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Abstract
All metazoan cells produce and/or interact with tissue-specific extracellular matrices (ECMs).
Such ECMs play important structural roles not only in connective tissues, but in all tissues in
which they provide support and anchorage for cells. However, in addition to such structural roles,
it has become increasingly clear that the tissue-specific microenvironments formed by the ECM
play instructional roles that inform the proper phenotypes and functional behaviors of specialized
cell types and, recent in vivo and in vitro studies suggest that ECM components also affect
metabolic function. This review summarizes data that provide insights into roles of ECM in
informing the proper development and functioning of highly specialized cells of metabolic tissues,
such as adipocytes and islet β cells.

Cells too are products of their environment
Tissues are far more than collections of cells, as a major portion of tissues is composed of
what lies between cells, and the majority of what lies between cells is the extracellular
matrix (ECM). In fact, the most abundant proteins of the body are not intracellular or cell
surface proteins, rather they are the collagens, a single subgroup of ECM proteins that alone
represents 30% of the protein mass of the human body [1]. There are at least 28 different
collagen types [1] that together provide frameworks underlying the two major categories of
ECM: 1) interstitial or stromal ECM, found between cells not closely juxtaposed to one
another and characterized by fibrillar supramolecular structures; and 2) basement membrane
(BM), a sheet-like ECM associated with epithelia and various specialized cell types,
including adipocytes (Figure 1), myofibers, and cells of the endocrine pancreas. Other major
ECM proteins include the highly glycosylated proteoglycans, found both in interstitial ECM
and BM, the stromal protein fibronectin (FN) (Table 1), and the laminin (LN) family of BM
proteins [2]. Importantly, ECMs are not limited to structural roles, but are instructional as
well, affecting cellular differentiation, behavior and function. One way that cells are
instructed by, or communicate with ECM, is via specific ECM receptors that include the
integrins, dystroglycan, the discoidin domain receptors, and LAIR-1 [3–5]. In addition,
ECM is now known to bind and to serve as a reservoir for growth factors that affect cell
behaviors, and to act in regulating the activity of such growth factors [6–9]. Key to the
influences of ECMs in modulating cell behavior is their dynamic nature which allows
remodeling throughout life, and particularly during development, wound healing, and in
various pathological processes. Important to such remodeling are the degradative roles of
various extracellular proteinases.
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One obvious way in which ECM can affect metabolic tissues is via fibrosis, in which
parenchyma are replaced by a collagen I (colI)-rich ECM, with consequent diminishing of
functional capacity. An example is fibrosis/cirrhosis of the liver [10]. In addition,
inflammation-induced collagen deposition in skeletal muscle may contribute to increased
insulin-resistance in this tissue, via interactions between collagens and endothelial cell α2β1
integrin receptors, which affect the nature of the physical barrier between muscle and
vasculature [11]. The studies described below present findings that suggest other cellular
mechanisms whereby ECM can affect metabolic function. The studies focus either on ECM
components themselves, or on proteinases thought to exert metabolic effects, at least in part,
via effects on ECM and have reported findings relevant to pancreatic islets and adipocytes.

ECM and islet β cell function
Pancreatic islets are densely vascularized. In mice, in which β cells do not form their own
BM but instead are in contact with the BM laid down by islet endothelial cells, signals
affecting β cell function and proliferative potential involve interactions between β cell
surface β1-integrins and LNs of the endothelial BM [12]. In contrast to murine islets, human
islets have, in addition to an endothelial BM, a second, separate BM that surrounds the
endocrine cells themselves [13]. As in murine islet BM, the BM surrounding human islet
endocrine cells includes α5 chain-containing LN, to which β cells appear to bind via β1-
integrins, although LN binding by β cells also appears to involve the human β cell surface
glycoprotein Lutheran [13]. Various cell culture experiments have demonstrated that BM
components LN and colIV have important effects on rodent and human β cells, including
enhancement of insulin gene transcription, insulin secretion, and β cell survival rates and
proliferation [14]. Gaining a better understanding of such effects could positively impact
efforts to improve the in vitro culturing and expansion of functional islets, and the success
rates of islet transplantation.

