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a  b  s  t  r  a  c  t

Maternal  diabetes  increases  the  risks  for embryo  malformations.  Matrix  metalloproteinase-2  (MMP-2)
and MMP-9  are  two relevant  MMPs  for embryo  development.  Here,  we addressed  whether  changes
in  these  MMPs  and  in tissue  inhibitor  of  matrix  metalloproteinase-1  (TIMP-1)  and  TIMP-2  are  altered  in
embryos  and  decidua  from  type  1 diabetic  rats  during  early  organogenesis.  Our  results  demonstrate  MMP-
2 and  MMP-9  overactivities  and  overexpression,  together  with  increases  in  lipid  peroxidation  and  nitric
eywords:
iabetes in pregnancy
mbryopathy
atrix metalloproteinases (MMPs)

issue inhibitor of metalloproteinases

oxide  production  in  embryos  and  decidua  from  diabetic  animals.  There  is a concomitant  increase  in the
inhibitory  activity  of  TIMP-1  and  TIMP-2  in  embryos  and  decidua,  and  an  increase  in protein  expression  of
embryonic  TIMP-1  and  TIMP-2.  In  situ  zymography  demonstrated  MMPs  overactivities  despite  increased
TIMPs  in  embryos  and  decidua  in maternal  diabetes  during  early  organogenesis.  This  study reveals  that
maternal diabetes  leads  to  profound  alterations  in  MMPs/TIMPs  balance  during  embryo  organogenesis,

ring  w
TIMPs) the  gestational  period  du

. Introduction

Pre-gestational diabetes, in which aberrant maternal metabolic
nvironment is present during embryo organogenesis, increases
he risk for congenital malformations [1–4]. The most frequent

alformations arise in the central nervous and cardiac system
evelopment in both type 1 and type 2 diabetes [5–7]. Experimental
odels of diabetes also show similar malformations and increased

esorption rate, and have been helpful to define early organogen-
sis as the most susceptible period for the induction of congenital
alformations [6,8].
Although still not fully understood, diabetes-induced terato-

ogical mechanisms have been found related to hyperglycemia, to
he increase in intrauterine metabolic substrates, and to the con-
equent generation of a pro-inflammatory environment related
o the increase in both oxidative and nitrative stress [3,9]. Both
eactive oxygen species and nitric oxide are positive regulators of
atrix metalloproteinase 2 (MMP-2) and MMP-9 in different tis-

ues, including placental and fetal tissues [10–12].  These MMPs

elong to the gelatinase family of MMPs. MMPs  comprise a large
amily of zinc-dependent endoproteinases, collectively capable of
egrading all components of the extracellular matrix [13]. Among
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hich  most  malformations  are  induced.
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this diverse family of enzymes, MMP-2 and MMP-9 (also known
as gelatinase A and gelatinase B, respectively) have emerged as
important players both in reproductive processes and in a num-
ber of pathological states, including diabetes and cardiovascular
and gestational diseases [14–17].  Both MMP-2 and MMP-9 activ-
ities can be detected by zymography due to their gelatinolytic
activity [18]. Moreover, proMMPs can also be detected by zymog-
raphy, and have been shown to be relevant as the pool available
for further processing and due to their capacity to be active under
certain circumstances, such as when activated by reactive oxy-
gen and nitrogen species or in the presence of certain intracellular
and intranuclear targets [16,19]. Although involved in physiological
and developmental processes in appropriate concentrations [14],
these MMPs  are clearly related to pathological processes when pro-
duced in aberrant concentrations [20,21]. Increases in the activity
of MMP-2 and MMP-9 have been reported in plasma and urine in
diabetic patients, in placentas from type 1 diabetic patients, and
in uterine, placental and fetal tissues in experimental models of
diabetes [22–26].

The decidua produces high amounts of MMPs to allow implanta-
tion and placentation [27–29].  The decidua surrounds the embryo
during early organogenesis, and possesses nutritional, immunolog-
ical and developmental functions regulating trophoblast invasion
and the formation of the placenta [29–31].  Alterations in the extra-
cellular matrix composition have been found in the placenta from

diabetic rodents [32], and growth and developmental alterations
have been found in the decidua from diabetic rats [33]. Besides,
embryos and decidua from diabetic rats show increased oxidative
and nitrative stress during early organogenesis [9,34,35]. Reactive
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xygen and nitrogen species have been found related to MMPs
veractivity in different tissues [11,12].  Nevertheless, MMPs  have
ot been previously evaluated in embryos and decidua from dia-
etic rats during early organogenesis.

On the other hand, tissue inhibitors of matrix metallopro-
einases (TIMPs) are a family of four secreted proteins that play
entral roles in limiting the extent of extracellular matrix degrada-
ion during tissue-remodeling processes in virtue of their ability
o inhibit MMPs  [18]. Both TIMP-1 and TIMP-2 are capable of
nhibiting the activities of all known matrix metalloproteinases,
nd possess anti-invasive and anti-angiogenic properties [36]. Sev-
ral developmental changes in the decidua and the placenta occur
n parallel to changes in the expression of MMPs  and TIMPs [37].
ndeed, an appropriate MMPs/TIMPs balance is involved in success-
ul implantation and placentation [38,39]. An altered MMPs/TIMPs
alance is a causative factor in the etiology of many diseases that

nvolve pathological tissue destruction such as vasculopathy, can-
er and gestational trophoblastic disease [15,21,40].  Our previous
tudies identified an impaired MMPs/TIMPs balance in placentas
rom diabetic rats [41]. Nevertheless, no previous study have exam-
ned whether there is an imbalance between MMPs and TIMPs
n the embryos and decidua from diabetic animals during early
rganogenesis, the period during which most malformations are
nduced. Therefore, the aim of the present study was  to analyze
he activity and localization of MMP-2, MMP-9, TIMP-1, TIMP-2
nd TIMP-3 in embryos and decidua from control and diabetic rats
uring early organogenesis.

