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Abstract: Extracellular matrix (ECM) turnover is characterized by a unique balance between matrix
metalloproteinases’ degradation activity and their natural inhibition by collagen specific tissue
inhibitors. Human uterine ECM is a complex structure, majorly consisting of proteins as fibrillar
collagen types I and III, fibronectin, and laminin. Collagenases are enzymes from the matrix
metalloproteinases’ family, which are predominantly involved in fibrillar collagen types I and
III degradation. They are mainly represented by matrix metalloproteinase-1, -13 (MMP-1, -13),
naturally inhibited by tissue inhibitors (TIMP-1, -2). The collagen structure of the uterus has been
shown to be impaired in women with preeclampsia. This is a result of MMPs/TIMPs dysregulation
interplay. This review article summarizes the actual available research data in the literature about
the role of MMP-1, MMP-13 and TIMP-1, and TIMP-2 in collagen types I and III turnover in healthy
and complicated pregnancy. Their potential use as circulating markers for diagnosis, prognosis,
and monitoring of the development of preeclampsia is discussed as well.
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1. Collagen Type I Characteristics

Collagen type I is a major connective tissue protein. It increases the strength and stability of the
cytoskeleton. The exceptional strength of skin, ligaments, tendons, and vessels requires a long protein
chain characterized by repeated amino acid residues and a regular secondary structure.

Type I collagen is fibrillar collagen and a major part of the interstitial membrane’s structure. It is
the most prevalent type of collagen and a key structural composition of many tissues. It is found
practically in all structures involving connective tissue. Type I collagen is the main structural protein
of bone, skin, tendon, ligaments, sclera, cornea, and blood vessels, as well as an important component
of other tissues. It is gathered in fibers forming a structural-mechanical scaffold (matrix) of bones, skin,
tendons, cornea, blood vessel walls, and other connective tissues [1].

The COL1A1 gene produces the pro-alphal (I) chain. This chain combines with another pro-alphal
(I) chain and also with a pro-alpha2 (I) chain (produced by the COL1A2 gene) to make a molecule
of type I procollagen. These triple-stranded, rope-like procollagen molecules must be processed by
enzymes outside the cell. Once these molecules are processed, they arrange themselves into long,
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thin fibrils that cross-link to one another in the spaces around cells. The cross-links result in the
formation of very strong mature type I collagen fibers.

“Heterotrimers of two «1 (I) and one &2 (I) chains are the dominant isoform of type I collagen.
Homotrimers of three «1 (I) chains are found in fetal tissues and some fibrous lesions. The homotrimeric
isoform is more resistant to cleavage than collagenases. This may explain its abnormal accumulation
and important role in the pathogenesis of tumors and fibrosis” [1].

In vivo, the triple helical fibers are mostly incorporated into a composite containing either type III
collagen (in skin and reticular fibers) or type V collagen (in bone, tendon, cornea) [2,3]. Type I collagen
provides tensile stiffness in tendons and fascia, while in bone, it defines considerable biomechanical
properties concerning load bearing and tensile [4]

2. Collagen Type III Characteristics

Collagen Type III has a unique molecule structure, giving the connective tissue matrix a specific
architecture [5]. Collagen molecules contain three identical or similar polypeptide chains called
a-chains and contain at least one triplet helix collagen domain with repeating (Gly-X-Y) n sequences.
Thus, every third amino acid is a glycine residue with frequently repeated proline and 4-hydroxyproline
at the X and Y positions. In addition, all collagen contain non-collagen domains. Collagens type III
form fibrils [6]. Type III collagen is a homotrimer of three al (IlI)-chains and is widely distributed in
collagen I-containing tissues with the exception of bone [7]. It is an important component of reticular
fibers in the interstitial tissue of the lungs, liver, dermis, spleen, and vessels. This homotrimeric
molecule also often contributes to mixed fibrils with type I collagen and is also abundant in elastic
tissues [8].