It will be seen below that the non-BM, stromal ECM components FN and collagen VI
(colVI), play marked roles in adipocyte biology. We thus note here that FN has been
reported as an ECM component of pre-natal pancreatic islets [15] and exogenous FN can
affect behaviors of isolated islets and β-cells in culture, albeit with variable effects,
depending on the study [16]. It thus remains unclear the extent to which interactions with
FN might affect β-cell function in vivo. Similarly, we note that ColVI has been reported in
the ECM capsule at the islet-exocrine pancreas interface [17, 18], although it is unknown
whether it plays any role in affecting islet function.

ECM in adipocyte remodeling, differentiaton and maturation
Fibronectin: a key ECM component affecting adipocytic differentiation

FN, a major ECM glycoprotein, forms fibrillar structures and participates in organizing the
assembly of various other ECM components [19]. FN-integrin interactions, which can be
important for cell-ECM adhesion, can generate inside-out signaling, involved in cell-
dependent formation of FN fibrils [19], and outside-in signaling that induces signaling
cascades and expression of select genes, and affects formation of the actin-containing
cytoskeleton [20]. FN-integrin interactions can thus profoundly affect cell morphology,
differentiation, and behavior. FN levels decrease during adipogenic differentiation of 3T3-
L1 cells, during which FN-rich preadipocyte stromal ECM is replaced by a colIV- and LN-
containing BM, characteristic of mature adipocytes [21] (Figure 1). Moreover, culturing
3T3-L1 cells on exogenous FN inhibits adipogenic differentiation, yielding reduced
expression of lipogenic enzymes, and interfering with differentiation-dependent decreases in
actin assembly [22]. In fact, as cytochalasin D, which disrupts actin filaments, can reverse
the inhibitory effects of FN on adipogenesis, some portion of the adipogenic program may
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depend on disassembly of the actin-containing cytoskeleton, consequent to loss of FN [22].
However, Cytochalasin D also disrupts FN binding to cell receptors [23], which could play a
role in the drug’s ability to reverse FN’s effects on adipogeneisis. Thus, receptor-FN
interactions promote the fibroblastic preadipocyte phenotype, whereas interactions between
cell surface receptors and components of the BM that replaces FN-rich stromal ECM may
promote adipogenesis.

Effects of the pericellular collagenase MT1-MMP on adipocyte maturation
Unlike most MMPs (matrix metalloproteinases), which are secreted as soluble forms,
membrane type 1-MMP (MT1-MMP, also known as MMP-14) belongs to a small group of
plasma membrane-tethered MMPs with activities confined to the pericellular space [24].
MT1-MMP is capable of degrading many ECM components [25], and can operate as the
predominant pericellular collagenase in mesenchyme-derived cells [26, 27]. Ability to
remodel pericellular ECM gives MT1-MMP the ability to alter behaviors of various cell
types [25]. MT1-MMP-null mice have a lipodystrophic phenotype specific to white adipose
tissue (WAT), characterized by “mini-adipocytes” with reduced lipid content [28]. Although
MT1-MMP-null adipocytes have normal expression levels of the essential adipogenic
transcription factor PPARγ, there are reductions in expression of genes linked to
carbohydrate and fatty acid metabolism, and in expression of other transcription factors
involved in adipogenesis [28]. Thus, MT1-MMP-null preadipocytes differentiate in vivo to
some degree, but seem unable to fully mature. In contrast to the in vivo phenotype, MT1-
MMP-null preadipocytes cultured on plastic or atop collagen gels develop normally,
whereas MT1-MMP-null preadipocytes cultured within 3-D colI gels, or transplanted into
wild-type recipient mice show impaired ability to fully mature [28]. This cell-autonomous
inability to fully mature, accompanied by inability to degrade surrounding colI, is consistent
with a model in which absence of MT1-MMP-dependent remodeling of colI-rich ECM
impairs the hypertrophic response necessary to complete maturation. In support of this
model, decreasing colI concentrations in 3-D gels increases ability of MT1-MMP-null
preadipocytes to differentiate, whereas increasing colI concentrations in 3-D gels interferes
with full maturation of even wild type preadipocytes [28]. It should be noted that MT1-
MMP is also capable of degrading FN, either directly (Figure 1) or via activation of MMP2
[24, 29], thus suggesting another mechanism whereby MT1-MMP may affect adipogenesis.