. Experimental procedures

.1. Animals and treatments

The study was carried out in accordance with the guidelines for the
are and use of animals approved by the local institution, according to the
Principles of laboratory animal care” (NIH publication No. 85-23, revised
985, http://grants1.nih.gov/grants/olaw/references/phspol.htm). Albino Wistar
ats were bred in the laboratory with free access to commercial rat chow (Asociación
ooperativa Argentina, Buenos Aires, Argentina) and water, in a lighting cycle of 14 h

ight:10 h dark. Female rats weighing 200–230 g were made diabetic with a single
.p.  injection of streptozotocin (55 mg/kg) (Sigma–Aldrich, St. Louis, MO,  USA) in cit-
ate buffer (0.05 M,  pH 4.5), providing a type 1 diabetic model based on the specific
estruction of pancreatic �-cells induced by streptozotocin [8].  Control rats were

njected with buffer only. Glycemia was measured with glucostix reagent strips and
 glucometer (Bayer Diagnostics, Buenos Aires, Argentina) one week after strepto-
otocin administration and on day 10.5 of pregnancy. Females showing glycemia
alues higher than 250 mg/dl were considered diabetic. Estrous cycles in diabetic
ats  were present for two/three weeks after streptozotocin administration. Both
ormal and diabetic females were mated with control male rats. Mating was  con-
rmed by the presence of sperm in vaginal smears. When a positive pregnancy was

dentified, this was  designated day 0.5 of gestation.

.2. Tissue collection and evaluation of embryo growth and morphology

Animals were killed by cervical dislocation on day 10.5 of pregnancy and the
teri were transferred to Petri dishes with Krebs Ringer Bicarbonate (KRB) solution:

 mM glucose, 145 mM Na+, 2.2 mM Ca++, 1.2 mM Mg++, 127 mM Cl− , 25 mM HCO3
− ,

.2  mM SO4
2− and 1.2 mM PO4

3− . By the use of a stereomicroscope and microsur-
ical dissecting instruments, the balls of decidual tissue were explanted from each
terus, and gently opened to free the conceptuses. The embryos were dissected out
f  the yolk sacs and evaluated morphologically under a stereomicroscope. Viability
as  established by the presence of a beating heart. Somite number was  recorded.

he embryos were categorized as morphologically normal or as showing malforma-
ions. Malformations observed were mainly neural tube defects. Cardiac hyperplasia
nd  embryo malrotation, which frequently occurred concomitantly with embryonic
eural tube defects, were also observed. The presence of neural tube defects was
orroborated on day 12.5 of gestation.

Embryonic growth was  quantified by direct measurement of protein con-
ent  by the Bradford method using a protein assay reagent (Bio-Rad Laboratories
nc. Canada) with bovine seroalbumin as standard. Embryos in resorption stages

eceived no further analyses. Viable embryos and their surrounding decidual tissue
ere immediately prepared as follows: Whole embryos (excluding the extraem-

ryonic membranes) and decidua (excluding the embryo, the extraembryonic
embranes and the ectoplacental cone), were explanted for measurement of pro-

eins, lipid peroxidation and nitric oxide production as well as for zymography and
ology 32 (2011) 449– 462

reverse zymography evaluation of MMPs  and TIMPs. Whole decidua including the
conceptus and the ectoplacental cone were prepared for immunohistochemical and
in  zymography in situ analysis of MMPs and TIMPs.

2.3. Analysis of nitric oxide production and lipid peroxidation

Nitrates and nitrites, stable NO metabolites, were quantified as an index of NO
production by the Griess method, using a commercial assay kit (Cayman Chemi-
cal  Co., Ann Arbor, MI,  USA). Nitrates and nitrites were quantified in embryos and
decidua obtained from control and diabetic rats on gestational day 10.5, as pre-
viously [42]. Briefly, four embryos or one decidua obtained from each rat were
homogenized in Tris–HCl solution (0.1 mM,  pH: 7.4) and an aliquot was separated
to  determine protein content. Nitrates in the supernatant were reduced to nitrites
using nitrite reductase, and total nitrites were then quantified by the Griess reaction.
Different amounts of sodium nitrites and nitrates were used as standards. Optical
densities were measured at 540 nm.

Lipid peroxidation in the decidua was evaluated by measuring the concentra-
tions of thiobarbituric acid reactive substances (TBARS), as previously [12], a method
widely used to assess peroxidation of fatty acids [43]. Briefly, two decidua were
homogenized in 100 mM Tris–HCl buffer, pH 7.6. The homogenate was  added with
trichloroacetic acid (40%) and centrifuged at 3000 rpm for 15 min. The supernatant
was added with an equal volume of thiobarbituric acid (46 mM), and the solution
was heated at 95 ◦C for 15 min. Then, the samples were cooled and quantified spec-
trophotometrically at 530 nm.  Malondialdehyde (Sigma–Aldrich) subjected to the
same conditions as the tissue homogenates was used as a standard. TBARS are
expressed as pmol/mg protein.

Lipid peroxidation in embryos was evaluated by measuring 8-iso-PGF2� levels,
by using a commercial enzyme immunoassay kit (Cayman Chemical Co.). Briefly
three pooled embryos were homogenized in 2 M NaOH and an aliquot separated
for  protein determination by the Bradford method using a protein assay reagent
(Bio-Rad Laboratories Inc.). Samples were then incubated at 45 ◦C for 2 h, neutral-
ized by the addition of 2 M HCl (pH 7.5) and centrifuged at 3000 rpm for 10 min. The
assay was developed according to the manufacturer’s instructions. Briefly, the kit
uses a polyclonal antibody against 8-iso-PGF2� that binds, in a competitive man-
ner, either the isoprostane in the sample or a 8-iso-PGF2� molecule which has
an  acetylcholinesterase covalently attached to it. After a simultaneous incubation,
a  reagent consisting of acetylthiocholine and 5,5 dithio-bis-(2-nitrobenzoic acid)
was added. The hydrolysis of acetylthiocholine by acetylcholinesterase yields thio-
choline, which reacts with 5,5 dithio-bis-(2-nitrobenzoic acid), generating a yellow
color which was  evaluated on a microplate reader at 412 nm.

