UCSF

UC San Francisco Previously Published Works

Title
Fat fibrosis: friend or foe?

Permalink
https://escholarship.org/uc/item/8m18z6jml

Journal
JCl Insight, 3(19)

ISSN
2379-3708

Authors

Datta, Ritwik
Podolsky, Michael J
Atabai, Kamran

Publication Date
2018-10-04

DOI
10.1172/jci.insight.122289

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8m18z6jm
https://escholarship.org
http://www.cdlib.org/

Conflict of interest: The authors have
declared that no conflict of interest
exists.

Published: October 4, 2018

Reference information:

JCl Insight. 2018;3(19):e122289.
https://doi.org/10.1172/jci.
insight.122289.

insight.jci.org  https://doi.org/

REVIEW

Fat fibrosis: friend or foe?

Ritwik Datta,’ Michael ). Podolsky,"?* and Kamran Atabai"??

'Cardiovascular Research Institute, 2Lung Biology Center, and *Department of Medicine, University of California,

San Francisco, San Francisco, California, USA.

At the simplest level, obesity is the manifestation of an imbalance between caloric intake and
expenditure; however, the pathophysiological mechanisms that govern the development of
obesity and associated complications are enormously complex. Fibrosis within the adipose tissue
compartment is one such factor that may influence the development of obesity and/or obesity-
related comorbidities. Furthermore, the functional consequences of adipose tissue fibrosis are a
matter of considerable debate, with evidence that fibrosis serves both adaptive and maladaptive
roles. Tissue fibrosis itself is incompletely understood, and multiple cellular and molecular
pathways are involved in the development, maintenance, and resolution of the fibrotic state.
Within the context of obesity, fibrosis influences molecular and cellular events that relate to
adipocytes, inflammatory cells, inflammatory mediators, and supporting adipose stromal tissue.
In this Review, we explore what is known about the interplay between the development of adipose
tissue fibrosis and obesity, with a view toward future investigative and therapeutic avenues.

Introduction

Obesity is a worldwide epidemic with multiple metabolic complications, including hypertension,
hyperlipidemia, ectopic lipid deposition, and insulin resistance (1-7). The development of obesity
is associated with enlargement of adipose tissue compartments in response to chronic positive cal-
orie balance. Adipose tissue expansion occurs dynamically through adipocyte hypertrophy and/or
hyperplasia (8—15) and requires continuous extracellular matrix (ECM) remodeling to accommodate
this expansion. Additionally, the matrix itself may promote differentiation of progenitor cells into
adipocytes to accommodate further fat storage. Whole-body metabolic homeostasis depends on how
adipose tissue remodels in response to excess calorie intake (16, 17). Maintenance of a high degree
of flexibility in the ECM network would seem to be a prerequisite for healthy adipose tissue. Yet, the
specific role of adipose tissue fibrosis, defined here as excess deposition of potentially pathological
ECM, in the development of obesity is still debatable. Progression from the lean to the obese state is
often accompanied by decreased ECM flexibility due to pericellular collagen deposition. However, the
significance of this development is unclear. Despite extensive research, the mechanisms by which adi-
pose tissue fibrosis modulates obesity-associated metabolic changes remain unresolved. The metabolic
outcomes associated with fibrosis may also depend on which fat depots are affected. Furthermore,
conflicting data from human and mouse models of obesity add further complexity to understanding
adipose tissue metabolic phenotypes. In this Review, we examine the constituents and cellular sources
of ECM in adipose tissue in the lean and obese states, the role of ECM molecules in adipocyte differ-
entiation, and the effect of ECM remodeling and the development of adipose tissue fibrosis in modu-
lating metabolic homeostasis in the obese state.

Components of adipose tissue ECM

One consideration when examining the relationship between adipose tissue fibrosis and metabolic homeo-
stasis is whether the molecular constituents of fibrotic adipose tissue are qualitatively or quantitatively
different than in other tissues prone to fibrosis. Although adipose tissue ECM has similar protein content
as other tissues, the relative quantity and molecular assembly of ECM proteins differ in the adipose com-
partment (18). Moreover, relative ECM protein quantities in adipose tissues of lean and obese individuals
vary significantly (19). Histologically, the adipose compartment is a loose connective tissue where collagens
compose most of the noncell tissue mass. In rodents, the collagenous matrix is more developed in subcuta-
neous adipose tissue than in visceral adipose tissue, with some strain-specific variations (20, 21).
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Proteomic analysis of rodent adipose tissue has revealed the presence of 20 subunits of 12 collagens
(22-28). Type I collagen fibrils provide the major structural framework of adipose tissue and are present at
higher concentrations in subcutaneous fat compared with visceral fat (20). Type III collagen expression is
relatively low in murine visceral adipose tissue (29). Similar to other tissues of mesenchymal origin, type
IV collagen forms the basal lamina surrounding the adipocytes (30-32). Type II, type IX, and type XVIII
collagens are generally thought to be cartilage specific but are expressed at low levels in adipose tissues
(20, 33). Type XVIII collagen is a structurally complex protein often considered a basement membrane
proteoglycan that also exhibits some properties of collagens (34) and has been shown to support adipocyte
progenitor differentiation and maintenance of the differentiated state (35).