MT1-MMP plays roles not only in WAT development, but in functioning of adult WAT, as
adult heterozygous MT1-MMP +/− mice, employed due to the early morbidity/mortality of
MT1-MMP-nulls [30], show reduced remodeling of WAT colI ECM in response to a high-
fat diet, with concomitant protection against diet-induced obesity [31]. Interestingly, single
nucleotide polymorphisms in the human MT1-MMP gene have been positively associated
with female, but not male, obesity; and with male, but not female diabetic traits [31], thus
implicating MT1-MMP variants as gender-specific genetic modifiers in human
predisposition to obesity and diabetes.

Roles for plasmin in ECM-remodeling associated with adipogenesis
Decreased FN and colI levels, accompanying adipocytic differentiation of 3T3-L1 cells,
result from decreased synthesis [32] and increased degradation of both proteins.
Interestingly, plasmin inhibition interferes with FN degradation in differentiating 3T3-L1
cells, while, in vitro, plasmin can cleave FN to produce the same size FN fragments
produced by differentiating 3T3-L1 cells [33]. Moreover, treatment with a plasmin inhibitor
blocks 3T3-L1 differentiation, including blocked induction of adipocyte-specific genes, such
as C/EBPβ and PPARγ, while depletion of the plasmin precursor plasminogen also impairs
3T3-L1 adipogenesis [33]. Consistent with in vivo roles for plasmin in adipogenesis, serine
proteinase inhibitors reduce adipogenesis and, conversely, increase both FN and colI
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deposition during mammary-gland involution in mice, while plasminogen-null mice are
leaner than wild-type controls, and show impaired adipogenesis and increased colI
deposition in mammary tissue [33]. Effects of plasmin inhibition/ablation on collagen
deposition suggest that plasmin cleavage of colI might also play a role in adipogenesis
(Figure 1), although plasmin’s role in colI cleavage may be indirect, as plasmin has been
shown by a number of studies to be capable of activating MMPs, which play important roles
in collagen remodeling [34, 35]. Kallikrein has been implicated as the plasminogen
activating serine protease required for adipogenesis, while kallakrein activation of
plasminogen appears to be enhanced by FN, thus suggesting a positive feedback loop in the
degradation of FN-rich ECM [33].

Roles for cathepsins in ECM-remodeling associated with WAT development and function
Levels of the proteinase cathepsin L (CatL) increase in the late differentiation stages of
primary preadipocytes, CatL inhibitors interfere with this differentiation, and CatL
overexpression fosters 3T3-L1 adipogenesis [36]. Cathepsins are found primarily in
lysosomes/endosomes [37], but can be released from cells and participate in ECM
degradation [38]. In fact, CatL can degrade FN in vitro, while specific CatL inhibition
reverses the decreasing FN levels associated with differentiation of primary preadipocytes
[36]. CatL inhibition in preadipocytes also yields accumulation of the insulin and insulin
growth factor-1 receptors (IR and IGF-1R), normally degraded in lysosomes/endosomes,
although this accumulation did not increase adipogenic potential, thus suggesting retained
FN-ECM to have an overriding influence on adipogenesis [36].

In vivo, CatL-null mice have lowered serum insulin and glucose levels and increased
glucose tolerance, suggestive of increased peripheral glucose utilization, and, on a high fat
diet, CatL-null mice are protected against diet-induced obesity and insulin resistance [36].
Effects on peripheral tissues are not limited to WAT, as CatL-null skeletal muscle shows
increased glucose uptake and increased FN levels. Pharmacological inhibition of CatL in ob/
ob mice causes reductions in body weight gain and serum insulin levels, and reduced
glucose intolerance, accompanied by increased muscle FN, IR, and Glut-4 levels, suggesting
CatL as a potential target for therapeutic interventions [36]. Relevance to human conditions
is suggested by observations that human serum CatL levels are increased in diabetic
patients, and in nondiabetic obese human subjects, compared to lean non-diabetic
individuals [36].