“Type III collagen is composed of one collagen x-chain, unlike most other collagens. This is a
homotrimer containing three «1 (III) chains overlapped in a right triple helix. Type III collagen is
secreted by fibroblasts and other types of mesenchymal cells, thus playing a major role in different
inflammatory pathological conditions like lung damage, liver diseases, renal fibrosis, and vascular
fibrosis diseases”. Both collagen type Il and type I are the main components of extracellular matrix
(ECM). Biomarkers of Type III collagen turnover have been actively studied and different laboratory
methods have been used for the detection of fibrosis [9].

3. General Features of Matrix Metalloproteinases (MMPs) and Tissue Inhibitors of MMP (TIMPs)

Matrix metalloproteinases are a complex group of endopeptidases. They are a family of proteolytic
enzymes with similar functional domains and a mechanism of action associated with the degradation
of ECM components. MMPs are zinc-dependent proteases that can be activated by a number of
cytokines and growth factors [10]. Metalloproteinases have the properties to attach to components
of the extracellular matrix and in particular to collagen and elastin. MMPs are secreted by activated
macrophages in the wall of arterial vessels. The ability of MMPs to change tissues is important from
the point of view of normal and pathological physiology. Approximately 20 different types of MMPs
are known, classified into groups according to the type of proteolytic substrate (component of the
extracellular matrix) against which they act and degrade, respectively. The MMP group includes
collagenases (MMP-1 and MMP-13), stromelysins such as MMP-3, gelatinases such as MMP-2 and
MMP-9, and membrane MMPs. This classification based on the substrate of action was particularly
useful years ago. With the accumulation of additional knowledge about the enzymatic activity of MMP,
the benefit of this classification is questioned, as the substrate profile of the enzyme is more relative
than absolute [11].

TIMPs, consisting of 184-194 amino acids, are inhibitors of MMPs. They are subdivided into an
N-terminal and a C-terminal subdomain. Each domain contains three conserved disulfide bonds and
the N-terminal domain folds as an independent unit with MMP inhibitory activity. TIMPs inhibit
all MMPs tested so far, but TIMP-1 is a poor inhibitor for membrane-type (MT)1-MMP, MT3-MMP,
MT5-MMP, and MMP-19 [12].
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4. Matrix Metalloproteinases and Tissue Inhibitors of MMPs in Preeclampsia

4.1. MMP-1 Structure and Function

Collagenases (MMP-1, MMP-8, and MMP-13) cleave interstitial collagens I, II, and III into
characteristic 3/4 and 1/4 fragments, but they can digest other ECM molecules and soluble
proteins [13,14]. MMP-1, also known as collagenase-1, was the first MMP identified by Gross
and Lapiere in 1962 [15]. “Humans express MMP-1 while rodents have two MMP-1 isoforms—namely,
MMP-1a and -1b. MMP-1 cleaves both ECM and non-ECM substrates such as collagen, gelatin,
laminin, complement C1q, IL-13, and TNF-«, suggesting a crucial role in inflammatory and fibrotic
responses” [16]. MMP-1 can also activate MMP-2 and -9, initiating an activation cascade. MMP-1 is an
important member of MMP family, which particularly degrades interstitial collagen and is abundant
in tissues of the placenta and decidua. TIMP-1 is a natural inhibitor of MMP-1 [17,18]. “The invasive
capacity of trophoblasts has been associated with their secretion of MMP-1. The zymolytes of MMP-1
are collagen and metagelatin, which play major roles in trophoblast invasion” [13].

4.2. MMP-13 Structure and Function

MMP-13 plays a role in the degradation of extracellular matrix proteins including fibrillar collagen
and fibronectin. It cleaves triple helical collagens, including type I, type II, and type III collagen, but has
the highest activity with soluble type II collagen. “Can also degrade collagen type IV, type XIV and
type X. Plays a role in wound healing, tissue remodeling, may play a role in cell migration and in
tumor cell invasion” [19]. MMP-13 also play role in tissue repair and in progression of diseases such as
cancer, arthritis, atherosclerosis, and aneurysm.

4.3. TIMP-1 Structure and Function

TIMP-1 is a glycoprotein, member of the TIMPs family [20]. It is expressed by several tissues [21].
This protein serves as natural inhibitor of the matrix metalloproteinases, which are involved in
extracellular matrix degradation [14]. While TIMP-1 potently inhibits the activity of most MMPs, with
the exception of MMP-2 and MT1-MMP, TIMP-2 is a potent inhibitor of most MMPs, except MMP-9 [22].

