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This is an overview of the main molecular components, structural organization and main functions of the
connective tissue, which is constitutively present in tissues and organs of the body. Connective tissue is known to
provide structural and functional “glue” properties to other tissues. It contains cellular and molecular components
that are arranged in several dynamic organizations. Connective tissue is the focus of numerous genetic and
nongenetic diseases. Genetic diseases of the connective tissue belong to minority or rare diseases, but no less

important than the nongenetic diseases.
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| 1. Introduction

Connective tissue (CT) is the structural support of the body and a dynamic site for other important functions. For
example, it is a medium for the exchange of metabolites; the defense, protection, and repair of the body; the
storage and mobilization of energy (fat); the regulation and integration of mechanical and cell-signaling responses;
the storage and mobilization of growth and differentiation factors; and a guide and barrier for cell locomotion and
migration [, CT tightly interacts with other tissues to maintain functional organs. Most CTs originate from the
mesoderm. From this embryonic layer, pluripotent mesenchymal cells are formed that migrate throughout the
embryo, giving rise to adult CT cells, such as cartilage, bone, tendons, blood, and hematopoietic and lymphoid
cells. CT is a major meeting point of metabolic and catabolic reactions of tissues and organs and a large platform

of signaling that regulates them.

2. Basic Structural Organization, Function, and Cellular and
Molecular Components of Connective Tissue

CT is composed of cells and their surrounding extracellular matrix (ECM), which in turn consists of ground
substance (proteoglycans, glycosaminoglycans (GAGs), and nonfibrotic/cell adhesion glycoproteins) and fibers
(collagen and elastic fibers). Depending on the CT, cells, ground substance, or fibers are the predominant
component and determine the histological classification. Fibroblasts are predominant in loose CT, fibers in tendons
and ligaments, and ground substance in embryonic CT. Nonetheless, all three components are critical for the

function of CT(s) in organs.
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2.1. Cellular Components

The CT is composed of resident and transient cellular components 2. The most representative of the former group
is the fibroblast 8. Transient cells are those that (relatively) freely wander and move in and out of the tissue.
Transient cells are almost exclusively represented by leukocytes and macrophages. Fibroblasts are the most
abundant resident cell type of proper CT and are responsible for synthesizing almost all ECM components.
Fibroblasts undergo different states of activity. Those that are highly active have an elongated morphology, with
high transcriptomic activity. In contrast, when cells are scarcely active (called fibrocytes) they become smaller and
have low transcriptomic activity. In both physiological states, cells are tightly associated with ground substance
components and with collagen and elastic fibers (see below). Fibroblasts undergo cell division and restricted
movement and can differentiate to other cell types such as adipocytes, osteoblasts, and myofibroblasts. In
pathological circumstances, they can also be converted into epithelioid cells through the mesenchymal-epithelial
transition (MET) mechanism. The reverse process, called epithelial-mesenchymal transition (EMT) also occurs
and is relevant in cancer MBI Myofibroblasts are modified fibroblasts that express some characteristic proteins of
smooth muscle cells (SMCs) (some actin-based cytoskeleton proteins). Myofibroblasts acquire special relevance in

wound healing and fibrotic processes 8.

2.2. ECM Components

ECM is composed of a large variety of complex macromolecules localized in the extracellular space of the cells [,
The extent of ECM varies with the tissue type. Cells maintain their associations with the ECM by forming
specialized junctions that hold them to the surrounding macromolecules. ECM is not only the skeleton of tissues
but also (1) modulates and determines the morphology and function of fixed and resident cells (see above), (2)
influences their development and differentiation state, (3) regulates their migration and mitotic activity, (4) senses
and transduces mechanical forces (compression and tensile) to cells, (5) facilitates junctional associations among
cells, and (6) provides a biological field for immune defense. As indicated above, ECM is composed of a hydrated
gel-like ground substance embedded with fibers. Ground substance resists compression forces and facilitates a

quick exchange of metabolites and catabolites, whereas fibers support tensile forces.

