0.6 mol/l NaCl, 0.4 mol/l
NaOH). After transfer, the nylon membrane was soaked for
5 min in neutralising solution (1.5 mol/l NaCl, 0.5 mol/l Tris-
HCl, pH 7.2, 1 mmol/l EDTA) and cross-linked by exposure
to ultra violet light. Specific DNA probes for MMP2 and
TIMP-2 were obtained by PCR-amplifying the cDNA of the
HT-1080 human fibrosarcoma cell line, and the respective se-
quences were verified by the dideoxynucleotide-chain-termi-
nation method. Probe labelling, membrane hybridisation and
signal detection were performed by the ECL Direct System
(Amersham) following the manufacturer's instructions. Signals
were detected by blue-light-sensitive autoradiography film
(Hyperfilm-ECL; Amersham).

To increase the specificity and the efficiency of the PCR re-
action the ªhot startº procedure was applied by the use of a
Taq specific antibody (Ab) (Clontech). The amplification was
carried out in a final volume of 50 ml containing: 1.5 mmol/l
MgCl2, 0.2 mmol/l dNTP, 2 U Taq DNA polymerase (Perkin
Elmer), from a freshly prepared 28 :1 molar ratio mixture of
Taq antibody plus Taq polymerase, 0.4 mmol/l primers in
50 mmol/l KCl, 10 mmol/l Tris HCl, pH 8. cDNAs were ampli-
fied according to the following conditions: 94 °C for 45 s, 60 °C
for 45 s, 72 °C for 2 min.

Comparative RT/PCR kinetic analysis. Kinetic analysis of am-
plified products was applied to all samples for each gene to

ensure that signals were derived only from the exponential
phase of the amplification. cDNAs were submitted to the first
30 cycles of amplification, and an aliquot of 5 ml from each
sample was drawn for electrophoretic analysis; then, the tubes
were submitted to two more cycles of amplification and one
more 5-ml aliquot was drawn. This procedure was repeated six
times until it reached a total of 40 cycles. The PCR products
obtained after 30, 32, 34, 36, 38 and 40 cycles were analysed
by Polyacrilamide Gel Electrophoresis (PAGE) in 7 % poly-
acrilamide gel, 3 %C with 5 % glycerol at 150 constant voltage
in 1 X TBE for 1.30 h, visualised by ethidium bromide staining
and photographed. To enhance band signals, gels were silver
stained according to the following protocol: 10 % ethanol for
5 min, 1 % HNO3 for 3 min, rinse in distilled water, 12 mmol/l
AgNO3 for 20 min, rinse in distilled water, developing in
280 mmol/l NaCO3 and 0.019 % formaldehyde until the de-
sired staining reached, stop the development with 10 %
CH3COOH for 2 min.

Statistical analysis. Data, given as number of positive samples
for total number of analysed tissues, were evaluated by the
chi-squared test for the analysis of frequencies.

Results

Results of the study are reported in Table 2. Of 16
NIDDM patients, 2 were not considered since the
G3PDH housekeeping gene was not amplified due
to RNA degradation or less efficient RT reaction. In
all other samples, the internal standard was always
amplified and a clear signal was visible between 30
and 34 cycles of amplification. The amplifiability of
G3PDH ensured that the RNAs in the samples were
not degraded and that the efficiency of the RT reac-
tion was comparable between samples.

Examples of RT/PCR analysis are shown in Fig-
ure 1, in which the amplification products relative to
the mRNAs studied at glomerular and tubulointersti-
tial level are reported. MMP2 gene expression is dif-
ferently regulated in the two compartments in the di-
abetic kidney; in fact, its mRNA was detectable in the
tubulointerstitium in 13 diabetic patients, but not in
the corresponding glomeruli (c2 = 20.6; p = 0.000)
even at 40 cycles of amplification; in contrast,
TIMP2 was expressed both in glomeruli and tubulo-
interstitium in almost all diabetic patients (13 out of
14 subjects) (c2 = 1.37 for both; N.S.). In glomeruli
from control kidneys and from patients with inflam-
matory glomerulopathy the presence of both MMP2
and TIMP2 mRNAs was observed in almost all inves-
tigated biopsies (frequence differences were not sig-
nificant), and band signals were clearly appreciable
between 32 and 36 cycles for both.