4.4. TIMP-2 Structure and Function

TIMP-2 inhibits specific types of MMPs, thus involving degradation of the extracellular matrix.
TIMP-2 has ability to directly suppress the proliferation of endothelial cells. This leads to critical
possibility for the encoded protein in the maintenance of tissue homeostasis by suppressing the
proliferation of quiescent tissues in response to angiogenic factors, and by inhibiting protease activity in
tissues undergoing remodeling of the extracellular matrix [23]. While TIMP-1 inhibits MMP-7, MMP-9,
MMP-1, and MMP-3 better than TIMP-2, TIMP-2 inhibits MMP-2 more effectively than other TIMPs.

5. Collagen Type I and III Turnover in Normal Pregnancy

Collagen types I and III are the main proteins involved in the structure of the uterine wall.
As the uterus grows during pregnancy, there is an intensified collagen turnover. It is well known
that the uterine collagen structure has been shown to be disturbed in women with pre-eclampsia.
Amino-terminal and carboxy-terminal propeptides of collagen type I and III play a central role in
this process [24]. The human uterus is composed of a fibrous tissue framework consisting mainly of
collagen types I and III [25]. It is, therefore, possible that in hypertensive disorders in pregnancy these
collagens (which are mainly responsible for the coherence and supportive strength of the uterus) could
be affected. Controlled collagenolysis and/or changes in collagen cross-linking will be needed to meet
the demand of the growing uterine content to expand. As the uterus grows during pregnancy there is
a high production and turnover of collagen proteins [26].
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Collagen types I and III are major components of human cervical uterine connective tissue.
During pregnancy, a remodeling of the cervical connective tissue takes place, with decreases in the
concentrations of collagen and proteoglycans concomitant with an increase in the collagenolytic
activity [27-29]. 70% decrease in the amount of collagen and the change in its organization is
observed [30,31]. In abnormal conditions such as preeclampsia and gestational hypertension,
the blood flow to both placenta and foetus is disturbed, favouring a microcirulatory ischaemia.
Altered extracellular matrix turnover with MMP/TIMP dysbalance play a crucial role in these
pathological processes [32,33].

6. Impaired Collagen Type I and III Turnover in Preeclampsia—The Role of MMP/TIMP
Complex Dysregulation

Several studies suggest that a key trait of preeclampsia is “the impaired capacity of the trophoblast
to invade the uterine spiral arteries resulting in a poorly perfused fetoplacental unit. As a result
various factors inducing endothelial dysfunction could be found in circulation of women with
preeclampsia” [34,35]. Changes in circulatory concentrations and activity of MMPs as well as their
endogenous inhibitors, TIMPs, majorly involved in collagen metabolism, led to the consideration of
these proteases as key mediators in the pathological features of preeclampsia [36].

Preeclampsia (PE) is one of the most widely seen hypertensive disorders of pregnancy. Data show
that preeclampsia complicates about 2-8% of pregnancies worldwide [37]. PE is characterized by the
new onset of hypertension (>140/90 mmHg) and proteinuria (0.3 g in a 24 h urine sample) occurring
after 20 weeks of gestation [38]. PE is a major cause of maternal and perinatal morbidity and mortality.
Despite that fact, it has not been fully studied yet.

Preeclampsia is an important pregnancy complication and one of the most common pregnancy
disorders. Preeclampsia is characterized by a high blood pressure of mother, often with proteinuria.
Fetal growth restriction is also generally seen. There is evidence that, extracellular matrix (ECM)
metabolism is altered in the human uterus during preeclampsia. However, little is known about the
change in the composition of the collagen in the human uterus during preeclampsia [39,40].

The human uterine wall consists mainly of collagen types I and III. These proteins play a central role
in the stability of tissue structure and the regulation of cell growth and differentiation. The processes of
collagen types I and III synthesis and degradation in ECM of human uterus are dynamic and reflect not
only healthy, but also complicated pregnancy [41]. Collagen turnover has been shown to be impaired
in women with preeclampsia [42]. Early preeclampsia detection is paramount for risk stratification
and prevention of further complications.