It should be noted that CatL effects on adipogenesis are unlikely to involve colI degradation,
as CatL appears relatively ineffective at cleaving native collagenous domains [39]. In
contrast, cathepsin K (CatK), which has been reported to be upregulated in the WAT of
rodent models of obesity and in obese humans [40], is known to have a collagenolytic
activity capable of degrading colI [41]. Thus, the observation that CatK-null mice in the post
weaning period and CatK-null mice exposed to a high fat diet show reduced adiposity
compared to wild type controls [42], suggests that CatK collagenolytic activity may play a
role in regulating the development and functioning of WAT.

Collagen VI may normally act to impede adipocyte hypertrophy/function
It has been suggested that increased expression of collagens I-VI is a response of
metabolically-stressed adipocytes, designed to counteract hypertrophy in obese or diabetic
states, but that the increased rigidity imparted to WAT by such responses further exacerbates
adipocyte dysfunction [43]. This seemingly fibrotic response may involve reciprocal
interactions between metabolically-stressed adipocytes and WAT-resident macrophages that
shift macrophages to an M2-like phenotype characterized by secretion of relatively high
levels of TGFβ, which in turn induce expression and deposition of collagens [44]. One of
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these induced collagens, colVI [43, 44], appears to be a major adipocyte secretory protein
[43]. ColVI is a nonfibrillar collagen, distributed widely in tissues as α1(VI)α2(VI)α3(VI)
heterotrimers that form thin microfilaments, which bind various other ECM components,
including collagens I, II and IV, and FN [45] (Figure 1). In addition, the triple helical
domains of the three colVI chains contain multiple Arg-Gly-Asp triplets that bind cell
surface integrins [46], thus linking cells to the ECM. Defects in any of the colVI chains can
underlie the heritable muscle disorders Bethlem myopathy and Ullrich congenital muscular
dystrophy [45], perhaps due to disrupted myofiber-BM links [47]. Interestingly, crossing
leptin-deficient ob/ob mice onto a colVI-null background improves their metabolic profile,
including improvements in fasting glucose levels, glucose tolerance, lipid metabolism, and
resolution of pancreatic β-cell hyperplasia, perhaps due to increased insulin-sensitivity in
peripheral tissues [43]. Improved metabolic phenotype, compared to wild type, is also
achieved when colVI-null mice on an otherwise normal genetic background are placed on a
high fat diet. Surprisingly, although improved adipocytic function usually correlates with
decreased cell size, ob/ob/colVI-null adipocytes are larger than those of ob/ob mice with
normal colVI alleles. Similarly, on a high fat diet, adipocytes of colVI-null mice on an
otherwise normal genetic background are larger than those of wild type counterparts [43].
Thus, decreased ECM rigidity, resulting from colVI ablation, may facilitate hypertrophic
maturation of adipocytes, thereby facilitating function.

SPARC plays multiple anti-adipogenic roles
Matricellular proteins are ECM-associated, and contribute to cell-ECM interactions, but not
to ECM structural properties, [48]. Ablation of the matricellular protein SPARC (Secreted
Protein Acidic and Rich in Cysteine) yields mice with both increased adipocyte numbers and
average adipocyte size, but without increased body weight [49], perhaps due to
counterbalancing loses in bone [50], muscle, and other connective tissues [49]. SPARC-null
mice show increasing adiposity upon aging, although serum glucose, insulin, cholesterol,
high-density lipoproteins and triglycerides levels remain normal [49]. Most SPARC in fat
pads appears to be produced by preadipocytes, although the time course of increasing
adiposity in SPARC-null mice upon aging suggests deficits in adipocyte maturation, rather
than in preadipocyte differentiation. Interestingly, SPARC-null fat pads have decreased colI
content [49], perhaps related to roles of SPARC in modulating the growth and deposition of
colI fibrils [51] (Figure 1). Thus, decreased ECM rigidity due to decreased colI may provide
a more permissive microenvironment for the hypertrophic maturation of adipocytes in
SPARC-null WAT. However, distributions of BM proteins colIV and laminin are altered in
SPARC-null mouse lens capsule [52], suggesting that alterations to adipocyte BM may also
contribute to the SPARC-null phenotype.