Type VI collagen expression seems to be somewhat specific to adipose tissue and is more highly
expressed in visceral fat pads than subcutaneous adipose tissues (20, 29). Type VI collagen is microfibrillar,
has extensive disulfide cross-links, and is interwoven with other collagens, including type I (36) and type
XIV (37). Type VI collagen may function as a cellular anchor by attaching cells to the basal lamina via type
IV collagen (38). Type VI collagen has been shown to interact with other ECM proteins, such as fibronectin
(39), fibulin (40), lumican (41), matrillin (42), heparin, and hyaluronan (43, 44); the proteoglycan decorin
(45); and other cell surface receptors (46—48). These interactions are critical in organizing the three-dimen-
sional (3D) tissue architecture and likely influence intracellular signaling pathways, as described in periph-
eral nervous system hypermyelination (49) and skin tissue fibrosis (50).

Several adipose tissue collagens are differentially expressed in obesity. Type VI collagen expression in
visceral adipose tissue is increased with obesity (29, 51), and COL4AI gene expression in human subcuta-
neous adipose tissue positively correlates with obesity-associated insulin resistance (52). Increased coex-
pression of type V and IV collagens with other matrix components, such as syndecan and lumican, during
obesity development has also been described (53).

Several other ECM components, such as secreted protein acidic and rich in cysteine (54, 55), biglycan
(56), heparan sulfate proteoglycans (57, 58), aggrecan (59), entactin (60), laminin (60-62), and extendin-4
(63, 64), also have described roles in adipogenesis. In this Review, we will focus mainly on the involvement
of collagens and collagen-cleaving enzymes in obesity-associated metabolic dysfunction.

Cellular origin of ECM in obese adipose tissue

Adipocyte progenitors, adipocytes, fibroblasts, and myofibroblasts produce most, if not all, collagens
expressed in adipose tissue. Other cell types, including macrophages, are also important regulators of ECM
production in adipocytes. However, the contribution of these cell types to adipose compartment ECM
production is less established.

In adipose tissue, maximal collagen production occurs during the early stages of white adipose tissue
(WAT) differentiation (27, 60). Once differentiation is complete and the WAT compartment is fully devel-
oped, ECM organizational changes predominate (65) and associate with a steady decline in type V and
VI collagen (66, 67). The subsequent development of obesity is associated with increased ECM produc-
tion (19, 29). Of note, total adipose tissue collagen in a group of overweight and normal-weight children
inversely correlated with BMI and age, with little evidence of type VI collagen staining in fibrotic areas (68).

Interestingly, adipocyte progenitors accumulate in areas of fibrosis within the WAT of obese individ-
uals (69). Furthermore, procollagen I and II transcripts are elevated in adipocyte progenitors and then
decline with cell differentiation to adipocytes in culture (67). Increased collagen production has also been
associated with increased expression of cell proliferation markers, such as cyclin D1, in adipocyte progen-
itors (69, 70), suggesting that maintenance of a pool of undifferentiated adipocyte progenitors with high
proliferative capacity is important for collagen production.

Adipocyte progenitors likely consist of multiple subsets with different functional roles. For example,
Marcelin et al. showed that PDGFRa* adipocyte progenitors acquire myofibroblast phenotypes in obese
adipose tissue (71). Upon high-fat diet (HFD) challenge, PDGFRa* adipocyte progenitors showed not
only increased expression of ECM genes but also upregulated expression of profibrotic and proinflam-
matory cytokines. A small subset of PDGFRa* progenitors express high levels of CD9, and these CD9"
PDGFRo" cells have increased proliferative properties along with increased expression of ECM genes
and inflammatory markers compared with CD9° PDGFRa* cells. Additionally, compared with control
HFD-fed animals, HFD-fed Pdgfra%%?V-knockin mice, which have increased tyrosine kinase activity spe-
cifically in Pdgfra-expressing cells, exhibited increased ECM gene expression (71, 72). Interestingly, in
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humans, CD9" progenitor cells in omental WAT, one of the main visceral fat depots, are associated with
insulin resistance in obesity (71).

Fibroblasts and myofibroblasts are considered the dominant producers of ECM in other fibrosis-prone
tissues (73-75), but little is known about their role in adipose tissue fibrosis. Adipocyte progenitors can dif-
ferentiate into myofibroblasts, which can then drive collagen synthesis during the development and progres-
sion of obesity (76). Although adipocytes do not produce large amounts of ECM under normal conditions,
they can dedifferentiate in culture to cells with a fibroblast-like morphology, with increased secretion of
matrix remodeling proteins and cytokines, such as IL-6, IL-8, and VEGF (77). It is possible that dediffer-
entiation of adipocytes into adipocyte progenitors with a fibroblast-like appearance may play an important
role in the development of fibrosis during obesity.