2.2.1 Ground Substance

It is composed of GAGs, proteoglycans (GAGs linked to a protein core), and cell adhesive glycoproteins, also
called nonfibrotic glycoproteins. GAGs are long, inflexible, unbranched polysaccharides composed of chains of
repeating disaccharide units, an amino sugar (N-acetylglucosamine or N-acetylgalactosamine), and a uronic acid
(iduronic or glucuronic) 8. GAGs are classified into four groups, depending on their core disaccharide constituents
B, GAGs are strongly negatively charged, attracting cations (such as K*, Na*), which, in turn, attract water that
hydrates ECM and helps to resist compression forces. Unlike hyaluronic acid, GAGs are sulfated and usually
consist of fewer than 300 repeating disaccharide units. The main sulfated GAGs include keratan sulfate, heparan
sulfate, heparin, chondroitin 4-sulfate, chondroitin 6-sulfate, and dermatan sulfate. These GAGs are usually linked

covalently to a core protein to form proteoglycans. An exception is hyaluronic acid that contains up to 10,000
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repeating disaccharide units but does not form covalent links to some protein molecules. All GAGs are synthesized
in the Golgi apparatus with the exception again of hyaluronic acid, which is synthesized as a polymer at the
cytoplasmic face of the plasma membrane by hyaluronan synthases. Hyaluronic acid also has intracellular

functions such as helping chromosome alignment during mitosis.

Proteoglycans are large structures that look like a bottle brush. They range from about 50,000 Da (decorin and
betaglycan) to as large as 3 million Da (aggrecan) @19 Aggrecan is responsible for the gel state of the ECM and
acts as a barrier to fast diffusion of molecules 1. Proteoglycans resist compression and can facilitate normal
cellular locomotion of migrating cells to move between these hydrated macromolecules. At the same time, they can
limit the migration of invasive microorganisms and metastatic cells. Proteoglycans also bind some signaling
molecules and assist in the formation of collagen fibers (decorin). Syndecans are proteoglycans that remain
attached to the cell membrane. Syndecans and betaglycans also act as low-affinity receptors (co-receptors)
binding growth factors such as fibroblast growth factor (FGF) and tumor growth factor-beta (TGF-3), respectively,
presenting them to their respective high-affinity receptors located in the vicinity at the plasma membrane.

Moreover, they also act as hijackers of growth factors, regulating their availability for high-affinity signaling
receptors [12113][14]1[15]

Nonfiber glycoproteins or cell adhesive glycoproteins are also large macromolecules that have several domains in
their 3D structure. At least one of the domains binds to the cell surface. The most representative of these
glycoproteins are integrins, which bind to collagen fibers and proteoglycans L8II17. |n this manner, cell adhesion
glycoproteins help cells to adhere to the extracellular matrix and hold various components of tissues to each other.
Other major types of adhesive glycoproteins are fibronectin, laminin, entactin, tenascin, chondronectin, and

osteonectin.
2.2.2 Fibers

Fibers of ECM provide tensile strength and elasticity. From the molecular perspective, there are only two types of
fibers (collagenous and elastic), whereas from the histochemical point of view three types are defined

(collagenous, reticular, and elastic fibers) 18],

2.2.3 Collagens

Collagen fibers are responsible for compressive forces, together with GAGs and proteoglycans. Collagen is a hard,
inelastic glycoprotein that constitutes an abundant, large family of macromolecules with over 30 members. The
most known and widely expressed are types I, II, lIl, IV, VII, VIII, IX, XI, XII, XV, and XVIII (1911201, Collagen fiber is
the result of the regular assembly of tropocollagen molecules, which are composed of three polypeptide a-chains.
Alpha-chains are highly enriched in glycine, proline, hydroxyproline, and hydroxylysine, and each chain is coded by

a single gene [21],

As indicated above, 30 types of collagens have been reported so far and they are grouped into four categories 22,

The first category is fibril-forming collagens, which have been taken as a model to report the basic structure and
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synthesis. Characteristic collagens of this group are types I, II, lll, V, and XI [23]. The second category is fibril-
associated collagens, which stabilize the previous group because they form molecular bridges between fibril-
forming collagens and components of the ground substance. They are composed of types IX and XII. The third is
network-forming collagens, which are synthesized by epithelial cells. As indicated above, they are not subjected to
the action of procollagen peptidase and, consequently, form a network of thin 3D sheets. Examples are collagens
IV (characteristic of basement membrane) and VII, which assist as anchoring fibers in the stabilization of the
basement membrane. The fourth category is transmembrane collagens or collagen-like proteins, which are integral
membrane proteins that participate in adhesion between tissues. This is the case of collagen type XVII that acts at
the epidermis and the dermis, at the level of hemidesmosomes. Other collagens of this category are types XiIIl,
XXIII, and XXV.