Concomitant with the adipogenic switch from FN-rich stromal ECM to laminin-rich BM is a
switch from expression of α5 to α6 integrins [53], which bind FN and LN, respectively.
SPARC appears to enhance both FN deposition, perhaps via effects on FN folding, and
expression of the α5 chain of the integrin FN receptor [54], the latter perhaps being a
downstream effect of SPARC-induced reduction in PPARγ expression [54], as PPARγ can
inhibit transcription of the α5 gene [55]. SPARC can also inhibit expression of the LN α1
chain and of the α6 chain of the integrin LN receptor [54]. The latter inhibition, apparently
mediated via SPARC activation of integrin-linked kinase (ILK) and subsequent β-catenin
stabilization [54], appears to favor adipogenic differentiation over preadipocyte proliferation
[53]. Thus, SPARC may affect adipogenesis by interfering with conversion from stromal
ECM to BM, while fostering cellular interactions with the former and impairing interaction
with the latter. SPARC may also inhibit adipogenesis by predisposing mesenchymal
precursor cells to osteoblastic, rather than adipogenic, differentiation pathways [54], thus
correlating with the osteopenia and increased adiposity found in SPARC-null mice.
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In regard to the apparently manifold anti-adipogenic roles of SPARC, directed in large part
via its effects on ECM, it is of interest that expression of SPARC can itself be influenced by
fat mass, and by leptin, insulin and glucose levels [56]. Thus, SPARC may be an important
intermediate in regulating adipose-ECM interactions in response to key metabolic readouts.

Collagen V: a minor collagen with manifold effects on glucose metabolism
Collagen V (colV) is a low-abundance, minor fibrillar collagen, broadly distributed in
tissues as α1(V)2α2(V) heterotrimers, which can incorporate into fibrils of the much more
abundant colI, and are involved in regulating the geometry of the resulting heterotypic fibrils
[57]. Consequently, mutations in genes for either the α1(V) or α2(V) chain can underlie the
human connective tissue disorder classic Ehlers-Danlos syndrome, characterized by
abnormal collagen fibrils with diminished tensile strength [58]. However, colV also occurs
as relatively uncharacterized α1(V)α2(V)α3(V) heterotrimers, which have a relatively
limited tissue distribution [59]. Interestingly, like colVI, the α3(V) chain is expressed at
highest levels in WAT [60]. Consistent with an adipocyte-specific dimension to α3(V)
function, α3(V) expression is not detected in preadipocytic 3T3-L1 cells, but is induced
upon adipogenic differentiation, whereas α1(V) chains are produced by both differentiated
and non-differentiated 3T3-L1 cells [60]. Unlike mice with mutated α1(V) and α2(V) chain
genes, mice null for the α3(V) gene Col5a3 [60] do not have an obvious Ehlers-Danlos-like
phenotype, but instead have subtle changes in adiposity, including thinning of the adipocyte-
rich hypodermal layer. In addition, Col5a3-null mice are glucose-intolerant, insulin-
resistant, and hyperglycemic [60]. The α3(V) chain is also found in skeletal muscle,
juxtaposed to the sarcolemma, and within pancreatic islets [60], in which it co-localizes with
α and β cells. In addition, immortalized murine α, β, and islet endothelial cells each produce
a novel ECM lacking colI, with which colV is thought to normally associate [57]. This novel
ECM contains colV that comprises α1(V), α2(V), and pNα3(V) chains. This latter form of
α3(V) chains retains NH2-terminal globular sequences previously thought to be cleaved by
extracellular proteinases [61]. WAT, skeletal muscle and islets are all affected in Col5a3−/−
mice.

Col5a3−/− adipocytes and skeletal muscle both show deficits in GLUT4 translocation to
plasma membranes and in glucose uptake. As impaired glucose uptake can be the most
significant rate-limiting defect in insulin resistance [62], these deficits may be of central
importance to insulin-resistance in Col5a3−/− mice. Reduced phospho-Akt and IRS2
(insulin receptor substrate 2) levels are also found in Col5a3−/− WAT and skeletal muscle,
although the significance of these findings is unclear, as differences were not detected in
levels of some other insulin/IGF-1 signaling components, and as defects in upstream insulin/
IGF-1 signaling components may fail to be transmitted further downstream, and/or be the
consequence rather than cause of insulin resistance [63].