Collagen structure of the uterus has been shown to be impaired in women with preeclampisa.
This is a result of MMPs/TIMPs dysregulation interplay. Collagenases matrix metalloproteinase-1,
-13 (MMP-1, -13), naturally inhibited by tissue inhibitors (TIMP-1, -2) are involved in this process.
This leads to pathological changes in uterine structure and abnormal uterine remodeling in preeclampsia
(Figure 1).

Placental ischemia could be a key point in preeclampsia development [43]. In result, MMP/TIMP
dysregulation interplay occurs. Since the human uterine ECM majorly consists of collagen types I
and III, balance between degradation activity of collagenases MMP-1, -13, and their tissue inhibitors
TIMP-1 and -2 is disturbed. Hence, collagen type I and III turnover is impaired. This may lead to
reduced uterine perfusion pressure, abnormal vascular, and uterine ECM remodeling at the maternal
fetal interface. These processes lead to the over deposition of collagen, which may affect the remodeling
of uterine spiral artery, and it may be an important factor in the pathogenesis of preeclampsia [44].

There is a growing data for matrix metalloproteinases and their tissue inhibitors” key role in
the pathogenesis of hypertensive disorders of pregnancy. Karthikeyan et al. [45] have shown that
plasma and genetic alterations in the MMP/TIMP system is associated with hypertensive disorder
of pregnancy (HDP). They have concluded that failure of regulation of the MMP/TIMP system in
controlling the extracellular matrix remodeling may lead to diverse pathology, such as gestational
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hypertension and preeclampsia. In previous years, vascular remodeling disorders of the uterine and
placenta and placenta hypoperfusion have been generally recognized [46]. Studies have shown the
role of matrix metalloproteinases in the pathogenesis of hypertensive disorders in pregnancy [47-52].

Placental
ischemia

TIMP-1,TIMP-2

IMPAIRED COLLAGEN TYPES | AND Ill TURNOVER|

[ ABNORMAL | . . Hemodynamic changes
VASCULAR I:ﬂNUterlne ECM remodelling ﬁ ynam? g
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perfusion pressure
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Figure 1. Schematic presentation of impaired collagen I and III turnover in pathological pregnancy.

6.1. MMP-1 Dysregulation

MMP 1 is a member of the MMP family. The zymolytes of MMP 1 are collagen and metagelatin,
which play major roles in trophoblast invasion [53]. TIMP 1 is a natural inhibitor of MMP 1 [54,55].
Different methods may be used to determine their circulatory levels.

Guadalupe Estrada-Gutierrez et al., in 2011, have shown an increased expression of matrix
metalloproteinase-1 in systemic vessels of women with preeclampsia. Vessel expression of MMP-1 and
circulating MMP-1 levels were increased in women with preeclampsia, whereas vascular expression of
collagen or tissue inhibitor of metalloproteinase-1 were down-regulated or unchanged [56].

Gupta M et al., 2016, compared serum values of MMP-1, TIMP-1, and their ratio in the second
and third trimester of normal and pre-eclamptic pregnancy. In that study, 30 females progressing to
normal pregnancy were compared with 16 females who developed preeclampsia. MMP-1 and TIMP-1
concentrations were measured in serum samples (2nd and 3rd trimester) of the females by enzyme
linked immuno-sorbent assay. There was no significant difference in the levels of MMP-1, TIMP-1,
and ratio of MMP-1 and TIMP-1 in pre-eclamptic and normal pregnancy females. There is a lack of
alteration in the levels of MMP-1, TIMP-1, and their ratio during the progression of pre-eclampsia
when compared with normal pregnancy [57].
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Wei Li et al., 2017, tested the hypothesis that placental ischemia could target vascular and
uteroplacental MMPs through an inflammatory cytokine-mediated mechanism. “MMP levels and
distribution were measured in the aorta, uterus, and placenta of normal pregnant (Preg) rats and
pregnant rats with reduced uterine perfusion pressure (RUPP). Gelatin zymography showed prominent
uterine MMP-2 and MMP-9 activity that was dependent on the amount of loaded protein. This study
showed that placental ischemia, possibly through the release of TNF-«, causes increases in the levels
of matrix metalloproteinase MMP-1 and MMP-7, which could alter collagen deposition and cause
inadequate uteroplacental and vascular remodeling in hypertension in pregnancy. The data suggest
that targeting MMP-1 and MMP-7 and their upstream modulators, such as TNF-«, could provide a
new approach in the management of hypertension in pregnancy and preeclampsia” [58].