2.4. Measurement of embryonic and decidual MMP-2 and MMP-9 activities by
gelatine zymography

Zymography was performed to evaluate the presence of gelatinase activity as
previously described [24]. Both MMPs  and pro-MMPs were analyzed by zymogra-
phy, since the exposure to SDS induces changes in pro-MMPs conformation which
are associated with their activation. Briefly, embryonic and decidual tissues were
homogenized in 50 mM Tris, 5 mM CaCl2, 1 �M ZnCl2, 1% Triton X-100. Either 20 �g
of  protein of embryonic homogenates or 50 �g of protein of decidual homogenates
were mixed with loading buffer [2% SDS, 10% glycerol, 0.1% bromophenol blue,
50  mM Tris–HCl, pH 6.8] and subjected to a 7.5% sodium dodecyl sulphate (SDS)-
polyacrylamide gel electrophoresis (PAGE), in which 1 mg/ml gelatin (type A from
porcine skin) had been incorporated. Following electrophoresis, gels were washed
in  2.5% Triton X-100 for 60 min  to remove SDS. Then, the gels were incubated for
24  h in the case of the decidual tissue and for 96 h in the case of the embryonic tissue
in 50 mM Tris Buffer pH 7.4, containing 150 mM NaCl and 10 mM CaCl2, at 37 ◦C. Gels
were stained with Coomassie blue, and then destained with 10% acetic acid and 30%
methanol in water. The areas of proteolytic activity appeared as negatively stained
bands in the dark background.

The identities of MMPs  were based on their molecular weights and a positive
internal control (conditioned medium of human fibrosarcoma HT-1080 cells), which
was run in each gel to allow the standardization of the results obtained in the dif-
ferent zymograms. The enzymatic activity was quantified using an image analysis
program (ImageJ), and expressed as arbitrary densitometric units, which were nor-
malized to the internal control. Data are shown as relative to a value of 1 assigned
to the mean values for MMP-9 in control embryos and decidua.

2.5. Measurement of embryonic and decidual TIMP-1 and TIMP-2 by gelatine
reverse zymography

To analyze the inhibitory activity of TIMP proteins in embryos and decidua from
control and diabetic rats, reverse zymography analysis was  performed, as previ-
ously [41]. Briefly, embryonic and decidual tissues were homogenized in 50 mM
Tris, 5 mM CaCl2, 1 �M ZnCl2, 1% Triton X-100, followed by a heat extraction (60 ◦C)

with 50 mM Tris, 0.1 M CaCl2, 0.15 M NaCl. Either 20 �g of protein from embryonic
tissues or 50 �g of protein from decidual tissues were mixed with loading buffer
[2% SDS, 10% glycerol, 0.1% bromophenol blue, 50 mM Tris–HCl, pH 6.8] and applied
to  15% polyacrylamide gels containing 0.1% SDS and 1 mg/ml gelatin plus 25% con-
ditioned medium of human fibrosarcoma HT-1080 cells, which is a rich source of

http://grants1.nih.gov/grants/olaw/references/phspol.htm
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embryos from control rats (Table 1). Increased values for resorp-
tion and malformation rates in diabetic animals when compared to
controls (p < 0.001) are also shown in Table 1. Neural tube defects
were the main malformations observed, although some embryos

Table 1
Metabolic and developmental characteristics of the diabetic rats during early
organogenesis.

Control
(n)

Diabetic
(n)

Maternal glycemia (mg/dl) 101 ± 9.0
(15)

411 ± 28***

(18)
Protein content (�g) 56 ± 4.2

(15)
28 ± 3.0***

(18)
Somite number 13 ± 0.5

(15)
11 ± 0.4**

(18)
Resorptions (%)

(embryo resorptions/total
implantation sites)

6.4%
10/155
(15)

34.5%***

63/183
(18)

Malformations (%)
(malformed embryos/total viable
embryos)

2.0%
3/145
(15)

15%***

18/120
(18)

Embryonic nitric oxide production
(nmol/mg protein)

28 ± 4.1
(9)

74 ± 8.2***

(9)
Decidual nitric oxide production

(nmol/mg protein)
29 ± 2.9
(9)

44 ± 1**

(9)
Embryonic isoprostanes (�g/�g

protein)
109 ± 11.5
(9)

182 ± 21.5**

(9)
Decidual TBARS (�mol/mg protein) 41 ± 8

(9)
65 ± 7*

(9)
R. Higa et al. / Reproductiv

arious MMPs. After electrophoresis, gels were rinsed twice with 2.5% Triton X-100,
nd then incubated at 37 ◦C for 24 h in Tris buffer (50 mM Tris–HCl, 0.2 M NaCl,

 mM CaCl2, pH 8.0). Subsequently, gels were stained with Coomassie blue, and
hen  destained with 10% acetic acid and 30% methanol in water. MMPs provided by
he HT-1080 conditioned medium digested the gelatin within the gel, whereas the
IMPs in the samples inhibited the MMP  action, allowing the identification of the
nhibitory activity of TIMPs as dark bands on a clear background. The identities of
IMPs were based on their molecular weights, determined through prestained SDS-
AGE protein standards (prestained Full Range, GE Healthcare, Buckinghamshire
K), which were run in the same gel. TIMP activity was quantified using an image
nalysis program (ImageJ), and expressed as arbitrary densitometric units. Data are
hown as relative to a value of 1 assigned to the mean value for TIMP-1 in control
mbryos and decidua.