Adipocytes can also contribute to ECM production indirectly by affecting other cell types. In obesity,
hypertrophic adipocytes can become hypoxic due to increased distance from nearby blood vessels. The
stress of hypoxia can in turn lead to the release of chemoattractants, such as monocyte chemoattractant
protein-1, that trigger macrophage infiltration of WAT (78-80). Infiltrating macrophages may in turn release
signals that attract fibroblasts and inhibit differentiation of adipocyte progenitors. Halberg et al. generated
mice that express human dominant-active HIF-1a under the control of adipocyte-specific aP2 promoter to
validate the effect of adipocyte hypoxia on adipose tissue fibrosis. These mice showed upregulated expres-
sion of ECM-related genes, including type I, III, and VI collagens; fibronectin; and elastin (78). Thus, in the
setting of tissue hypoxia, adipocyte progenitors and fibroblasts exposed to activated macrophages secrete
ECM, thereby promoting fibrosis during the development of obesity. In contrast, some recent studies have
shown that despite lower adipose tissue blood flow, subcutaneous adipose tissue in obese human patients
exhibits hyperoxia (81, 82). Adipose tissue hyperoxia is associated with mitochondrial dysfunction, leading
to lower oxygen consumption, secretion of chemoattractants, and inflammation (81), all of which may play
important roles in regulating adipose tissue fibrosis.

Several cytokines have well-defined roles in modulating adipocyte progenitor differentiation and, there-
fore, collagen production. TNF-a inhibits transcription of a set of adipocyte-specific genes, resulting in
dedifferentiation of adipocytes, as evident from the loss of intracellular lipid droplets (67, 83). Treatment
of differentiated adipocytes with TNF-a causes accumulation of procollagen mRNAs (50). Expression of
TGF-B, a master regulator of fibrosis, declines with the differentiation of adipocyte progenitors to adipo-
cytes (67). TGF-p inhibits differentiation of adipocytes and promotes collagen production (67, 69). Adipo-
cyte progenitors, macrophages, and fibroblasts are all potential sources of these cytokines in adipose tissue.

Obesity is associated with macrophage accumulation in adipose tissue (84, 85). The contribution of
macrophages to ECM production likely occurs through effects on other cell types (69). Treatment of differ-
entiated adipocytes with conditioned media produced by macrophages isolated from obese human adipose
tissue causes a marked decrease in expression of adipogenic factors, such as PPARy and C/EBP, and
promotes inflammation through increased NF-kB activity and IL-6 expression (70). Blocking of TNF-a in
conditioned media from macrophages successfully prevents inflammatory activation of adipocytes (70).
ECM gene expression also increases in adipocyte progenitors exposed to inflammatory cytokines from
macrophages (69, 70). Potential sources that contribute to increased collagen deposition in obese adipose
tissue are summarized in Figure 1.

Collagens and collagen-cleaving enzymes in adipocyte differentiation and
obesity development
ECM remodeling is a prerequisite for adipocyte differentiation in the initial phases of obesity, suggest-
ing that ECM molecules themselves may directly regulate adipocyte progenitor differentiation (86).
Moreover, enzymes that modify ECM proteins also seem to help control adipocyte progenitor and adi-
pocyte biology through their actions on ECM proteins and other substrates. In this section, we explore
the evidence that supports these hypotheses (see Table 1), with the caveat that global deletion of these
enzymes has pleiotropic effects (including on matrix-independent functions), somewhat limiting inter-
pretability of the evidence (87-90).

Green and Meuth measured proline hydroxylation in 3T3-L1 adipocyte progenitors and 3T3-M2 cells
(a 3T3 cell line that does not store fat) to estimate the rate of collagen synthesis (91). In 3T3-M2 cells, the
collagen synthesis rate was 50% of the rate in 3T3-L1 cells, suggesting a correlation between collagen syn-
thesis and fat storage (91). Inhibition of collagen synthesis with a competitive inhibitor of prolyl hydroxylase
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Figure 1. Schematic representation of the cellular events associated with increased collagen synthesis in obesity. The interplay among adipose tissue
expansion, adipocyte differentiation, and adipose tissue fibrosis is marked by (a) dedifferentiation of adipocytes and increased production of fibrogenic
progenitor cells, which lead to excess collagen synthesis in obese adipose tissue, and (b) growth of differentiated adipocytes during obesity by hypertro-
phy, which leads to inflammation and hypoxia, resulting in increased ECM production. lllustrated by Rachel Davidowitz.
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significantly reduced triglyceride accumulation in adipocyte progenitors and impaired development of sur-
rounding ECM. Interestingly, cells cultured on type V and VI collagen—coated dishes in the presence of this
inhibitor partially recovered triglyceride accumulation. Inhibition of collagen synthesis also downregulated
adipogenic gene expression in undifferentiated adipocyte progenitors (92), suggesting a direct role for type
V and VI collagens in adipogenesis. These data suggest that collagens are necessary for triglyceride accu-
mulation in adipocyte progenitors in the early stages of differentiation into mature adipocytes. However,
type VI collagen—deficient 0b/0b mice have large adipocytes, suggesting type VI collagen limits adipocyte
hypertrophy (29). It may be that collagens promote adipocyte triglyceride accumulation in the initial phases
of adipocyte progenitor differentiation, but in the context of chronic high caloric intake, type VI collagen
may limit the extent of mature adipocyte enlargement or may regulate adipocyte progenitor differentiation.

