|ncreased Circulatory

MM P-2 and

MM P-9 Levels and Activitiesin
Patients with Type 1 Diabetes Mellitus

MING-YUH SHIAU, M.S.12, SHIH-TZER TsAl, M.D.3, KAN-JEN TsAl, PH.D.4, MING-LIH HAUNG, M.D .5,
Y1-TING Hsu, M.S.2, AND YIH-HSIN CHANG, PH.D.4

Abstract

Background: Type 1 diabetes mellitus (T1DM) is an autoimmune disorder of unknown etiology. It has been suggested that
metaloproteinases (MMPS) play important roles in the development and complications of autoimmune disorders. This article pre-
sents our research on the expression or activities of MMPsin Taiwanese TIDM patients.

Methods: Levels and activities of plasma MMP-2 and MMP-9 in patients with TIDM were investigated and compared to
those of control individuals by enzyme-linked immunosorbent assay and zymography.

Results: Circulatory levels and activities of MMP-2 and MMP-9 in patients with TAIDM were significantly higher than those

in control subjects.

Conclusions: MMP expression and activities are significantly increased in patients with TLDM. Our results not only docu-
ment plasma MMPs levels and activities in the Tailwanese population (with a very low type 1 diabetic incidence), but aso suggest
that MMP expression and activity are elevated before the onset of complicationsin diabetic patients.
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Introduction

TyPE 1 DIABETES MELLITUS iS a metabolic disease
that exhibits hyperglycemia due to an inability to
secrete insulin. The disease process is believed to
be due to an autoimmune response that causes se-
lective destruction of insulin-secreting islet f-
cells. Clinical manifestations of T1DM include
very low insulin secretion, absolute requirement
for exogenous insulin, low age of onset, and high
prevalence of autoantibodies directed against anti-
genic determinants of the 5-cells. The incidence of
T1DM is much lower among Taiwanese than
among Caucasians (1). The average annual inci-
dence of T1DM in Taipei is approximately 1.5 per
100,000 (1). Taiwanese and Caucasoid patients
with T1IDM display different clinical manifesta-
tions, such as the prevalence of different autoanti-
bodies and genetic traits (2, 3). Therefore, it is
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likely that several genetic and environmental fac-
tors contribute to the autoimmune process in dif-
ferent ethnic groups. A high proportion of T1DM
patients of long duration have a tendency to de-
velop diabetic nephropathy with the accumulation
of extracellular matrix (ECM) proteins within the
renal interstitium and progressive tubular atrophy.
Matrix metalloproteinases are a family of prote-
olytic enzymes that play crucial rolesin normal re-
modeling of connective tissue and the degradation
of basement membrane and surrounding ECM in
various physiologic situations. MMPs are also in-
volved in numerous pathological conditions, includ-
ing atherosclerosis, inflammation, tumor growth and
metastasis. Evidence from metabolic studies of ex-
perimental animal models demonstrates that en-
hanced production of collagen is a key event in the
development of diabetic glomerular ECM abnormal -
ities. Recently it has been proposed that MM Ps par-
ticipate in the process of concurrent reduced degra-
dation and the enlargement of mesangial area during
the pathogenesis of diabetic nephropathy (4—6).
Matrix metalloproteinase-2 (MMP-2) gene
downregulation is observed in glomeruli from type
2 diabetic patients (7). An MMP induction and acti-
vation system in human arterial vasculature is down-
regulated in diabetes (8). However, contradictory
observations suggest that MMP-2 protein and en-
zyme activity in kidney samples from diabetic pa-
tients are elevated (9). Increased plasma matrix met-
aloproteinase-9 (MM P-9) activity in the left ventri-
cle of alloxan-induced diabetic wild-type mice is
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aso documented (10). In human subjects, circulat-
ing MMP-9 levels are increased in type 2 diabetic
patients with coronary artery disease, and elevated
serum MMP-9 concentrations are linked to prema-
ture coronary atherosclerosis (11). It is proposed that
increased plasma levels of MMP-9 occur before the
development of renal microvascular complications
in patients with type 2 diabetic mellitus (12).