.6. Localization of embryonic and decidual MMP-2, MMP-9, TIMP-1, TIMP-2 and
IMP-3 by immunohistochemistry

To localize MMP-2, MMP-9, TIMP-1, TIMP-2 and TIMP-3 in embryos and decidua
nd evaluate their protein concentrations, immunohistochemistry was carried out
rom tissue sections of five control and five pregnant diabetic rats, as previ-
usly [24]. All sections were processed simultaneously under identical conditions.
riefly, whole decidua with conceptus were fixed with hepes–glutamic acid buffer
ediated organic solvent protection effect fixative system, HOPE® according to
anufacturer‘s instructions (Polysciences, Inc., Warrington, PA, USA) and embed-

ed in paraffin. Sections of 5 �m-thick were deparaffinized and hydrated in xylene
nd a series of graded ethanol solutions, followed by three washes in phosphate
uffered saline (PBS) and PBS buffer with 0.05% Tween-20 (PBS-T). Incubation in
.3% H2O2 in PBS to block endogenous peroxidase was performed. Slides were

ncubated in a humidified chamber over night with either a mouse anti-MMP-2
ntibody (1:200, Calbiochem, Merck Quimica Argentina, Buenos Aires, Argentina),

 mouse anti-MMP-9 antibody (1:800, Calbiochem), a rabbit anti-TIMP-1 antibody
1:500, Calbiochem), a mouse anti-TIMP-2 antibody (1:700, Calbiochem) and a rab-
it  anti-TIMP-3 antibody (1:500, Santa Cruz Biotechnology, CA, USA), all primary
ntibodies that were diluted in PBS-T with 1% bovine serum albumin. Negative
ontrols were performed by omitting the primary antibodies. Biotinylated horse
nti-mouse antibody, rat adsorbed (Vector Laboratories Burlingame, CA) or biotiny-
ated goat anti-rabbit (Vector Laboratories) (1:200 in PBS) was applied, preceded
y an incubation with an avidin–biotin complex for 60 min  (Vector Laboratories).
taining was visualized by adding 40% 3,3′-diaminobenzidine tetrahydrochloride
hromogen-buffer plus 0.02% (v/v) hydrogen peroxide in 0.05 M Tris (pH 7.6) for
0  min  and a positive staining appeared as a dark brown color. The tissues were
hen counterstained with hematoxylin and dehydrated before mounting. The sec-
ions were examined by two skilled blinded observers under light microscopy.
mmunoreactivity intensity was quantified using the ImageProPlus software. Data
re shown as relative to a value of 1 assigned to the mean value for control MMPs
r TIMPs. Similar results were obtained using a semiquantitative score (data not
hown).

.7.  Determination of decidual TIMP-1, TIMP-2 and TIMP-3 by Western blot

Decidual tissues were homogenized in 200 �l of ice-cold lysis buffer (20 mM
Cl pH 7.4, 150 mM NaCl, 1% Triton X-100 and 5 �l protease inhibitor cocktail),

ncubated for 2 h on ice and then centrifuged at 10,000 rpm for 10 min. Protein
oncentrations were determined by the Bradford method. An equivalent volume
f  100 �g of protein lysates was separated by electrophoresis in a 15% SDS-
olyacrlylamide gel (SDS-PAGE) and transferred to nitrocellulose membranes. The
embranes were blocked with 2% of blocking reagent (GE Healthcare, Piscataway,
J, USA) and incubated overnight at 4 ◦C with one of the following primary anti-
odies: a rabbit anti-TIMP-1 antibody (1:200, Calbiochem), a mouse anti-TIMP-2
ntibody (1:200, Calbiochem), a rabbit anti-TIMP-3 antibody (1:200, Santa Cruz
iotechnology), or a rabbit anti-actin antibody (1:500, Sigma–Aldrich) as an inter-
al  control. Then, the membranes were washed and incubated for 1 h at room
emperature with the appropriate horseradish peroxidase-labeled secondary anti-
ody: anti-rabbit (1:10000) or anti-mouse (1:20000) (Jackson ImmunoResearch
aboratories, Inc, Baltimore, USA). The signal was  revealed using the ECL enhanced
hemiluminescence system (GE Healthcare) and the resulting chemiluminescence
as  recorded with the ImageQuant equipment (GE Healthcare). The bands corre-

ponding to TIMPs and actin were identified with the use of two  molecular weight
tandards: pre-stained Full Range Rainbow (12-225 KDa) (GE Healthcare) and Magic
ark XP chemiluminescent-detected (20-120 KDa) (Invitrogen CA, USA). Recombi-

ant TIMP-1 (Chemicon, Millipore, Temecula, CA), rat heart homogenates (TIMP-2)
nd rat kidney homogenates (TIMP-3) were used as positive controls. The rela-
ive  intensity of protein signals was quantified by densitometric analysis using the
mageJ Software. Results showing the TIMP protein/actin protein ratio are expressed
s relative units.
.8. Localization of gelatinases/TIMPs balance by in situ zymography