Matrix metalloproteinase (MMP) expression in adipose tissue and serum is significantly increased
during obesity, suggesting these enzymes and their inhibitors (tissue inhibitors of metalloproteinases
[TIMPs]) are involved in adipocyte differentiation (87, 88, 93). Furthermore, elevated MMP expression
correlates with expression of proinflammatory markers (94). In human subjects, BMI correlates with
expression of gelatinases MMP-2 and MMP-9, both of which cleave denatured collagen (93, 95, 96). Plas-
ma MMP-9 levels also correlate with hyperlipidemia in humans (93). Latent MMP-9 remains bound to
TIMP-1 before secretion (97, 98), and increased TIMP-1 plasma levels have been associated with obesity
and hyperlipidemia in human patients (93, 99, 100).

Increased MMP-2 and MMP-9 expression during adipocyte differentiation suggests that these enzymes
may promote adipogenesis (94, 101). Consistent with this hypothesis, chemical MMP-2 inhibition in 3T3
adipocyte progenitors prevents differentiation in a dose-dependent manner (102). MMP-2 and MMP-9 can
cleave type IV collagen in the basement membrane (103, 104). Interestingly, denatured but not native type
IV collagen matrix induces adipogenic differentiation of cells of mesenchymal origin, supporting a proadi-
pogenic role for these two MMPs (105).

MMP-2 is activated by MMP-14 (also known as membrane type 1 matrix metalloproteinase [MT1-
MMP]) at the cell surface (106, 107). Sillat et al. reported that MMP-2 or MMP-9, along with MMP-14

https://doi.org/10.1172/jci.insight.122289 4


https://doi.org/10.1172/jci.insight.122289

. REVIEW
JQ insighT
Table 1. Roles of collagens and their regulators in obesity-associated metabolic dysfunction
Collagens and their regulators Probable role in obesity-related metabolism Models studied References
Col-VI* Limits adipocyte growth during obesity; Col-VI-knockout” mice in 29
associated with disrupted lipid homeostasis ob/ob background 66
Positive role in normal adipogenesis Bovine intramuscular adipocyte 169
Insulin resistance progenitors studied in vitro
Cells isolated from lean
and obese human subjects
Col-VA Positive role in normal adipogenesis Bovine intramuscular adipocyte progenitors 66
studied in vitro
Col-IVvA Denatured form exhibits Differentiation of bone marrow-derived 105
proadipogenic effect mesenchymal cells on denatured and native
Col-1VA matrix
Col-XVIIIA P2 promoter specific short-chain Col-XVIIl promoter specific-null* mice 35
product promotes adipocyte progenitor
differentiation and maintenance of
differentiated state
MMP-9 Positive correlation with BMI and insulin Human serum 99
sensitivity Human serum 95, 96
Associated with adipocyte expansion Human serum 186
Obesity-associated type | diabetes
MMP-2 Associated with adipocyte expansion Human visceral and subcutaneous 95, 96
adipose tissue
MMP-19 Negative regulator of adipogenesis MMP-19-null mice 13
MMP-14 (MT1-MMP) Positive regulator of adipogenesis Mmp14~- mice 10
Mmp14*/- mice; genetic m
association study in humans
MMP-3 Negative regulator of adipogenesis MMP-3-null mice 137
TIMP-1 Positive correlation with BMI Human serum 99
Regulates feeding behavior by acting TIMP-1-null mice 89
as downstream target of leptin in the
hypothalamus
TIMP-4 Antagonistic to MMP-3; positive regulator MMP-3-null mice; human adipocyte 137
of adipogenesis progenitors
ADAMTST Limits hypertrophy; promotes insulin Mouse adipose tissue 138
sensitivity
LOX® Primary responder to tissue hypoxia; HIF-1a-transgenic mice 78

fibrosis, inflammation, and insulin
resistance

ACol, collagen type. BLOX, lysyl oxidase.

insight.jci.org

and TIMP-2, forms ternary complexes that are important for basement membrane remodeling during
adipogenesis (103). MMP-14 regulates type I collagen cleavage (108), and MMP-14-null mice develop
soft tissue fibrosis, likely due to impaired collagen turnover (108). The complete loss of MMP-14 in these
mice leads to postnatal lipodystrophy, a pathological condition in which the body is unable to produce fat
(109). A genetic link between MMPI14 haplotype 122(gcc) and phenotypic features of obesity, including
increased BMI and waist/hip ratio and insulin resistance, was found in a cohort of Japanese patients
(110), indicating a probable role for MMP-14 in the development of obesity. Compared to the Mmpi14~/~
mice, MmpI4*~ haploinsufficient mice are similar to WT animals, with respect to adipocyte mass, size,
and adipogenic gene expression. Interestingly, MmpI4*/~ mice undergoing HFD challenge are unable to
expand adipose tissue due to impaired type I collagen cleavage at the time of ECM remodeling during
adipose tissue expansion (110). Moreover, in vitro experiments further validated an adipogenic role for
MMP-14. Specifically, MMP-14 is not essential for adipogenesis in a two-dimensional culture system,;
however, interactions between MMP-14 and type I collagen in a 3D environment are necessary for adi-
pocyte maturation (109). Additionally, transplantation of GFP-tagged, MMP-14-null stromal cells into
inguinal fat pads of WT mice revealed that limited deposits of fat localize to the ectopic MMP-14—null
cells after 14 days, emphasizing the adipogenic role of MMP-14 in a 3D environment. MMP-14-—null mice
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also exhibit changes in adipogenesis at the epigenetic level that are recapitulated in cultured adipocytes;
interestingly, epigenetic changes in adipogenesis upon MMP inhibition are rescued by treating cells with
heat-denatured type I collagen (111, 112). Future studies are required to validate the effect of MMP-14—
mediated epigenetic regulation in an obesity model because it is unclear whether the adipogenic effect of
MMP-14 occurs via signaling pathways that are independent of collagenolytic activity.