Expression and activities of MMPs in diabetes
have been studied predominantly in microenviron-
mental renal and cardiac tissues, with conflicting re-
sults. Discrepancies exist among diabetic patients
with different ethnic backgrounds, which reveals that
ethnicity and environmental factors are involved in
the diabetic pathogenesis (13, 14). Therefore, we
wanted to determine whether MM P expression or ac-
tivity is altered in Taiwanese T1DM patients, a pop-
ulation with the lowest range of diabetic incidence
(1), and to clarify the reported conflicts as well.

Materials and Methods
Study Subjects

Two hundred and one consecutive T1DM pa-
tients attending the diabetic clinic of the Division
of Endocrinology and Metabolism, Veterans Gen-
eral Hospital-Taipei, were recruited. The average
residual C-peptide level (measured by using the
Human C-Peptide RIA kit, Linco Research Inc., St.
Charles, MO, USA) of the TIDM patients was
0.13 £ 0.04 nM/L (Table 1). One hundred and
eighty-nine healthy control subjects were also re-
cruited from the Physical Check-up Unit, Taichung
Veterans General Hospital. Fasting blood samples
from all the study subjects were collected from a
median cubital vein and drawn into a vacutainer
containing 1.8 mg/mL edetic acid (EDTA), then
centrifuged within 1 h at 3,000 rpm for 5 min, and
the plasmawas stored at —80°C until analysis. The
demographic characteristics and clinical manifes-
tations of each patient were filed for statistical
analysis (Table 1). Written consent was obtained
from all the study subjects after the nature of the
procedure was explained. Protocol for this study
was reviewed and approved by the Ethics Commit-
tee of Hung Kuang University.

Zymographic Analysis of MMP-2 and MM P-9
Activities

MMP-2 and MMP-9 activities were detected
using gelatin zymography (15). In brief, ten-fold di-
luted sera containing 20 ug of total proteins, quanti-
fied by the Bio-Rad Protein Assay kit (Bio-Rad Lab-
oratories, Inc., CA, USA), were loaded into each
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TABLE 1
Demographic Characteristics and Biochemical Information
on Subjects in This Study

Study Subjects

Control T1DM

(n=189) (n=201)
Sex (M/F) 99/90 85/116
Age (yr) 58.2+10.6 144+ 0.6
Age of onset (yr) 9.6+ 0.5
Duration (yr) 45+0.2
C-peptide (nM/L) - 0.13+0.04
BMI (kg/m?2) 24.52+3.40 25.34+3.16
Fasting glucose 95.69+6.79 180.38+70.65
(70—110 mg/dL)*
Systolic pressure 125.42+19.18 135.22+18.19
(120—140 mm Hg)*
Diastolic pressure 79.20+10.38 79.99+10.51
(70—90 mm Hg)*
Blood urea nitrogen 15.86+5.09 17.58+8.07
(6—22 mg/dL)*
Creatinine 1.11+0.42 1.04+0.44
(0.6—1.4 mg/dL)"
Cholesterol 201.18+37.51  198.02+42.12
(125—-240 mg/dL)*
HDL-C (>35 mg/dL)* 58.35+13.88 46.52+13.43
TC/HDL-C 3.59+0.90 451+1.31
Triglycerides 142.54+125.52 184.51+153.74
(20—200 mg/dL)*
Uricacid (24—7.2mg/dL)"  6.56+1.64 6.12+1.88

“Numbers in parenthesis indicate the normal reference range of
each biochemical test.

**Data are presented as mean + standard deviation.

BMI = body mass index, HDL-C = high-density lipoprotein
cholesterol, TC = total cholesterol.

well on 10% gelatin zymography gels. Proteins were
initially separated under nonreducing condition at 15
mA through the stacking gel, and the current was in-
creased to 20 mA during the rest of separation. The
gelswere then rinsed twicein 2.5% Triton X-100 and
incubated overnight (16 h) in substrate buffer con-
taining 50 mM Tris-HCI and 5 mM CaCl,. The acti-
vated gels were stained by Coomassie blue R-250
followed by destaining in solution containing 55%
methanol and 7% acetic acid. Areas of digestion
were visualized as non-stained regions of the gel.