The activity of MMPs in frozen sections of embryos and decidua was measured
y in situ zymography using a gelatinolytic fluorogenic substrate in the presence or
ology 32 (2011) 449– 462 451

absence of specific inhibitors. This technique allows localizing gelatinases activity
in the presence of the endogenous TIMPs, and thus evaluating the tissue balance of
endogenous MMPs  and TIMPs. Briefly, whole decidua with conceptus were embed-
ded in Tissue-tek® (Sakura Finetek, Torrance CA, USA), frozen and then cut in serial
16 �m sections. Tissue sections were incubated in dark humidified chambers with
20  �g/ml DQ gelatin (Molecular Probes, Invitrogen CA, USA) in Tris–CaCl2 Buffer
(0.5  M Tris, 0.5 M CaCl2, 1.5 M NaCl) for 90 min. The sections were examined by
fluorescence microscopy (Zeiss Axiophot). The proteolytic activity was detected as
bright green fluorescence, which indicates substrate breakdown and allows local-
izing gelatinolytic MMPs activity in experimental conditions in which TIMPs can
exert their inhibitory capacity. Gelatinolytic activity was assessed by quantifying the
intensity of green fluorescence using the ImageProPlus Software. These densitomet-
ric  data were obtained in each embryonic and decidual section for further statistical
analysis in the control (n = 5) and diabetic (n = 5) groups. This numeric value repre-
sents the activity of tissue MMPs  in the presence of endogenous TIMPs, and is thus
an  index of MMPs/TIMPs balance. These data are different from those obtained by
zymography and reverse zymography in which MMPs and TIMPs were respectively
evaluated separately. Data are shown as relative to a value of 1 assigned to the mean
value of gelatinolytic activity in control tissues. To confirm the specific activity of
MMPs  in decidual and embryonic sections o-phenanthroline at 0.1 mM and phenyl-
methanesulfonylfluoride (PMSF) at 0.1 mM were used. While o-phenanthroline fully
inhibited MMP  activity, PMSF produced no significant effects (data not shown).

2.9.  Statistical analysis

All data are presented as the mean ± SEM. Data were compared using Student’s t
tests or one-way ANOVA with Tukey’s post-hoc tests as appropriate. For malforma-
tion and resorption rates, data were compared using chi-square contingency tests.
In  all cases, differences were considered statistically significant at p < 0.05.

3. Results

3.1. Metabolic and developmental characteristics in diabetic rats
during early organogenesis

Table 1 shows increased values for maternal glycemia in diabetic
rats on day 10.5 of gestation when compared to controls (p < 0.001).
The embryos from diabetic rats show reduced protein content (an
index of embryo growth, p < 0.001) and reduced somite number
(an index of embryo development, p < 0.01) when compared to
Data are shown as mean ± SEM or as percentage.
* p < 0.05.

** p < 0.01.
*** p < 0.001 vs.  control group.
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Fig. 1. Effect of maternal diabetes on MMP-2 and MMP-9 activities evaluated in
rat  embryos on day 10.5 of gestation. (A) Shows a representative SDS-PAGE gelatin
zymogram where MMP-2 (64 kDa), proMMP-2 (72 kDa) and MMP-9 (84 kDa) bands
w
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Fig. 2. Effect of maternal diabetes on MMP-2 and MMP-9 activities evaluated in
rat  decidua on day 10.5 of gestation. (A) Shows a representative SDS-PAGE gelatin
zymogram where MMP-2 (64 kDa), proMMP-2 (72 kDa) and MMP-9 (84 kDa) bands
ere identified. (B) Shows the quantified values. Data are shown as mean ± SEM
n  = 8 per group). *p < 0.05, ***p < 0.001 vs.  control group.

resented cardiac hypertrophy. Severe malrotation was also
bserved in several embryos, present mainly concomitantly with
mbryonic neural tube defects. On the other hand, embryos and
ecidua from diabetic rats also show increased nitric oxide produc-
ion (p < 0.01) and lipoperoxidation (p < 0.05), indicating increased
ormation of reactive oxygen species (Table 1).

.2. Increased MMP-9 and MMP-2 activities in embryos and
ecidua from diabetic rats

Gelatine zymograms were used to measure MMP-2 and MMP-9
ctivities in embryos and decidua from control and diabetic rats.
ig. 1A shows a representative zymogram of embryo extracts dis-
laying bands corresponding to the molecular weights of MMP-2,
roMMP-2 and MMP-9. Embryos from diabetic rats showed an

mportant increase in the activities of MMP-9 (p < 0.001), proMMP-
 (p < 0.001) and MMP-2 (p < 0.05) (Fig. 1B). Similarly, in the
ecidua, bands corresponding to the molecular weights of MMP-2,
roMMP-2 and MMP-9 were identified, as shown in the represen-
ative zymogram in Fig. 2A. Decidua from diabetic rats showed
n important increase in the activities of MMP-9 (p < 0.001) and
roMMP-2 (p < 0.001), although no changes in the activity of MMP-

 were found (Fig. 2B).

.3. Localization of MMP-9 and MMP-2 in embryos and decidua
rom diabetic rats

Fig. 3 shows the immunolocalization of MMP-9 in embryos
nd decidua from diabetic and control rats. Increased MMP-9
mmunoreactivity (p < 0.05) was identified both in the cephalic,

eart and caudal regions in embryos from diabetic rats when
ompared to controls (Fig. 3A, B and D). In decidual cells and sur-
ounding the blood vessels, an increased MMP-9 immunoreactivity
were identified. (B) Shows the quantified values. Data are shown as mean ± SEM
(n = 8 per group). ***p < 0.001 vs.  control group.

(p < 0.05) was  also found when compared to controls (Fig. 3E, F and
H).

Fig. 4 shows the immunolocalization of MMP-2 in embryos
and decidua from diabetic and control rats. Increased MMP-2
immunoreactivity (p < 0.01) was  identified both in the cephalic,
heart and caudal regions in embryos from diabetic rats when com-
pared to controls (Fig. 4A, B and D). In the decidua, an increased
MMP-2 immunoreactivity (p < 0.01) was localized in the decidual
cells when compared to controls (Fig. 4E, F and H).