MMP-19 is also upregulated in adipose tissues during obesity (87, 88), and MMP-19-null mice have a
marked body weight increase on HFD compared with WT control animals, suggesting an inhibitory role in
adipogenesis (113), but the mechanisms remain unexplored.

Plasma MMP-8 levels correlate with obesity in adolescent populations (114, 115). Sca-I"! mesenchymal
stem cells in visceral adipose tissue show enriched MMP-8 and MMP-13 expression compared with similar
cells from subcutaneous adipose tissue (116). Of note, visceral adipose tissue has greater adipogenic potential
compared with subcutaneous adipose tissue (116). Because MMP-8 and MMP-13 are major collagenolytic
enzymes (117-119), it is possible that increased expression may underlie the rapid and bulk collagenolysis
observed in visceral adipose tissue compared with the relatively focal and slow collagenolysis in subcutaneous
adipose tissue (116). MMP-8 and MMP-13 expression may therefore be an important determinant of fat
depot specificity (116, 120).

Knocking down of MMP-13 in 3T3-L1 adipocyte progenitors inhibits differentiation, thereby reducing
adipogenesis. Treatment of HFD-fed mice with MMP-13-specific chemical inhibitor 4-[4-(4-fluorophe-
noxy)-benzenesulfonyl amino] tetrahydropyran-4-carboxylic acid (CP-544439) (121) results in greater type
I collagen expression and adipose tissue fibrosis. CP-544439—treated mice also have reduced expression of
the key adipogenesis regulator PPARy (120, 122-124). The antifibrotic effects of PPAR family proteins
have been described in different tissue systems (125-130). MMP-13-mediated regulation of PPAR expres-
sion in obese adipose tissue might therefore act as an important molecular switch that determines fibrogen-
ic or adipogenic adipocyte progenitor fate. PPAR proteins seem to mediate antifibrotic effects via inhibition
of TGF-B signaling (125, 128, 130). Conversely, canonical and noncanonical downstream mediators of
TGF-p are important transcriptional regulators of different MMPs (131-134), suggesting a feedback loop
that modulates the balance between fibrosis and adipogenesis. Moreover, TGF-} expression positively cor-
relates with the expression of different MMP inhibitors, including TIMP-1, TIMP-3, and TIMP-4; there-
fore, MMP activity in omental adipose tissue should be decreased in morbidly obese human subjects (135).

MMP-3—deficient mice have accelerated adipogenesis in the mammary gland, highlighting the
inhibitory effect of MMP-3 on adipocyte differentiation (136). An antagonistic role for MMP-3 and
TIMP-4 in adipocyte differentiation has been reported (137). In primary human adipocytes, MMP-3
overexpression inhibits differentiation, while recombinant TIMP-4 promotes adipogenesis. Increased
MMP-3 expression and enzyme activity have been observed in HFD-fed male mice; thus TIMP-4 (137),
via MMP-3 inhibition, may influence whether adipocytes undergo hypertrophy or hyperplasia. Recently,
Timp4-knockout mice were shown to be protected from HFD-induced obesity, with reduced adipocyte
hypertrophy and fibrosis (90).

A disintegrin and a metalloprotease domain with thrombospondin motifs (ADAMTS) matrix-associ-
ated metalloprotease family proteins have also been implicated in adipocyte lineage commitment (138).
In mice, injection of ADAMTS-targeting, shRNA-expressing adenovirus into inguinal fat pads leads to
adipocyte hypertrophy, insulin resistance, increased plasma cholesterol, and increased LDL-cholesterol
(138). Moreover, ADAMTS-1-encoding mRNA is decreased in adipose tissue of obese human patients
and inversely correlates with BMI (138-140). Blocking ADAMTS-1 proteolytic activity by site-directed
mutagenesis reverses the inhibitory effect on the expression of adipocyte progenitor marker PREF-1 and
restores adipogenesis (138). Therefore, ECM-modifying enzymes outside the traditional MMP family also
contribute to adipocyte differentiation.

Evidence for adipose tissue fibrosis in regulating metabolic homeostasis
Adipose tissue fibrosis has multiple potential effects on adipocytes. By providing a rigid ECM, fibrosis may
prevent excessive enlargement of adipocytes. Fibrosis may exert shear stress on the adipocyte membrane,
opposing the mechanical stress exerted by enlarged lipid droplets within the cell. Adipose tissue fibrosis
may also activate signaling events secondary to ECM ligands in fibrotic tissue-binding cell surface recep-
tors (141). Whether adipose tissue fibrosis is beneficial or deleterious with respect to metabolic homeostasis
is debatable, with studies supporting both possibilities (Figure 2).
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Figure 2. The metabolic outcomes of obesity-associated adipose tissue fibrosis are controversial. Excess collagen deposition may reduce adipocyte hypertrophy
and consequently preserve adipocyte function. On the other hand, rigid matrix may exert shear stress on expanding adipocytes, leading to adipocyte cell death
and consequent inflammation. These two possibilities are proposed to have countervailing effects on metabolic outcomes. lllustrated by Rachel Davidowitz.