Col5a3−/− mice are also hypoinsulinemic and have decreased islet numbers, with residual
islets deficient in their proliferative potential and ability to produce insulin. Insulin/IGF-I
signaling can affect β cell mass and function [64] and, as in WAT and skeletal muscle,
reproducible decreases are found in Col5a3−/− islet phospho-Akt and IRS2 levels.
Interestingly, the levels of the transcription factor Pdx1, important to β cell differentiation
and function, are reduced in Col5a3−/− islets. Islets also show unusually high apoptotic
indices in response to the β cell toxin streptozotocin, and upon aging, phenomena perhaps
related to decreased IRS2 and Pdx1 levels, as both have been implicated in anti-apoptotic
activity [65, 66]. In Col5a3−/− newborns, islet numbers and plasma insulin levels are
already decreased [60], suggesting these defects to be due to developmental defects/delay
rather than to progressive postnatal loss. However, plasma glucose levels in Col5a3−/−
newborns are similar to wild type, consistent with the assertion that β cell dysfunction can
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occur well before hyperglycemia, in progression toward type 2 diabetes [67]. By one year of
age, Col5a3−/− fasting plasma glucose is near diabetic levels, perhaps attributable to the
relatively severe insulin resistance in WAT and skeletal muscle of 1-year-old Col5a3−/−
mice, and to failure of deficient β cells to meet the demand created by insulin resistance.
Thus, despite subtle changes in fat mass, Col5a3−/− mice have pronounced deficits in
metabolic functions of at least three tissues in which α3(V) chains are normally expressed.
As discussed below, α3(V) chains, unlike colI and colVI, do not appear to affect cells via
effects on the rigidity of ECM collagenous meshworks, perhaps explaining the somewhat
opposite effects on adipocyte metabolic behavior obtained by ablation of α3(V) chains and
colVI. Rather, α3(V) chains may exert their effects on cellular behavior via direct
interactions with cell surface components.

Concluding remarks
β cells appear able to function and proliferate fully only in the context of a specific
microenvironment composed of islet BM, which affects β cells via outside-in signaling
involving integrins and other cell surface receptors. Such interactions may involve both
direct ECM-cell interactions, as well as ECM regulated presentation of soluble growth
factors to cells. For adipocytes, a common theme seems to underlie effects of ablating MT1-
MMP or colVI. In both cases, effects on adipocyte morphology and function appear to be
secondary to effects on ECM rigidity, and the extent to which it restricts or is permissive to
the hypertrophy attending complete adipocytic differentiation/maturation and functionality.
SPARC ablation may similarly affect adipocyte size and function by affecting ECM rigidity,
although additional mechanisms appear to be involved.

Aside from ECM rigidity, adipocyte differentiation involves a shift from the FN-rich stromal
ECM of preadipocytes, in which FN provides outside-in signaling that inhibits
differentiation, to the BM of mature adipocytes (Figure 1). MT1-MMP and plasmin may
both affect adipogenesis by degrading both colI, thus decreasing ECM rigidity, and FN,
thereby more directly affecting adipogenic differentiation. Roles of CatL in WAT
development and metabolism seem more complex, as CatL inhibition/ablation interferes
with adipogenic differentiation, while appearing to increase glucose utilization by both
WAT and skeletal muscle, and to increase glucose tolerance and insulin sensitivity in whole
animals. However, while decreased adipocytic differentiation may be due to failure to
sufficiently remodel FN-rich ECM, increases in metabolic function may be due to
concurrent accumulation of uncleaved IR, IGF1R and Glut-4 in peripheral tissues.
Additional, as yet uncharacterized CatL functions in these and/or other tissues may also be
involved.