Enzyme-Linked | mmunosor bent Assay (ELISA)

Concentrations of MMP-2 and MMP-9 in sera
were measured in duplicate using a commercial
ELISA kit according to the manufacturer’s proto-
cols (R&D Systems Inc., Minneapolis, MN, USA).
In brief, 100 uL of MMP-2 or MMP-9 assay dilu-
ent was added to each well and then 50 uL of stan-
dard or control samples. After 2 h of incubation at
room temperature on a constant shaker (500 + 50
rpm), the reaction solution was aspirated and the
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wells were washed 4 times with wash buffer; 200
uL of MMP-2 or MM P-9 conjugate was then added
to each well and incubated for another 2 hr on the
shaker at room temperature. Then the
aspiration/wash steps were repeated as mentioned
above, followed by adding 200 ulL of substrate so-
lution to each well. The microplate was allowed to
stand for 30 min at room temperature in the dark.
After adding 50 uL of stop solution, the optical den-
sity at 450 nm of each well was determined. The
MMP-2 and MMP-9 concentrations for each sam-
ple were calculated from the standard curve. The
MMP-2 assay recognized both pro- and active-
forms of MMP-2. Intra-assay and inter-assay coef-
ficients of variation (CV) were 4.8% and 7.7%, re-
spectively. Minimum detectable dose (MDD) of
MMP-2 assay was 0.16 ng/mL. The MMP-9 assay
recognized both pro- and active- forms of MMP-9.
The intra-assay and inter-assay CV were 2.3% and
7.5%, respectively. The MDD was less than 0.156
ng/mL. According to the manufacturer’s brochure,
no significant cross-reactivity or interference to
various proteins, including mutual cross-reactivity
between MMP-2 and MM P-9, was observed.

Statistical Analysis

Data analysis started with descriptive statis-
tics, including mean and standard deviation for
continuous variables, and frequency for categori-
cal variables. The Mann-Whitney test was applied
for comparing the MMP-2 and MMP-9 levels and
activities between patients and control subjects. An
aphalevel of 0.05 was used for all statistical tests.

Results and Discussion

A high proportion of diabetic patients of long dura-
tion develop various diabetic complications. The most
devastating diabetic complications are those that affect
blood vessals and the most important microvascular di-
abetic complications are diabetic nephropathy and
retinopathy. Diabetic nephropathy is the single most
common disorder leading to rend falure. Thus, abetter
understating of diabetic pathogenesis and nephropathy
pathophysiology could lead to the design and devel op-
ment of urgently needed new treatment approaches.

MMPs are one of the numerous factors that
have been implicated in diabetic nephropathy. Al-
though the MMP induction/expression system, in-
cluding MM Ps and tissue inhibitors of matrix met-
aloproteinase (TIMPs), is implicated in diabetic
complications, experimental data suggest that lo-
calized renal MMP-2 and MMP-9 are the major
MMPs that take part in the pathogenesis of dia-
betic nephropathy (4—6). Nevertheless, results re-
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garding MMP-2 and MMP-9 levels and activities
in diabetic complications remain controversial.
MMP-2 and MMP-9 activitiesin serafrom our
study subjects were analyzed by zymography. Rep-
resentative results of the zymographic data are
shown in Fig. 1. The data showed that both MM P-
2 and MMP-9 activities in sera from patients with
T1DM were significantly higher than those from
control subjects. When the MMP-2 and MMP-9
expression levels were quantitatively measured by
ELISA, the MMP-2 level in control subjects and
T1DM patients was 146.1 + 34.2 and 241.5 + 73.7
ng/mL, respectively (Table 2). The MMP-9 level in
control subjects and T1IDM patients was 51.4 +
57.1 and 305.3 £ 180.6 ng/mL, respectively (Table
2). Both MMP-2 and MMP-9 levels were signifi-
cantly higher in serafrom all patients, compared to
those from control subjects. No significant correla-
tion between MMP levels or activities with pa-
tients' demographic or clinical data was found.
The major observations of our study are that
MMP-2 and MMP-9 levels and activities are
higher in TIDM patients compared to those of con-
trol individuals. In addition to ELISA, our study
also measured MMP activities by zymography,
which can provide information complementary to
the results of direct enzyme assay by solution
methods. Both ELISA and zymography results
confirmed that MMP levels and activities were el-
evated in diabetic patients. In addition, we had re-
cruited 201 T1DM patients from the Taiwanese
population, with one of the lowest diabetic inci-
dences worldwide (1), as well as arelatively large
pool of control subjects. Therefore, our data should
be sufficient to faithfully reflect and represent the
MMP alterations in Taiwanese diabetic patients.