Human studies. In human patients, fibrosis of omental adipose tissue, but not subcutaneous adipose tissue,
negatively correlates with blood triglyceride levels and positively correlates with HDL-cholesterol levels (19).
Furthermore, omental fibrosis inversely correlates with omental adipocyte size in obese human patients (19).
Decreased omental adipose tissue fibrosis and greater adipocyte hypertrophy are associated with worse meta-
bolic profiles in obese diabetic patients compared with those without diabetes (142). Moreover, obese patients
with smaller omental adipocytes have healthier lipid profiles (14). In South Asian Indian populations, omen-
tal adipocyte size correlates more strongly with measures of adiposity and metabolic dysfunction than sub-
cutaneous adipocyte size (143), further supporting a link between omental adipocyte size and metabolic out-
come in humans. Decreased tensile strength is also a surrogate for less severe fibrosis in the omental adipose
tissue of metabolically unhealthy obese human subjects compared with healthy obese subjects, leading to the
hypothesis that fibrosis limits adipocyte hypertrophy, which may in turn preserve adipocyte function (144).
Together, these data suggest that omental fibrosis can be an adaptive phenomenon that may be beneficial for
metabolism by limiting adipocyte size. However, a recent study comparing highly insulin-resistant with less
insulin-resistant severely obese human subjects failed to find any correlation between omental adipocyte size
and fibrosis (145). Moreover, this study showed an inverse correlation between insulin sensitivity and omental
tissue fibrosis. A recent report also suggested that pericellular collagen accumulation, especially in omental
adipose tissue, correlates with total adiposity and cardiometabolic risk in lean to moderately obese women
(146). Lawler et al. showed that obese, insulin-resistant human subjects with a similar BMI have increased
subcutaneous adipose tissue fibrosis compared with obese, insulin-sensitive human subjects, corresponding to
the increased subcutaneous adipose tissue stiffness observed in diabetic patients (147). These studies suggest a
maladaptive role for subcutaneous adipose tissue fibrosis in obesity-associated metabolic dysregulation (148).

Murine studies. Conflicting phenotypes have been reported in humans and mouse models. Alcala et
al. have shown that in HFD-fed mice vitamin E supplementation reduces visceral adipose tissue fibrosis,
enlarges adipocyte size, and is associated with improved metabolic profiles (149). Reduced subcutaneous
adipose tissue fibrosis by antibody-mediated neutralization of endotrophin (the cleaved product of type VI
collagen) in HFD-fed mice is associated with improved insulin sensitivity, supporting a potentially mal-
adaptive role for fibrosis in the development of obesity (16).
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Important and potentially confounding factors to consider are whether adipocyte expansion in obesi-
ty occurs through hyperplasia or hypertrophy and how fibrosis regulates these etiologically different pro-
cesses that may in turn regulate fibrosis. Hyperplasia-mediated adipocyte expansion is associated with a
metabolically healthy obese state (9, 150), whereas hypertrophic expansion and accompanying adipose
tissue fibrosis are linked with metabolically dysfunctional adipose tissue (11, 141, 151). These data suggest
that addition of new adipocytes to accommodate excess lipid stores is a beneficial adaptation. Conversely,
enlargement of established adipocytes may ultimately lead to deleterious effects due to adipocyte necrosis
and subsequent inflammation (152).

Potential pitfalls and challenges in studying adipose tissue fibrosis. We believe that fat depot—specific varia-
tions represent a major source of confounding reports in the literature. In early stages of HFD exposure,
both subcutaneous and visceral fat pads respond by adipocyte hypertrophy (153); however, in response
to ongoing HFD exposure, visceral fat pads are more likely to undergo hyperplasia for expansion, while
subcutaneous fat pads primarily expand through adipocyte hypertrophy (153). Even among the visceral fat
pads, mesenteric, perigonadal, and retroperitoneal fat pads differ significantly in terms of physiology. A
large percentage of visceral fat is stored in the mesenteric/omental fat depot in humans, while the visceral
fat depot in mice is mostly perigonadal (154). The time frame of epididymal or perigonadal adipose tissue
development is different from that of subcutaneous fat pads, suggesting that these fat pads may arise from
two different progenitor cells (153).

Other differences between humans and mice confound the literature as well. There are fundamental
differences between human and murine subjects, with respect to not only fat pad distribution but also
matrix-specific gene expression within a given fat pad. McCulloch et al., in 2015, reported higher type VI
collagen expression in the stromal vascular fraction of tissue (155), which includes adipocyte progenitors,
and higher subcutaneous adipocytes compared with omental and visceral fat in humans (155). In contrast,
mouse adipose compartments exhibit a global and uniform increase of type VI collagen expression (29).
Additionally, obesity tends to develop gradually in humans, while fat mass gain is rapid and massive in
experimental mouse models. For example, long-term overfeeding in human twins caused an approximately
10% weight gain over a 14-week period compared with mouse models, where body weight doubles during
a similar time frame (17, 156). The extent to which such rapid weight gain influences ECM biology in
murine subjects compared with humans is not known. In addition, there may be genetic predispositions to
developing fibrosis in obese individuals, although no potential genetic links to fibrosis have been discovered
by GWAS (157). The gut microbiome may also exert an effect on these processes (158, 159).