The pericellular distribution of α3(V) chains in WAT, skeletal muscle, and islets, and its
appearance in the absence of colI, suggest that α3(V)-containing colV is not a stromal ECM
component in these tissues. Moreover, as α3(V) ablation does not result in larger adipocytes,
α3(V) chains do not appear to contribute to ECM rigidity. Instead, pericellular distribution
may provide the large, highly charged pNα3(V) NH2-terminal domain, with opportunities
for interactions with cell surface components (Figure 1), thus affecting cellular function and
maturation via outside-in signaling. Interestingly, some early studies reported that colV can
occur as a pericellular/BM-associated form [68, 69]. Thus, pNα3(V)-containing colV may
associate with islet BM components, important to the survival and function of β cells, and
with the BMs that invest adipocytes and myofibers. Survival and function of β cells
encapsulated in immunoprotective gels for transplantation in the treatment of insulin-
dependent diabetes can be enhanced by including ECM components [70]. Thus, pNα3(V)-
containing colV may be a candidate for such approaches. Similarly, manipulating the
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expression levels of various ECM components in tissues may represent a future approach
towards therapeutic interventions in metabolic disorders.
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Figure 1.
Transition from preadipocyte to adipocyte, with associated ECMs. Representative drawings
of a fibroblastic preadipocyte (a), a mature adipocyte (b), and the ECMs characteristic of
each cell type. (a) A preadipocyte associates with a stromal ECM comprising colI-
containing fibrils (tan cross-banded strands), FN fibrils (thin blue wavy lines); and colVI
microfilaments (red beaded structures). The latter may serve to link other ECM components
(e.g. colI and FN) to each other, and to cell surfaces. The proteinases MT1-MMP, CatL, and
plasmin are represented by gold, green, and orange scissors, respectively. MT1-MMP and
plasmin cleave both colI and FN, whereas CatL is thought to cleave FN, but not colI. The
fibroblastic cell secretes colI procollagen precursors (Procol), which have small NH2-
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terminal and larger COOH-terminal propeptides (yellow circles) that are cleaved off to yield
the triple helical monomers that self-associate to form colI fibrils. Blue ovals adhered to the
procollagen represent SPARC, which is thought to be involved in modulating colI
biosynthesis and ECM deposition. (b) An adipocyte containing a large internal lipid droplet
is shown enveloped by a net-like colIV framework, which forms the structural backbone of
all basement membranes. Other major BM proteins, such as LNs, are not shown. Blue
musical note-shapes represent colV α1(V)α2(V)pNα3(V) heterotrimers, with the rounded
part of the structure representing the pNα3(V) NH2-terminal globular domain, hypothesized
to interact with cell surface components. Macromolecular structures formed by or
incorporating α1(V)α2(V)pNα3(V) heterotrimers are as yet unknown. ColVI microfilaments
(red beaded structures) found in the stromal ECM of fibroblastic cells (a), is also found
associated with BM of highly specialized cells, such as adipocytes, and myofibers, and binds
colIV, as shown (b). ColI, FN, colVI, and colIV can all interact with cell surfaces via
integrin receptors, which are not represented in the figures. pNα3(V) chains are
hypothesized to interact with as yet unknown cell surface components.
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Table 1

ECM components implicated in effects on metabolic tissues.

Component Composition Macromolecular
Structure

Functions References

Fibronectin (FN) Dimers, noncollagenous 250 kDa
multidomain subunits

Dense stromal fibrillar meshwork Cell adhesion,
migration,
morphology, and
differentiation

[19, 20]

Laminin (LN) Trimers of noncollagenous α,β, and γ
chains

Layered sheets within BM Cell adhesion,
migration,
morphology, and
differentiation

[71]

Collagen type I (ColI) α1(I)2α2(I) heterotrimers Stromal fiber-forming collagen Tissue rigidity and
tensile strength

[72]

Collagen type IV
(ColIV)

α1(IV)2α2(IV)a heterotrimers Network structures within BM Structural backbone
stabilizing BMs

[71]

Collagen type V
(ColV)

α1(V)α2(V)α3(V) heterotrimersb Pericellular, structure unknown Affects adipocyte and
β cell function

[59, 60]

Collagen type VI
(ColVI)

α1(VI)α2(VI)α3(VI)c heterotrimers Stromal beaded microfilaments Links cells and ECM
components, tissue
rigidity

[45–47]

Secreted Protein
Acidic and Rich in
Cysteine (SPARC)

Matricellular monomer Bound to collagens Affects collagen
biosynthesis/
assembly, adipocyte
maturation, cell
signaling

[49, 54, 73]

a
α3(IV)α4(IV)α5(IV) and α5(IV)2α6(IV) ColIV variants are found in some tissues [71].

b
A more widely distributed α1(V)2α2(V) heterotrimeric colV form is incorporated within colI fibrils and affects colI fibril geometry [74].

c
α4(VI), α5(VI), and α6(VI) chains are thought to substitute for the α3(VI) chains in some tissues [75].
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