Chun-Lei Deng et al., 2015, measured levels of MMP-1 in maternal umbilical serum of women
with preeclampsia and compared the concentrations with those of normotensive pregnant females.
MMP-1 levels were decreased in maternal umbilical serum of patients with preeclampsia [59]. Table 1
summarizes the available literature data for studies measuring levels of MMP-1 in samples of patients
with hypertensive disorders of pregnancy.

Table 1. Levels of matrix metalloproteinase 1 (MMP-1) in samples of patients with hypertensive
disorders of pregnancy.

Hypertensive
Authors Disorders of Sample Type Method Main Findings
Pregnancy Type
Zvmograph Increased expression in
Guadalupe et al. [56] PE Plasma yELIgS Ap systemic vessels Increased
MMP-1 levels
Non significant difference in
Gupta et al. [57] PE Serum ELISA ond-3rd trimester
Aorta. uterus Increased MMP-1 expression
W. Lietal. [58] PE g ! Zymography  in aorta, uterus and placenta
placenta
of rats
Chun Lei et al. [59] PE Maternal umbilical ELISA Decreased MMP-1 levels

serum

MMP-1—matrix metalloproteinase 1, HDP—hypertensive disorders of pregnancy, PE—preeclampsia,
ELISA—enzyme linked immunosorbent assay.

6.2. MMP-13 Dysregulation

In 2017, Marzena Laskowska investigated whether maternal serum matrix metalloproteinases 2, 3,
9, and 13 levels differ in early- and late-onset preeclampsia and uncomplicated pregnancies. “Maternal
serum MMP-2 levels in both the groups of preeclamptic women were significantly higher than those
in the controls. Levels of MMP-3 were significantly higher in preeclamptic patients with early-onset
disease; however, the MMP-3 levels in patients with late-onset preeclampsia were similar to those
observed in the control subjects. MMP-9 levels were lower whereas the levels of MMP-13 were higher
in both preeclamptic groups of pregnant women than in the healthy controls, but these differences
were statistically insignificant. One important finding of the present study was that MMP-3 appears
to be involved solely in early-onset preeclampsia, but not in late-onset preeclampsia. Higher levels
of MMP-2 and MMP-13 and lower levels of MMP-9 seem to be related to both early- and late-onset
severe preeclampsia” [60].

6.3. TIMP-1 and TIMP-2 Dysregulation

According to Gupta M et al., 2016, there was no significant difference in the levels of MMP-1,
TIMP-1, and ratio of MMP-1 and TIMP-1 in pre-eclamptic and normal pregnancy females. There is a
lack of alteration in the levels of MMP-1, TIMP-1, and their ratio during the progression of pre-eclampsia
when compared with normal pregnancy [57].
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MMP-9, TIMP-1 polymorphism, plasma TIMP-1 levels, and antihypertensive therapy
responsiveness in hypertensive disorders of pregnancy are examined by Luizon MR et al., 2014.
Plasma MMP-9 and TIMP-1 levels were measured by ELISA. Gestational hypertension patients with
the GG genotype for the TIMP-1 polymorphism had lower MMP-9 levels and MMP-9/TIMP-1 ratios
than those with the TT genotype. Preeclampsia patients with the TG genotype had higher TIMP-1
levels [61].