Differences among studies may also be due to the methods used to quantify collagen accumulation in
adipose tissues. Recent studies suggest that pericellular collagen deposition and distribution rather than
total collagen content in adipose tissue correlate to the metabolic outcome (146, 160). Different method-
ological approaches to evaluating fibrosis, such as measuring collagen mRNA expression, measuring total
collagen protein content by hydroxyproline or Sircol assay, or staining of pericellular collagen to assess the
distribution of collagen, may significantly alter interpretations offered in individual studies.

Type Vi collagen and endotrophin in the regulation of adipocyte function
Although type VI collagen constitutes a very small amount of the total collagen network, deletion of the
type VI collagen gene can alter adipocyte hypertrophy and the metabolic outcome of obesity without
affecting the fibrotic status of the tissue. Data from mice with genetic deletion of type VI collagen (29)
are consistent with human studies linking increased type VI collagen expression in obesity with poor
metabolic outcomes (29, 51, 148). Type VI collagen deficiency in 0b/0b mice improves systemic lipid
profiles, increases glucose clearance after oral glucose administration, reduces body weight, decreases
adipocyte necrosis, and reduces inflammation. Compared with 0b/0b mice, collagen VI-deficient 0b/o0b
mice have reduced food intake and altered respiratory exchange ratios, consistent with a shift toward
fatty acid usage and away from carbohydrates as a fuel source. These metabolic improvements are asso-
ciated with a significant increase in adipocyte size and are in stark contrast with human studies, which
show a correlation between reduced adipocyte size and improved serum lipid profiles (14). Moreover,
there is no difference in the extent of fibrosis in adipose tissue, as measured by hydroxyproline assay or
Picrosirius staining of tissues from collagen VI-deficient 0b/0b mice (29).

Knocking down of type VI collagen results in differential expression of multiple genes relevant for adi-
pocyte homeostasis and ECM, including lumican, decorin, elastin, TGFB, MMPs, and PPARG (29). One
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possibility is that the reduced expression of matrix organizational proteins in collagen VI-deficient 0b/0b mice
may relieve the expanding adipocytes from shear stress, leading to decreased necrosis, decreased release of
adipokines, and improved metabolic function. Alternatively, the beneficial effects of type VI collagen deletion
on the metabolic profile may result from altered signaling with the loss of this matrix protein.

Endotrophin, the cleavage product from the C5 domains of the collagen VI a3 chain, has a role in
obesity and mammary tumor growth (16, 161). Endotrophin is enriched in obese adipose ECM (16), and
endotrophin overexpression in adipose tissue aggravates HFD-induced fibrosis and metabolic derangements.
Antibody-mediated endotrophin neutralization in HFD-challenged WT mice rescues abnormal metabolic
profiles without altering adipocyte size (16). Moreover, endotrophin-depleted, HFD-fed mice have no sig-
nificant body weight loss. Endotrophin neutralization also markedly decreases subcutaneous WAT fibrosis
and reduces inflammation in both epididymal and subcutaneous adipose tissues. However, the causal rela-
tionship between these processes with respect to metabolic parameters remains ambiguous. One unifying
hypothesis might be that increased collagen VI production leads to both fibrosis and endotrophin accumula-
tion, with fibrosis limiting adipocyte size and endotrophin mediating the negative metabolic consequences
of obesity. Specific proteases that regulate posttranslational endotrophin processing have yet to be identified.
Furthermore, endotrophin-specific receptors that promote signaling events (162) and downstream effects are
largely unknown. In a preliminary study, Rodriguez et al. proposed that integrin receptors may mediate the
effects of type VI collagen and endotrophin in skeletal muscle glucose homeostasis (163).

Potential links between inflammation and fibrosis in obesity

The relationship between inflammation and fibrosis is complex, and although inflammation can lead to
fibrosis, fibrosis can occur independent of inflammation. We address the interplay between inflammation
and fibrosis in obesity in this section. The contribution of macrophages and other immune cells, such as
different B and T cell subtypes, remains a matter of debate. Inflammatory cell profiles in adipose tissue
have been extensively studied (123, 164—-167) and are beyond the scope of this Review. We will focus on the
understanding of the role of inflammation in the regulation of fibrosis in obese adipose tissue.

Role of TGF-f in adipose tissue fibrosis. TGF-f} is a master regulator and promoter of fibrosis in mul-
tiple tissues, including adipose tissue (168). Isolated adipocytes treated with TGF-p show increased
expression of ECM remodeling proteins, and TGF-f activation has been correlated with increased
expression of basement membrane components in obese adipose tissue (52). Coculture of adipocytes
with macrophages increases TGF-} activation and subsequent phosphorylation of SMADs, leading to
a significant increase in the production of type VI collagen and other ECM components (169). In one
particular study, human PDGFRa" cells isolated from lean individuals showed a profibrotic phenotype
when treated with TGF-f (71), and TGF-B and PDGF ligands have been reported to be synergistic
in promoting fibrosis. TGF-B can also be antiinflammatory and promote M2-like macrophage polar-
ization (170, 171). Interestingly, M2 macrophages, which exhibit elevated TGF-§3 secretion and an
antiinflammatory profile, localize to fibrotic areas of adipose tissue (169, 172). These data contrast
with those describing the relative preponderance of M1 macrophages in obesity-associated adipose
inflammation (173). Importantly, temporal changes in TGF- activity during the development of obe-
sity have not been elucidated.