Discussion

In diabetic nephropathy, mesangial expansion is
tightly related to the prognosis of diabetic patients
since increased mesangial area is predictive of kidney
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failure. It is generally assumed that mesangial expan-
sion in diabetes is due to the extracellular matrix ac-
cumulation. Indeed, the increased synthesis of extra-
cellular matrix proteins, type I, III and IV collagens,
laminin and fibronectin has been demonstrated; in
particular the enhanced production of collagen is a
central event in diabetic glomerular matrix expan-
sion, type IV collagen being one of the earliest matrix
proteins involved [7]. Moreover, in diabetic nephrop-
athy, both experimental and clinical investigations
have shown activation of the transforming growth
factor-b (TGF-b) loop, of which the fibrogenetic con-
sequences are well known [7±9]. However, the regu-
lation of mesangial matrix deposition is dynamic and
involves not only synthetic, but also degradative pro-
cesses. The degradation of extracellular mesangial
matrix occurs through the activity of glomerular
MMPs, many of which have been described [10].
They are enzymes secreted in a latent form in the ex-
tracellular matrix where they work degrading at least
one of the components. Control of the activity of
these enzymes occurs at three regulatory levels:
MMP gene transcription, MMP proenzyme activa-
tion, and MMP inhibition by specific natural inhibi-
tors (TIMPs) [10]. The hypothesis of abnormal matrix
degradation in diabetic nephropathy has recently
been addressed by experimental studies which dem-
onstrated the inhibition of the degradative arm of
matrix turn-over (see below); this possibly leads to
deranged extracellular matrix homeostasis. This con-
clusion was expected also in reference to the inhibit-
ing activity of TGF-b on collagenases. In fact, TGF-b
is known to decrease the MMP activities, while in-
creasing the concentration of their specific inhibitors
TIMPs [11].

Although messenger quantitation and enzymatic
activity may not be necessarily coincident, there are
a number of examples demonstrating that there exists
a strict correlation between the level of the mRNA
and of the corresponding protein. Therefore, the pre-
sent study seems to confirm that also in human dia-
betic nephropathy, the collagenolytic arm (at least,
the MMP2) is defective. In fact, under our experi-
mental conditions (i. e. at the conditions of PCR am-
plification which were reached, and with the quantity
of starting RNA which was available for retrotran-
scription) it was not possible to detect any PCR prod-
uct for the MMP2 mRNA at the glomerular level; this
does not mean that the MMP2 gene is not expressed
at all, but certainly it is expressed at a very low level.
Since, under the same experimental conditions, in al-
most all NIDDM tubulo-interstitial samples, control
tissues, and all renal biopsies from patients with in-
flammatory glomerulopathy, the MMP2 gene PCR
products were clearly seen even at 32 cycles of ampli-
fication, we are convinced that the lack of MMP2 sig-
nals in glomeruli of NIDDM patients was not due to
technical problems. So, we are confident that the

MMP2 gene is down-regulated in glomeruli from
NIDDM patients. Concerning the TIMP2 gene, this
was expressed either at the glomerular and tubuloin-
terstitial level, irrespective of the pathological condi-
tion.

MMP2 and its inhibitor TIMP2 are constitutively
expressed by renal cells in culture [12, 13], in mesan-
gial cells in normal kidneys [14] and by macrophages
and leukocytes that may infiltrate glomeruli during
inflammatory diseases and allograft rejection. Thus,
the observation that these genes were expressed in
glomerular and tubular-interstitial tissues from con-
trol subjects and non-diabetic patients was expected.
Due to ethical problems, we have no normal tissues
from kidney transplants, probably the best samples
to be used as controls. However, histological observa-
tion of the tissues on which RT/PCR analysis was per-
formed and which were obtained from nephrecto-
mies for kidney cancers showed normal aspects, with
no inflammatory response. Furthermore, the very
short time period between the general anaesthesia
and the biopsy excludes the possibility of any interfer-
ence on the MMP2 gene transcription by some drugs.
Hence we believe these tissues may be considered as
normal tissues, so that the MMP2 and TIMP2 gene
expression in these control biopsies may be consid-
ered the ªnormal patternº.

The completely different pattern observed in NID-
DM patients, i. e. the down-regulation in glomeruli of
the MMP2 gene, is very interesting and seems to be
distinctive of the diabetic milieu. Indeed, in vitro, in
human mesangial cell cultures grown in high glucose
concentrations, down-regulation of MMP2 has been
demonstrated, while TIMP2 gene expression was
modestly affected [13]. These results are congruous
with those reported by Leehey et al. [1], i. e. the re-
duction of the gelatinolytic activity and the down-reg-
ulation of the MMP2 gene in rat mesangial cells in
high glucose. In experimental in vivo diabetic models
contradictory results have been reported concerning
MMP2 gene expression at the glomerular level; in
fact, while McLennan et al. [4] showed the early
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Table 2. MMP2 and TIMP2 gene expression in microdissected
kidney biopsies

Glomerulus Tubulo-interstitium

MMP2 TIMP2 MMP2 TIMP2

NIDDM 0/14 13/14 13/14 13/14

Control kidneys 4/5 5/5 5/5 5/5

Inflammatory
glomerulopathies 5/5 4/5 4/5 4/5

Chi-square 20.6 1.37 1.37 1.37
p value 0.000 n. s. n. s. n. s.