3.4. TIMP-1, TIMP-2 and TIMP-3 in embryos and decidua from
diabetic rats

Gelatine reverse zymograms were used to measure TIMPs
inhibitory activities in embryos and decidua from control and dia-
betic rats. Fig. 5A shows a representative reverse zymogram of
embryo extracts displaying bands corresponding to the molecular
weights of TIMP-1 and TIMP-2. Embryos from diabetic rats showed
an increase in the inhibitory activity of TIMP-1 (p < 0.05) and TIMP-
2 (p < 0.01) (Fig. 5B) when compared to controls. Similarly, in the
decidua, bands corresponding to the molecular weights of TIMP-1
and TIMP-2 were identified, as shown in the representative reverse
zymogram in Fig. 6A. Decidua from diabetic rats also showed an
increase in the inhibitory activities of TIMP-1 (p < 0.05) and TIMP-2
(p < 0.05) (Fig. 6B).

TIMP-1, TIMP-2 and TIMP-3 were immunolocalized in embryos
and decidua from control and diabetic rats. Fig. 7A, B and D shows an
increased TIMP-1 immunoreactivity (p < 0.05) both in the cephalic,

heart and caudal regions of embryos from diabetic rats when com-
pared to controls. On the other hand, both in decidual and in giant
trophoblast cells, even in the nucleus, TIMP-1 immunoreactivity
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Fig. 3. Effect of maternal diabetes on MMP-9 concentrations in rat embryos and decidua on day 10.5 of gestation. (A) and (B) show representative photomicrographs of
embryos  from control (A) and diabetic (B) rats (original magnification 100×) immunodetected with specific anti-MMP-9 antibody. (C) Shows a representative negative
control  performed in the absence of anti-MMP-9 antibody. (D) Shows the quantified values. (E) and (F) Show representative photomicrographs of the mesometrial side of
the  decidua from control and diabetic rats (original magnification 100×) immunodetected with specific anti-MMP-9 antibody. (G) Shows a representative negative control
performed in the absence of anti-MMP-9 antibody. (H) shows the quantified values. Data are shown as mean ± SEM (n = 5 per group). *p < 0.05 vs. control group. CE, cephalic
region;  CA, caudal region; H, heart region; S, somites; DC, decidual cells; BV, blood vessels.



454 R. Higa et al. / Reproductive Toxicology 32 (2011) 449– 462

Fig. 4. Effect of maternal diabetes on MMP-2 concentrations in rat embryos and decidua on day 10.5 of gestation. (A) and (B) Show representative photomicrographs of
embryos from control (A) and diabetic (B) rats (original magnification 100×) immunodetected with specific anti-MMP-2 antibody. (C) Shows a representative negative
control  performed in the absence of anti-MMP-2 antibody. (D) Shows the quantified values. (E) and (F) Show representative photomicrographs of the mesometrial side of
the  decidua from control (E) and diabetic (F) rats (original magnification 100×) immunodetected with specific anti-MMP-2 antibody. (G) Shows a representative negative
control  performed in the absence of anti-MMP-2 antibody. (H) Shows the quantified values. Data are shown as mean ± SEM (n = 5 per group). **p < 0.01 vs.  control group. CE,
cephalic region; CA, caudal region; H, heart region; S, somites; DC, decidual cells; BV, blood vessels.
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Fig. 5. Effect of maternal diabetes on TIMP-1 and TIMP-2 inhibitory activities eval-
uated in rat embryos on day 10.5 of gestation. (A) Shows a representative SDS-PAGE
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elatin reverse zymogram where TIMP-1 (28 kDa) and TIMP-2 (21 kDa) bands were
dentified. (B) Shows the quantified values. Data are shown as mean ± SEM (n = 8 per
roup). *p < 0.05, **p  < 0.01 vs.  control group.

as localized and not significantly different in the diabetic tissues
nd controls (Fig. 7E, F and H).

Fig. 8A, B and D shows an increased TIMP-2 immunoreactiv-
ty (p < 0.01) in embryos from diabetic rats, localized both in the
ephalic, heart and caudal regions, when compared to controls.

IMP-2 immunoreactivity was localized mainly in decidual cells,
nd there was a similar TIMP-2 immunoreactivity in the decidua
rom diabetic rats when compared to controls (Fig. 8E, F and H).

ig. 6. Effect of maternal diabetes on TIMP-1 and TIMP-2 inhibitory activities eval-
ated in rat decidua on day 10.5 of gestation. (A) Shows a representative SDS-PAGE
elatin reverse zymogram where TIMP-1 (28 kDa) and TIMP-2 (21 kDa) bands were
dentified. (B) Shows the quantified values. Data are shown as mean ± SEM (n = 8 per
roup). *p < 0.05 vs.  control group.
ology 32 (2011) 449– 462 455

Fig. 9 shows a faint TIMP-3 immunoreactivity in embryos and
decidua from control and diabetic rats. No changes in TIMP-3
immunoreactivity were found when diabetic tissues were com-
pared to controls.

Fig. 10A–C shows the Western blot analysis of TIMP-1, TIMP-2
and TIMP-3 in decidua from control and diabetic rats. No changes
in protein expression of the TIMPs analyzed were found in decidua
from diabetic rats when compared to controls.

3.5. MMPs are overactivated in the presence of endogenous
TIMPs in embryos and decidua from diabetic rats

As both MMP-2 and MMP-9 and TIMP-1 and TIMP-2 activi-
ties were found increased in embryos and decidua from diabetic
rats, in situ zymography was performed. Fig. 11A–C shows the
localization of the gelatinolytic activity of MMPs  in the presence
of the endogenous TIMPs performed in cryopreserved sections
of embryos and decidua from control and diabetic rats. Embryos
from diabetic rats showed an impaired gelatinases/TIMPs balance,
as MMPs  are overactivated in the presence of endogenous TIMPs
in somites, heart and neural tube in the embryos from diabetic
rats when compared to controls (p < 0.01, Fig. 11). Similarly, in
the decidua, in situ zymography revealed an important imbalance
in gelatinases/TIMPs towards increases in MMPs  activities in the
decidua from diabetic rats, localized in blood vessels and decidual
cells, when compared to controls (p < 0.001) (Fig. 11).