Temporal patterns of inflammation and fibrosis during obesity. The assumption that inflammation drives the
fibrotic process may not be entirely correct. A detailed time course analysis of the first 20 days of HFD
challenge in a mouse model showed the appearance of fibrotic streaks in the adipose compartment before
formation of the characteristic inflammatory signature and macrophage crown-like structures surrounding
adipocytes (78). Fibrotic gene expression increased 2—4 days after initiating a HFD, whereas expression of
proinflammatory genes, such as 7nfa, coincided with the presence of crown-like structures at days 13-15.
These data indicate that fibrosis may in fact precede inflammation, thereby limiting adipocyte growth in
obese individuals (71, 78), and therefore, might not be a direct sequela of inflammatory cell infiltration.
Further studies to characterize temporal changes in macrophage phenotypes and their role in amplifying
the fibrotic response are needed. Recent studies also challenge the concept of hypoxia-induced inflamma-
tion in obese adipose tissue, because hyperoxia is also associated with inflammation (81, 82). It is therefore
necessary to understand the temporal changes in oxygen tension in adipose tissue during the development
of obesity. It is likely that temporal patterns of hypoxia and hyperoxia activate unique sets of inflammatory
responses that may affect the fibrotic response differently.
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Figure 3. Temporal changes that take place in the adipose compartment with chronic high caloric intake. Adipose tissue expansion, adipose tissue fibro-
sis, and inflammation in obesity may lead to adverse metabolic consequences over time through multiple mechanisms. Studies of temporal progression of
these features suggest that fibrosis may precede inflammation that is associated with adverse metabolic consequences. lllustrated by Rachel Davidowitz.

Direct role of ECM in adipose tissue inflammation. The observation that fibrosis occurs before inflamma-
tion raises the question of whether the ECM itself affects inflammation. To evaluate the direct role of adi-
pose tissue ECM on the inflammatory profile of adipocytes, Pellegrinelli et al. (174) developed a 3D culture
system that uses human adipocytes conditioned with decellularized materials of subcutaneous adipose
tissue (AMAT). Adipokine secretion and lipolysis decreased while certain cytokines and fibrotic mediators
increased in cells treated with obese subjects’ dMAT, suggesting a direct effect of ECM on fibroinflam-
matory signaling in adipocytes. No studies to date have compared the effect of dMAT from metabolically
unhealthy obese samples to that of metabolically healthy obese samples. Moreover, these findings need to
be further validated in adipocytes conditioned with dMAT from visceral fat depots because subcutaneous
fat is not directly correlated with the systemic metabolic profile (19, 154, 175). Obesity-associated temporal
changes in fibrosis and inflammation are depicted in Figure 3.

Integrins: the functional link between matrix and cell metabolism

In general, the biology of integrins in tissue fibrosis has been extensively characterized, but the role of
individual integrins in adipose fibrosis and obesity is relatively understudied (176). A limited number
of studies have explored this facet of integrins. For example, Pellegrinelli et al. proposed that adipo-
cyte mechanotransduction is at least partially mediated by B, integrins (174). Other evidence linking
integrins to adipose tissue fibrosis comes from studies of the integrin ligand osteopontin, knockout of
which protects mice from both obesity and fibrosis (177). More work has been done on the influence of
integrins on adipogenic differentiation, including av (176) and o, (178). Recently, o, integrin subunit has
been identified as a surface marker for fibrogenic progenitor cells in obese adipose tissue of mice (179).
Further details on the role of integrins in adipose tissue biology and metabolism in general (not relating
to fibrosis) have been described (180-185) but are beyond the scope of this Review.

Future directions: therapeutic perspective
This Review has highlighted knowledge gaps in the understanding of the interplay between adipocyte biol-
ogy and ECM in obesity. The influence of ECM and its constituents on metabolic parameters and vice
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versa in the obese state remain incompletely understood. For example, type VI collagen appears deleterious,
whereas other collagens appear protective, at least initially, in the development of obesity-associated com-
plications. Deconvolution of the relationships among ECM deposition, local and systemic inflammation,
adipocyte differentiation, adipocyte size, and metabolic dysregulation in the obese state is clearly needed.
Future studies should address how adipose tissue ECM relates to obesity-associated endocrine and neuro-
hormonal changes and vice versa. Until all these interrelated relationships are more clearly understood and
can explain observations in humans and mice, attempts to target specific pathways, signaling molecules, or
cell types may remain empiric to some extent. Yet, there is enough evidence and clearly an unmet clinical
and public health need for attempting to address the development and progression of the unhealthy obese
state. Modulation of matrix remodeling enzymes, inhibitors, and signaling molecules that mediate cell-
matrix interactions are especially promising pharmacological targets. How cells degrade matrix in the adi-
pose compartment and whether cell-based matrix remodeling can be targeted to improve obesity-associated
comorbidities are unexplored areas. In sum, the influence of ECM on adipose tissue biology is extensive and
is a ripe area both for mechanistic investigative research and for therapeutic drug development.
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