Collagens are synthetized in the endoplasmic reticulum (ER) by translation of the respective mRNA transcripts,
generating a preprocollagen molecule whose proline and lysine residues are co-translationally hydroxylated by
peptidyl proline and lysine hydroxylase, respectively 24, Three preprocollagen molecules are aligned and
assembled with the help of chaperones in the lumen of ER to form the procollagen molecule. Next, procollagen
molecules leave the ER to the Golgi apparatus using large and pleomorphic transport carriers, where they are
additionally glycosylated to be finally packaged in the trans-Golgi network (TGN) and transported to the
extracellular space. As procollagen is released to outside of the cell, extracellular plasma membrane-attached
procollagen peptidases remove both amino and carboxyl ends of propeptides, resulting in a tropocollagen moiety.
Tropocollagen molecules spontaneously self-assemble and align into a regular fibril array only in fibril-forming
collagens. The resulting extracellular basic fibrillar structure of these collagens is subsequently thickened and
stabilized (3D self-assembling) by covalent bonds between lysine and hydroxylysine residues of neighboring
tropocollagen molecules by lysyl oxidases (LOXes) 23, Importantly, the alignment of collagen fibrils and fiber
bundles is determined by fibroblasts at the plasma membrane level, which act as a mold for the final correct
direction of collagen fibrils. Subsequently, mechanical forces to cells will finally rearrange the orientation and
organization of fibrils and bundles in the tissue 28, Importantly, the aforementioned fibrillar structure for fibril-
forming collagens is absent in types IV and VIl collagen because propeptides are not removed from procollagen. In

this case, the procollagen molecules assemble only into dimers, forming net-like structures.
2.2.4 Elastic Fibers

Elastic fibers provide most of the elasticity of CT. Elastic fibers are differently organized depending on the tissue to
form long, worm-like, thin fibers, fenestrated sheets (the tunica media of large elastic arteries and internal elastic
lamina of small arteries), or coarse bundles in dermis and elastic cartilage 27128 Fiproblasts and vascular SMCs

(VSMCs) synthesize all components of elastic fibers.

Elastin is a glycoprotein that is rich in glycine, lysine, alanine, valine, proline, and desmosine (only in elastin)
residues. However, unlike collagens, elastin does not contain hydroxylysine 22, Like collagen, elastin comes from
a soluble protein precursor, tropoelastin, which becomes insoluble because of cross-linking of lysine residues by

LOXes [23]. Desmosine is highly deformable and, consequently, provides elasticity to elastic fibers, which explains
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cycles of stretching and recoiling. Elastin does not form elastic fibers unless the amorphous central elastin core is
surrounded by a fibrillin-1 microfibril sheath B9, During elastogenesis, besides fibrillin-1, several fibrillin-binding
proteins facilitate the assembly of elastic fibers and their function, such as latent TGF-3 binding proteins, fibulins,
microfibril-associated glycoproteins (MAGPs), a disintegrin and metalloprotease with thrombospondin type-1
repeats (ADAMTS) and ADAMTS-like (ADAMTSL) proteins, and type VIII collagen, which limits the amount of
stretching of elastic fibers. Transglutaminases and LOXes are also essential determinants of the final assembly
and cross-linking of elastin and deposition onto microfibril scaffolds. Fibrillin-1 microfibrils interact with growth
factors (TGF-Bs and BMPs) and integrins. Fibrilin-1 mutations cause heritable connective tissue diseases, grouped
as fibrillinopathies. Several fibrillin-binding proteins have been reported. The most representative are latent TGF(3
protein, fibulins 4 and 5, ADAMTS 6 and 10, ADAMTSL 2, aggrecan, MAGP-1 and 2, perlecan, aggecan, integrins
aV, and LOX [21],

2.2.5 Other ECM Components

Finally, other parts of ECM are (1) the basement membrane, which forms the interface between epithelium and CT,
and (2) integrins and dystroglycans, transmembrane glycoproteins that act as nonsignaling receptors of
nonfibrillar/cell adhesive glycoproteins of the ECM and assist in the structure of basement membrane and CTs.
Integrins function in adhesion and signal transduction from extracellular to intracellular media, activating second

messengers at the focal adhesions.

| 3. Maintenance and Turnover of ECM

ECM is slowly but continuously (re)modelled for maintenance and adaptation to local homeostasis and pathological
environments. Major components that are responsible for maintenance and turnover of ECM are a large family of
proteases and their inhibitors, which are both secreted by fibroblasts, local and transient macrophages, some
translocated leukocytes, and metastatic cells. Metalloproteases (MMPs), transmembrane inhibitors of proteases

(TIMPS), soluble cathepsins, and other types of proteases belong to this group of ECM components [22133]341(35],

| 4. Pathologies Associated with the Connective Tissue

As in any other tissue and organ, connective tissue is susceptible to damage, which is primary if it originates in
some of the cell components or in any of the numerous ECM components and secondary because of alterations in

any of the associated functions such as the metastatic process, immune overreactions, etc.
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