Data are number of positive samples for total number of anal-
ysed tissues. In all analysed tissues, internal standard for
G3PDH was amplifiable starting from 30±34 cycles of amplifi-
cation



disappearance of MMP2 gene expression, no altera-
tion was shown by Nakamura et al. [15]. The latter
have also demonstrated the reduction of glomerular
MMP1 and MMP3 mRNA levels [15]; moreover, the
decreased activity of cathepsin and MMPs in rats,
namely a 117 kDa MMP, has been observed by zy-
mography to be most involved at the glomerular level
[2]. Shankland and Scholey [16] in the streptozotocin
rat model of diabetes have also demonstrated the
up-regulation of TIMP (it is unclear which one) in
the glomerulus, and, although no evaluation of MMP
activities was carried out, the increase in TIMP was
suggested to lead to reduced remotion of mesangial
matrix. Finally, Reckelhoff et al. [3] have recently re-
ported that, contrary to streptozotocin induced dia-
betes, a model in which mesangial expansion occurs,
in the spontaneously diabetic BB/DP rat, in which
there is no mesangial expansion, the glomerular ac-
tivity of MMP (it was not specified which one) as

evaluated by zymography was normal. These results
were interpreted as a demonstration that the differ-
ent susceptibility to mesangial matrix enlargement in
the two models is related to different modulation by
the diabetic milieu of MMP activities.

Thus, from these experimental data the hypothesis
was proposed that an important role in the pathogen-
esis of diabetic nephropathy is played by less efficient
degradative matrix processes due to the diabetic mi-
lieu.

Our in vivo human data are very similar to the ex-
perimental data, and in particular to those presented
by Leehey et al. [1], McLennan et al. [4], and Cae-
nazzo et al. [13]. MMP2 in glomeruli, in human diabe-
tes, is ªuniversallyº down-regulated, irrespective of
histological classification, AER level, duration of dia-
betes, metabolic control of the disease, and blood
pressure value. In other words, no relationship seems
to exist between MMP2 gene expression and the
gravity of the diabetic renal disease. In fact, MMP2
was down-regulated, while TIMP2 was still expressed
in glomeruli in patients without any clinical or histo-
logical sign of diabetic nephropathy. The classifica-
tion of AER in these patients may be queried be-
cause of the possible reduction of albuminuria by an-
tihypertensive drugs; as a consequence of this a re-
classification of patients on the basis of higher AERs
would lead to a worse clinical picture of the patients
enrolled in this study. However, the possibility that
due to a patient selection bias, only individuals at
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Fig.1. PAGE analysis of the RT/PCR products generated by
sequential cycles of amplification (30 to 40). The typical pat-
tern of expression of MMP2 and TIMP2 genes plus G3PDH
in microdissected glomeruli (A) and the corresponding tubulo-
interstitium (B) in an NIDDM patient is shown. TIMP2 and
MMP2 PCT products were loaded in the same lane for com-
parison.
M: PBR 322/Hae III marker
M1: FX174/Hae III marker



high risk for diabetic nephropathy were recruited,
thus explaining the ªuniversalº down-regulation of
MMP2 in glomeruli, seems to us unlikely because of
the general criteria used for patient selection [5], and
because of the heterogeneous clinical presentation,
according to different clinical and morphological
data of the enrolled patients. Thus, the present data
sound a word of caution about the importance of
this MMP in the pathogenesis of diabetic nephropa-
thy.

From this study, however, it cannot be ruled out
that different MMP systems play a more important
role in the pathogenesis of human diabetic nephropa-
thy as demonstrated in the diabetic rat by Nakamura
et al. [15]; this aspect certainly deserves to be investi-
gated. Although a certain overlap exists between dif-
ferent MMPs in regard to the extracellular matrix
proteins degraded [14], so that one can also suspect
that other MMP family members substitute function-
ally for each other, on the whole the experimental
data [2, 3, 15] seem to support the idea of a general
failure at the glomerular level in diabetes of the de-
gradative enzymes of the extracellular matrix.

In conclusion, this study demonstrates that:
1) in glomeruli of NIDDM patients the MMP2 gene
is down-regulated; since TIMP2 is normally ex-
pressed in the glomerulus, a degradative imbalance
of type IV collagen may be forwarded, confirming ex-
perimental findings.
2) In glomeruli of NIDDM patients the MMP2/
TIMP2 pattern is peculiar to NIDDM, since it is quite
different from that observed in inflammatory glomer-
ulopathies.
3) Since MMP2 gene down-regulation is observed in
all NIDDM patients, irrespective of the level of the
AER, and of renal histology classification, it seems a
molecular epiphenomenon of diabetes, rather than a
marker of diabetic nephropathy; furthermore, a pe-
culiar susceptibility to the diabetic milieu of glomeru-
lar cell vs tubular cell MMP2 is obvious, the reason
being unknown.

Thus, the MMP2/TIMP2 imbalance might be a
necessary, but not sufficient condition for the patho-
genesis of diabetic nephropathy in NIDDM.
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