W
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Figure. Representative SDS-PAGE zymogram showing that
MMP-2 and MMP-9 activities were elevated in patients with
T1DM. MMP-2 and MMP-9 activities in sera from study sub-
jects corresponds to the upper and lower white lytic bands, re-
spectively. (A) Lanes 1~6, healthy control individuals, lanes
7~10, T1DM subjects; (B) TIDM subjects.
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TABLE 2
Levels of MMP-2 and MMP-9 in Control Subjects and Type 1
Diabetes Mellitus Patients

Study Subjects

Control T1DM

(n=189) (n=201)
MMP-2 (ng/mL)* 146.1+34.2 241.5+73.7"*
MMP-9 (ng/mL)* 51.4+57.1 305.3+180.6**

*Data are presented as mean + standard deviation.

**p<0.05 by Mann-Whitney test, compared with the levels of
control subjects.

MMP = metalloproteinase.

Our results support earlier observations that
both MMP-2 and MMP-9 levels in diabetic subjects
are higher than in nondiabetic subjects (16). Never-
theless, contradictory results exist. Though Maxwell
et al. reported significantly increased concentrations
of plasma MMP-9, they found no significant differ-
ence in plasma MMP-2 between diabetic patients
and controls (13). On the other hand, Derosa et al.
found that MMP-2 levels and activities were signif-
icantly higher in type 1 diabetic patients and TIDM
patients with complications than in nondiabetic sub-
jects (14). No significant differences were observed
for MMP-9 level and activity in that study.

Several factors, such as methodological varia-
tions and statistical power, may contribute to the
discrepancies of the results between the above
studies and our observations. The MMP assay sys-
tems used in Maxwell’s study can only recognize
free and complexed MMPs; they cannot provide
information on the active MMP forms (13). There-
fore, the increased plasma MMP-9 and TIMP-1
levels in their study reflect increased synthesis.
Their study population is perhaps too small (43 pa-
tients and 35 control individuals were recruited) to
investigate the relationship between MMPs and di-
abetic duration or metabolic control. Because the
T1DM patients recruited in that study had normal
renal function without microalbuminuria, the au-
thors suggest that diabetic environment can alter
gene expression of both MMPs and TIMP-1 prior
to the onset of clinically apparent complications.

Derosa et al. (14) used 2 ELISA Kkits to differ-
entiate MMP levels and activity. The authors con-
cluded that the observation of significant differ-
ence in MMP-2 levels and activity, in contrast to
MMP-9 levels and activity between T1DM and
control subjects, might be due to the youth and the
good metabolic control of their patients. The study
was designed to longitudinally and retrospectively
detect the MMP levels and activity at TLDM onset
and 5-year follow-up in afixed population. There-
fore, compared to the study of Maxwell et al. (13),
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Derosa’s study should be able to more faithfully
reflect the temporal alteration of MMP levels and
activity during disease progression in diabetic pa-
tients. Nevertheless, the number of Derosa’s study
subjects is even smaller: only 25 T1DM patients,
and only 15 of the 25 developed microangiopathy
during follow-up. Therefore, whether the inves-
tigative power of their study is sufficient to truly
represent the relationship between MMPs and dia-
betes needs further clarification.