4. Discussion

In the present work we  found that, together with the increased
resorption and malformation rate, embryos and their surrounding
decidua from diabetic rats showed a significant increase in activi-
ties and concentrations of MMP-2 and MMP-9. In addition, despite
the increase in TIMP-1 and TIMP-2, in situ zymography revealed
that gelatinases exert an increased enzymatic activity possibly
due to the pro-inflammatory environment and possibly related to
the alterations in embryo development induced by maternal dia-
betes.

Our previous studies have found that MMP-2 and MMP-9 are
overactivated in the placenta from diabetic animals and pregesta-
tional diabetic patients [24,25]. The decidua surrounds the embryo
during early organogenesis, and leads to the maternal compart-
ment of the placenta. It also has a nutritional role and a regulatory
role in the process of invasion of the trophoblast [29]. MMPs coordi-
nate the remodeling of the extracellular matrix and the cell-to-cell
and cell-to-extracellular matrix interaction highly needed during
development [14]. Gelatinases are involved in the decidual and
placental development and function [28,29,44].  Besides, MMPs  are
involved in the development of different organs that initiate their
development during early organogenesis such as the heart and the
nervous system [45,46]. In this work we found increased neural
tube defects in the embryos from diabetic rats although further
studies at the fetal stage will be needed to evaluate whether these
defects persist or not in the fetuses [47]. Therefore, the alterations
observed in this work in gelatinases levels and activities may be
related to impairments in the decidual function, the formation of
the placenta and the developing embryo during early organogene-
sis.

Although we  here focused in MMP-2 and MMP-9 activities as the
most studied MMPs  related to pro-inflammatory processes, MMPs
constitute a large family of proteases, and other MMPs  could be

altered and also relevant in diabetic embryopathy. Indeed, MMP-14
or MT-MMP-1 is a membrane type MMP  that cleaves and activates
MMP-2 and has relevant roles in embryogenesis [48]. Upregulation
of MMP14 has been described in the diabetic human placenta [49],
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Fig. 7. Effect of maternal diabetes on TIMP-1 concentrations in rat embryos and decidua on day 10.5 of gestation. (A) and (B) show representative photomicrographs of
embryos  from control (A) and diabetic (B) rats (original magnification 100×) immunodetected with specific anti-TIMP-1 antibody. (C) Shows a representative negative
control  performed in the absence of anti-TIMP-1 antibody. (D) Shows the quantified values. (E) and (F) Show representative photomicrographs of the mesometrial side of
the  decidua from control (E) and diabetic (F) rats (original magnification 100×) immunodetected with specific anti-TIMP-1 antibody. (G) Shows a representative negative
control performed in the absence of anti-TIMP-1 antibody. (H) Shows the quantified values. Data are shown as mean ± SEM (n = 5 per group). *p < 0.05 vs.  control group. CE,
cephalic  region; H, heart region; DC, decidual cells; GTC, giant trophoblast cells; BV, blood vessels.
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Fig. 8. Effect of maternal diabetes on TIMP-2 concentrations in rat embryos and decidua on day 10.5 of gestation. (A) and (B) Show representative photomicrographs of
embryos from control (A) and diabetic (B) rats (original magnification 100×) immunodetected with specific anti-TIMP-2 antibody. (C) Shows a representative negative
control  performed in the absence of anti-TIMP-2 antibody. (D) Shows the quantified values. (E) and (F) Show representative photomicrographs of the mesometrial side of
the  decidua from control (E) and diabetic (F) rats (original magnification 100×) immunodetected with specific anti-TIMP-2 antibody. (G) Shows a representative negative
control performed in the absence of anti-TIMP-2 antibody. (H) Shows the quantified values. Data are shown as mean ± SEM (n = 5 per group). **p  < 0.01 vs.  control group. CE,
cephalic region; CA, caudal region; H, heart region; S, somites; DC, decidual cells; GTC, giant trophoblast cells; BV, blood vessels.
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Fig. 9. Effect of maternal diabetes on TIMP-3 concentrations in rat embryos and decidua on day 10.5 of gestation. (A) and (B) Show representative photomicrographs of
embryos from control (A) and diabetic (B) rats (original magnification 100×) immunodetected with specific anti-TIMP-3 antibody. (C) Shows a representative negative
control  performed in the absence of anti-TIMP-3 antibody. (D) Shows the quantified values. (E) and (F) Show representative photomicrographs of the mesometrial side of
the  decidua from control (E) and diabetic (F) rats (original magnification 100×) immunodetected with specific anti-TIMP-3 antibody. (G) Shows a representative negative
control performed in the absence of anti-TIMP-3 antibody. (H) Shows the quantified values. Data are shown as mean ± SEM (n = 5 per group). CE, cephalic region; H, heart
region; DC, decidual cells; GTC, giant trophoblast cells; BV, blood vessels.



R. Higa et al. / Reproductive Toxicology 32 (2011) 449– 462 459

Fig. 10. Effect of maternal diabetes on TIMP-1, TIMP-2 and TIMP-3 protein concentrations evaluated in rat decidua on day 10.5 of gestation. (A) Shows a representative
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IMP-3 and the quantified values. Data are shown as mean ± SEM (n = 6 per group).

nd thus further research in this MMP  in diabetic embryogenesis is
ikely to be relevant.