Tayebjee MH et al., 2005, investigated circulating MMP-9 and TIMP-1 and -2 levels in women with
gestational hypertension, normotensive women with normal pregnancies and healthy nonpregnant
control subjects. Plasma MMP-9, TIMP-1, and TIMP-2 were measured by ELISA. Levels of circulating
MMP-9, TIMP-1 and TIMP-2, and the MMP-9/TIMP-1 and MMP-9/TIMP-2 ratios were significantly
different among the three groups. Plasma TIMP-1 in non-pregnant was 197 { (ng/mL) vs. normotensive
pregnant 180 f (ng/mL) vs. gestational hypertension 195 (ng/mL) (p = 0.006). Plasma TIMP-2 in
non-pregnant was 140 { (ng/mL) vs. normotensive pregnant 138§ (ng/mL) vs. gestational hypertension
180 1§ (ng/mL) (p = 0.007) Authors concluded that “altered MMP/TIMP ratios in maternal blood during
gestational hypertension. These observations suggest pregnancy-related changes in ECM breakdown
and turnover. Given the importance of changes in ECM composition to vascular and cardiac structure
in hypertension, investigators suggest that these observations may be related to the pathophysiology
of human gestational hypertension” [62].

Gupta M et al., 2016 [57], compared the serum values of MMP-1, TIMP-1, and their ratio in the
second and third trimester of normal and preeclamptic pregnancy. ELISA was used for determination
of MMP-1 and TIMP-1. There is a lack of alteration in the levels of MMP-1, TIMP-1, and their ratio
during the progression of preeclampsia when compared with normal pregnancy.

Myers JE et al., 2005, examined MMP-2 and-9 levels, TIMP-1 and TIMP-2 in the plasma of women
who subsequently develop preeclampsia. Plasma samples were taken from women whose pregnancies
were subsequently complicated by preeclampsia and from normal pregnant women at 22 and 26 weeks
and at delivery or diagnosis. “Following equal protein loading, MMP-2 and 9 and TIMP-1 and 2 were
quantified using zymography and Western blot analysis, respectively. TIMP-1 levels were significantly
reduced in the preeclampsia group at 26 weeks (p = 0.0002), but TIMP-2 levels were not quantifiable.
Authors conclude that at all three gestational time points an imbalance in the MMP-2/TIMP-1 ratio was
found in patients who subsequently developed preeclampsia” [63].

In a cross-sectional study, Palei et al., 2008, compared circulating levels of Pro-MMP-2, Pro-MMP-9,
TIMP-1, TIMP-2, and the Pro-MMP-9/TIMP-1 and Pro-MMP-2/TIMP-2 ratios in women with
preeclampsia, gestational hypertension, normotensive pregnancies and healthy nonpregnant women.
Pro-MMP and TIMP concentrations were measured in plasma samples by gelatin zymography and
ELISA. Higher TIMP-1 levels were found in PE compared with GH and normotensive pregnant women.
Nonpregnant women had lower TIMP-2 levels than those found in normotensive pregnant controls,
gestational hypertension and preeclampsia [64].

Palei etal., 2012, examined whether two functional polymorphisms (g.-1306 C > T and g.-735 C > T)
in MMP-2 gene are associated with preeclampsia or gestational hypertension, and whether they modify
MMP-2 or TIMP-2 plasma concentrations in these hypertensive disorders of pregnancy. Plasma MMP-2
and TIMP-2 concentrations were measured by ELISA. “The main findings were that pregnant women
with preeclampsia had higher plasma MMP-2 and TIMP-2 concentrations than healthy pregnant
(p < 0.05), although the MMP-2/TIMP-2 ratios were similar (p > 0.05). Moreover, pregnant women with
gestational hypertension had elevated plasma MMP-2 levels and MMP-2/TIMP-2 ratios compared to
healthy pregnant (p < 0.05)” [65].

In a case-control study, Ab Hamid et al., 2012, examined the total levels of MMP-9 and TIMP-1
and 2 in women with gestational hypertension and normotensive pregnant women. ELISA was used
for evaluation of these biomarkers. TIMP-1 and TIMP-2 levels showed low levels of expression in
the gestational hypertension group. Weak positive correlations were found on correlation analysis
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between maternal age and TIMP-1 in the gestational hypertension group and between gestational age
and TIMP-2 in the control group [66].