There are several limitations to our study. First
of all, the age of our diabetic patients and control
subjects (mean age 14.4 + 0.6 and 58.2 + 10.6
years old respectively, Table 1) was not matched.
Neither Maxwell (13) nor Derosa (14) found a cor-
relation between MMP-2, MM P-9 and age. Derosa
et a. indicated that though both MMP-2 and
MMP-9 levels were slightly increased in all study
subjects at 5-year follow-up compared with that of
their baseline levels, the increasing trend has no
statistical significance. Accordingly, MMP levels
of our older control group should have been higher
than that of the younger diabetic subjects. The age
mismatch between the TIDM and control subjects
might not affect the validity of our data, since our
results demonstrated significantly higher MMP
levels in the much younger T1DM patients.

Secondly, pro-MMPs are actudly inactive in
serum, but would be activated during the zymography
renaturing step and become fully active in the gels.
Kleiner et d. (15) indicated that zymography is an ex-
tremely sensitive eectrophoretic technique that has
been extensively used in the qualitative evaluation of
both active and latent forms of gelatinases present in
tumors. The electrophoretic process can efficiently sep-
arate these enzymes from endogenous inhibitors, and
both active and latent forms of MM Ps would show the
same degree of digestion in the assay. Only pro forms
of MMPs can be detected in zymography gel when
MMPlevelsarelow (~= 200 pg). The active form can-
not be detected until the MMP levels are higher than
approximately 400 pg. When the MMPlevelsare high,
latent and active forms of these enzymes are present in
approximately a 7:1 ratio. The authors aso concluded
that it is not biochemically unreasonable, using zy-
mography, to determine enzyme activity and hence
total enzyme protein. Thus, the assay can be used to
quantitate not only total enzyme, but also the propor-
tion of enzyme present in both the latent and active
forms. This ability distinguishes zymography from
whole solution methods such as ELISA, which quanti-
tate total enzyme but do not distinguish between dif-
ferent molecular weight forms, and from solution ac-
tivity assays, which can only quantify the active forms
of the enzymes (15). Accordingly, it is suggested that
the zymography results may reveal the MMP activities
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in study subjects because of the much higher MMPlev-
elsin our study subjects than the detection limit, and
the relatively stable proportion of pro- and active-
MMPsin circulation.

Thirdly, the anticoagulant EDTA used in blood
collection may affect the MMPlevelsand activitiesin
our study. Jung et a. (17) demonstrated that MM P-9
concentration is decreased significantly with increas-
ing amounts of EDTA during blood collection,
whereas MMP-2 isincreased. They aso revealed that
EDTA can inhibit the gelatinolytic activities. Man-
nello et a. (18) indicated that MMP-2 level did not
differ in serum and heparin plasma but was lower in
EDTA plasma, while activities of MMP-9 were 2- to
10- fold higher in serum than in heparin and EDTA
plasma. Nevertheless, different anticoagulants used in
blood sample collection did not influence the propor-
tion of active-to-latent MM Ps. Although the anticoag-
ulant of this study was EDTA, which isreported to af-
fect circulatory MMP levels or activities, we do not
think that EDTA affected the observation regarding
the significantly increased MMP-2 and MMP-9 of
T1DM patientsin our study, since EDTA was applied
to the blood collection process of all study subjects.
Therefore, if EDTA did cause alterations to circula
tory MMP levels and activities, this variable became
acontrolled factor in our study.

And finaly, the average duration of our TIDM
patients in this study was 4.5 + 0.2 years (Table 1);
only 15 patients (7.5%) suffered T1IDM for more than
10 years. Most of the patients had no symptoms of di-
abetic nephropathy or other complications. Therefore,
the number of patients with complications in our
study was not sufficient to reflect and represent the
correlation between MMPs and diabetic complica
tions, due to limited investigation power from an in-
sufficient number of patients with complications. The
results of our study suggest that the MMP levels
would be elevated before the devel opment of diabetic
nephropathy or other complications (4).

In summary, our study not only provides data on
systemic MMP levels in a population with possibly
the lowest type 1 diabetic incidence, but also suggests
that MMP expression and activity is elevated before
the onset of complications in diabetic patients, due to
therelatively short duration and lack of complications
among our study subjects. Whether thereis acorrela
tion or interactions between autoimmune responses
and MM P system awaits further investigation, as does
therole of MMPsin the TIDM pathogenesis.
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