Overactivity of MMPs  has been clearly associated with
athological conditions characterized by the generation of a pro-

nflammatory environment, and participates as an active damaging
actor in these pathologies [16,20,21].  Indeed, MMPs  are considered

arkers of a pro-inflammatory environment in different patholo-
ies [20,50].  Thus, our results suggest that a pro-inflammatory
nvironment is present during early organogenesis in maternal
iabetes, as they provide a novel identification of gelatinases
veractivities, together with increases in oxidative and nitrative
tress in both embryos and decidua from diabetic rats during
arly organogenesis. A limitation of this study was  that we did
ot address the causes for embryonic/decidual MMPs  overactiv-

ty, and further research is needed to characterize the extracellular
atrix components and substrates related to the pro-inflammatory

nvironment affected by MMPs  overactivity. Studies performed
n different tissues and cell types show that both diabetes and
yperglycemia can lead to MMPs  overexpression and overactiv-

ty through different mechanisms related to the pro-inflammatory
nvironment. Indeed, the expression of MMPs  and TIMPs is reg-
lated by nuclear factor-�B (NF�B), a known oxidant-sensitive
ranscription factor involved in diabetes-associated complications,
nd also by transforming growth factor-� (TGF-�), whose signal-
ng can be regulated by glucose [51–53].  Moreover, hyperglycemia
nduces reactive oxygen and nitrogen species production, which
an directly activate MMP-2 and MMP-9 [54]. Positive modula-
ion of MMPs  by reactive oxygen and nitrogen species have been
elated to the physiological processes of implantation and tro-
hoblast invasion [10,12,55].  In diabetic gestations, previous works
ave also identified increased oxidative and nitrative stress, alter-
tions possibly related to MMPs  overactivation [17,34,35].

In addition to post-transcriptional regulators such as reac-
ive nitrogen and oxygen species, the important role of TIMPs
s regulators of MMP-2 and MMP-9 activities has been clearly

stablished [36]. A specific pattern of TIMPs expression regu-
ates embryonic and placental development [29,37,46,56].  The
veractivity of TIMPs found in this work in the embryos
rom diabetic rats during early organogenesis may  indicate a
ot of TIMP-2 and the quantified values. (C) Shows a representative western blot of
sitive control.

compensatory response to MMPs  overexpression. On the other
hand, many MMPs-independent functions of TIMPs that regu-
late cell growth, differentiation and apoptosis have been reported
[57]. Indeed, recently, TIMP-1 excess has been found to impair
early embryo development [58]. Thus, further research is needed
to address putative effects and consequences of elevated TIMPs
inhibitory activities during development, and whether TIMPs exert
specific roles in diabetic embryopathy.

Our results show that both activity and expression of TIMP-
1 and TIMP-2 are increased in the embryos from diabetic rats.
Differently, elevated TIMP-1 and TIMP-2 activities in the decidua
from diabetic rats but not increases in protein expression were
detected. Whether a post-transcriptional modification can change
TIMPs inhibitory activity in a maternal diabetic milieu, as it occurs
with other proteins, is still unknown [59]. Nuclear localization of
TIMP-1 in trophoblasts is interesting due to the role of MMPs  in the
nucleus of different cells and to the autocrine capacity of TIMPs
to mediate proliferative functions [60,61].  No TIMP-3 inhibitory
activity and a faint TIMP-3 protein expression were detected in
the embryonic and decidual tissues evaluated. This is in agreement
with previous studies that found increased TIMP-3 expression dur-
ing mouse implantation, followed by a rapid decrease, with no
TIMP-3 expression detected on day 8.5 of gestation [56]. Differ-
ently, the same study showed increased TIMP-1 from days 5.5 to
9.5 of gestation, and a constant TIMP-2 expression in embryonic
and decidual tissues during the reported period [56].

Increased secretion of both MMPs  and TIMPs has been found
in other pathological situations such as in the aortas from rab-
bits fed with increased cholesterol, partially counterbalancing the
increased MMPs  activities [62]. Although both MMPs and TIMPs
overactivities were detected in embryos and decidua from diabetic
rats, in situ zymography experiments revealed that a MMPs/TIMPs
balance towards MMPs  overactivity in embryos, decidual cells and
surrounding the blood vessels in the decidua from diabetic rats
when compared to controls. These results identify a clear excess

of gelatinases activities in maternal diabetes even in the presence
of the increased endogenous TIMPs. Although further research is
needed to establish whether MMPs/TIMPs imbalance leads to dia-
betic embryopathy, disruption of MMP/TIMPs balance can cause
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Fig. 11. Effect of maternal diabetes on MMPs/TIMPs balance in rat embryos and decidua on day 10.5 of gestation. (A) and (B) Show representative photomicrographs of
in  situ zymography of embryos from control (A) and diabetic (B) rats (original magnification 100×). (C) Shows the quantified values. (D) and (E) Show representative
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hotomicrographs of in situ zymography of the mesometrial side of the decidua from
alues.  Data are shown as mean ± SEM (n = 5 per group). **p < 0.01, ***p < 0.001 vs.  c

laque rupture in arteriosclerosis, lead to aneurisms and to can-
er metastasis and is involved in the etiology of various pregnancy
iseases, indicating its potential damaging effect during embryo-
enesis [16,20,21,63].

In conclusion, our results identified altered MMP-2, MMP-9,
IMP-1 and TIMP-2 activities in embryos and decidua from dia-
etic rats, and reveal an impaired MMPs/TIMPs balance during
mbryo organogenesis. These alterations possibly constitute mark-
rs of the pro-inflammatory environment and the consequent
ncrease in embryo dysmorphogenesis and suggest an aberrant
xtracellular matrix remodeling during embryo development in
aternal diabetes. Therefore, agents capable of modifying activi-

ies of MMPs  could be incorporated as candidates to help prevent
iabetic embryopathy.
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