In 2014, Early Pregnancy Prediction of Preeclampsia in Nulliparous Women, Combining Clinical
Risk and Biomarkers The Screening for Pregnancy Endpoints (SCOPE) International Cohort Study
investigated 47 biomarkers involved in the pathogenesis of preeclampsia. These biomarkers were
measured in plasma sampled at 14 to 16 weeks’ gestation from 5623 women. Considering TIMPs—higher
levels of TIMP-1—101 ng/mL compared with the no preeclampsia group 91 ng/mL (p = 0.01) were
reported [67].

Montagnana, M. et al., 2009, evaluated MMP-2 and -9, along with their inhibitors TIMP-1 and
-2 in preeclamptic compared with normotensive pregnant and non-pregnant women. A sandwich
enzyme-linked immunosorbent assay was used to measure MMPs and TIMPs. The serum levels of
TIMP-1 were significantly higher in preeclamptic compared with both non-pregnant and normotensive
pregnant women. TIMP-2 values were higher in normotensive pregnant and preeclamptic women
compared with non-pregnant women. Results of the present investigation confirm that MMP-2
and TIMP-1 values are significantly higher in preeclampsia [68]. Tables 2 and 3 summarize the
available literature data for studies measuring levels of TIMP-1 and TIMP-2 in samples of patients
with hypertensive disorders of pregnancy.

Table 2. Levels of tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) in samples of patients with
hypertensive disorders of pregnancy.

Hypertensive
Authors Disorders of Sample Type Method Main Findings
Pregnancy Type

Increased TIMP-1 levels in PE
patients with TG-genotype
Luizon et al. [61] PE, GH Plasma ELISA GH patients with GG-genotype had
lower MMP-9/TIMP-1 ratios than
those with TT-genotype
Non significant difference in 2nd-3rd

Gupta et al. [57] PE Serum ELISA trimester
Non-significant MMP-1/TIMP-1 ratio
Tayebjee et al. [62] GH Plasma ELISA Increased TIMP-1 levels
Decreased TIMP-1 activity at 22 and
Myers Jenny et al. [63] PE Plasma Zymography 26 weeks
Imbalanced MMP-2/TIMP-1 ratio
Ab Hamid et al. [66] GH Serum ELISA Decreased TIMP-1 levels
Montegrana et al. [68] PE Serum ELISA Increased TIMP-1 levels
Palei et al. [64] PE, GH Plasma Zyrg](i‘lgsrzphy Increased TIMP-1 levels
SCOPE [67] PE Plasma Increased TIMP-1 levels

MMP—matrix metalloproteinase, TIMP-1—tissue inhibitor of matrix metalloproteinase 1, HDP—hypertensive
disorders of pregnancy, PE—preeclampsia, GH—gestational hypertension, ELISA—enzyme linked
immunosorbent assay.

Table 3. Levels of tissue inhibitor of matrix metalloproteinase 2 (TIMP-2) in samples of patients with
hypertensive disorders of pregnancy.

Hypertensive
Authors Disorders of Sample Type Method Main Findings
Pregnancy Type
Palei et al. [64] PE, GH Plasma Zyrg%}gsraAphy Increased TIMP-2 levels
Tayebjee et al. [62] GH Plasma ELISA Increased TIMP-2 levels
Non significant difference TIMP-2
Myers Jenny et al. [63] PE Plasma Zymography activity at 22 and 26 weeks

Ab Hamid et al. [66] GH Serum ELISA Decreased TIMP-2 levels

Montegrana et al. [68] PE Serum ELISA Increased TIMP-2 levels
Palei et al. [65] PE, GH Plasma ELISA Increased TIMP-2 levels in PE

Increased MMP-2/TIMP-2 ratio in GH

TIMP-2—tissue inhibitor of matrix metalloproteinase 2, HDP—hypertensive disorders of pregnancy,
PE—preeclampsia, GH—gestational hypertension, ELISA—enzyme linked immunosorbent assay.
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7. Conclusions

The unique balance between the degradation activity of collagen specific MMPs and their
natural tissue inhibitors indicates that TIMPs plays an important role in normal structural uterine
changes during healthy pregnancy. Dysregulation of balance between MMPs and their TIMPs
occurs in preeclampisa, leading to impaired fibrillar collagen type I and III turnover. This results in
pathological changes in uterine structure and abnormal uterine ECM remodeling. MMP-1, MMP-13,
TIMP-1, and TIMP-2 are biomolecules, tightly involved in these processes. MMP-1, MMP-13, TIMP-1,
and TIMP-2 potential as preeclampsia biomarkers is very promising and possible clinical applications
can hopefully be introduced soon.

8. Future Directions

According to the above studies, matrix metalloproeinase-1, -13 (MMP-1, -13) and their
tissue inhibitors (TIMPs-1, -2) have promising scope favoring future clinical applications of these
biomolecules as serological markers for the diagnosis, prognosis, and monitoring of the development
of preeclampsia. Despite that, there are some controversial findings and limitations for their routine
use. Several important critical remarks make gaps in evidence. Changes in collagen type I and type
III turnover are likely to occur at a very early stage. Many studies were undertaken in women with
established preeclampsia [56,57,59,62,64—66]; therefore, it cannot be determined whether the change in
MMPs and TIMPs levels were a cause or a consequence of the disease. To more precisely determine the
extent of the association of these markers with concurrent preeclampsia, it would be necessary for healthy
pregnant women with family history of preeclampsia to be closely monitored and tested for changes
in collagen type I and III turnover biomarkers, prior to preeclampsia development. Different studies
examine different patient groups including women with wide range of hypertensive disorders of
pregnancy, such as women with gestational hypertension [61,62,64,66] vs. preeclampsia [56,57,59,68].
Moreover, some studies investigate patients with early onset preeclampsia <34 gestational week,
while others focus on late onset of preeclampsia >34 gestational week. This makes it very difficult
to compare the results. Whether collagen metabolism markers give enough information like lone
indicators, or clinicians need a combination model adding other known biomarkers remains to be
determined. For example, pregnancy associated plasma protein A (PAPA), placental growth factor
(PIGF), or soluble FLT-1 (also known as soluble VEGF receptor 1 or sFLT-1) have been previously
explored as preeclampsia diagnostic and prognostic biomarkers. Probably, the complex use of
an integrative model combining different types of markers looks more reasonable than just one
indicator. Considering the commented investigations in this review, some important differences
can be observed between the methods for detection of serum markers of collagen type I and III
turnover. Some researchers use zymography for detection of biomolecules’ activity [58,63], other use
ELISA—for measuring biomarkers’ concentration [57,59,61,62,65,66,68]. Studies [56,64] use both
Zymography and ELISA for diagnosis, prognosis, and monitoring of the development of preeclampsia.

Analyzing the above mentioned studies, differences can be observed between the type of
samples used for detection of markers of collagen type I and III turnover, serum [57,66,68] vs.
plasma [56,61-65,67]. Not only absolute MMPs and TIMPs levels are important, but also the relationship
between their ratios [57,61,63,65] could play a key role in uterine vascular remodeling in hypertensive
disorders of pregnancy. Probably, MMPs/TIMPs ratios should be tested along with MMP and TIMP
levels lone. Clinical severity of preeclampsia should also be considered. It is important to take
into account mild vs. severe preeclampsia cases. It can influence the concentration of circulating
collagen biomarkers. Cross-sectional studies report levels of biomarkers only at one certain point.
These markers should however be determined in serial measurements at various time points. This calls
the need for larger and longitudinal investigations to be accomplished. Early pregnancy prediction of
term preeclampsia remains too poor to be of clinical use. That is why the SCOPE study [67] suggests a
concept of 2-stage screening with screening in early pregnancy for early-onset disease and screening for
term preeclampsia in the third trimester, despite the fact that it is not fully investigating collagen type I
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and IIl biomarkers. It has not been completely established whether a serum biomarker is representative
for the tissue level concentration. A method to correlate the serum levels of the biomarkers with
uterine remodeling involves immunohistochemistry and histology of uterine biopsies, but it cannot be
performed in cross-sectional studies.
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