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Abstract

iv

Metabolically unhealthy obesity (MUO) is associated with insulin resistance. In MUO,
adipose tissue (AT) demonstrates features suggestive of dysfunctional remodelling,
including

adipocyte

hypertrophy,

ectopic

lipid

deposition

and

AT

inflammation.

Metalloproteinases (MPs) and their tissue inhibitors (TIMPs) have been implicated in AT
remodelling, but their functions therein remain unclear. My investigations have identified an
association between subcutaneous adipose tissue (SAT) Timp3 expression and adipocyte
size. In order to address potential roles for TIMP-3 in MUO I have investigated its role in
regulating shedding of the adipogenic regulator Dlk-1 and cytokine receptors in cultured
human preadipocytes.
39 female subjects of a wide range of Body Mass Index (BMI) were recruited to a clinical
study. SAT Timp3 expression correlated with SAT adipocyte area (r = 0.429, p = 0.041). In
vitro, induction of preadipocyte differentiation significantly reduced Timp3 mRNA levels by
75%, while Tumour Necrosis Factor (TNF)-α reduced Timp3 mRNA levels by 66% (both
n=3, p<0.0001). Increased shedding of both Dlk-1 and soluble TNF receptor (sTNFR) -1 by
preadipocytes was observed in response to TNF-α treatment or by overexpression of
adenovirally-delivered TIMP-3.
MPs and TIMPs regulate adipose tissue remodelling. TIMP-3 emerges as a novel node
integrating inflammatory signals with networks controlling adipose remodelling. I hypothesise
that dynamic modulation of TIMP-3 expression is essential for healthy adipose tissue
expansion, but in MUO, excess TIMP-3 expression/activity may increase basal Dlk-1
shedding and reduce matrix turnover in adipogenesis, restricting preadipocyte differentiation
and shifting AT growth towards adipocyte hypertrophy.
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Chapter 1:
Introduction

1

1.1: Obesity, adipose tissue and metabolic disease
Overweight and obesity, defined as a body mass index (BMI) of 25-29.9 and ≥30 kg/m2
respectively, are associated with many adverse health outcomes, and ultimately increased
mortality [1]. The inexorable rise in their prevalence is a major factor contributing to the
increasing prevalence of metabolic disease, particularly insulin resistance (IR) and type 2
diabetes (T2DM). T2DM accounts for 85-95% of all cases of diabetes, of which there are an
estimated 285 million cases worldwide; this latter figure is expected to rise by over 50% by
2030 [2]. Current strategies for preventing and treating T2DM are limited in their range and
effectiveness. Furthermore, not everyone who is obese develops IR [3]. For these reasons,
increased understanding of the roles of the molecular players responsible for development
of IR/T2DM in obesity is required. This knowledge may identify new therapeutic targets for
potential pharmacological manipulation.

1.1.1 White adipose tissue
Triglycerides are the main energy storage molecules in humans - in an average Caucasian
male, approximately 100,000 kcal of energy is stored as triacylglycerol in adipose tissue,
compared to only 600 kcal as glycogen [4]. Adipocytes, which are capable of accumulating
triglycerides as one large cytoplasmic droplet, are the major cell type in white adipose tissue
(WAT) – a 2003 study found that in adult women, adipocytes outnumbered stromal cells 5to-1 in each gram of adipose tissue [5, 6]. The remainder of adipose tissue has been
collectively referred to as the stromal-vascular (S-V) fraction, and is composed of
macrophages and other immune cells, adipocyte precursors, fibroblasts, smooth muscle
cells and endothelial cells [7]. Far from being a passive energy repository, adipocytes and
the various other cells within adipose tissue interact with each other and other organs such
as the hypothalamus and liver to actively regulate energy homeostasis, via the secretion of
various adipocytokines, including leptin, adiponectin, resistin, and interleukins (IL)-6, 8 & 1β
[8].
WAT can be broadly divided into two major depots – subcutaneous (SAT) and visceral
(VAT) – that are thought to perform different functional roles and may thus make different
contributions to the development of metabolic disease. For example, visceral fat is
characterised by smaller adipocytes than subcutaneous adipose, and is more lipolytic and
less sensitive to the anti-lipolytic effects of insulin [9]. The secretion of free fatty acids (FFAs)
into the portal circulation by visceral adipose, and subsequent uptake by the liver, can
reduce hepatic insulin sensitivity leading to increased hepatic gluconeogenesis [10].
Centrally-distributed obesity, characterized by a high waist circumference (WC) and/or waist2

to-hip ratio (WHR), is associated with a greater risk of developing clinical outcomes of insulin
resistance such as the metabolic syndrome [11]. The specific influence of visceral adipose
tissue as opposed to abdominal subcutaneous adipose tissue (ASAT) has been
controversial, given the difficulty in quantifying the contribution of increased VAT volume or
increased ASAT volume to increased WHR/WCs in study subjects [12, 13]. Increased use of
imaging techniques such as dual energy X-ray absorptiometry (DXA), computed tomography
(CT) and magnetic resonance imaging (MRI) in such studies has served to highlight the
critical role of VAT expansion in metabolic dysfunction in obesity [14, 15].
1.1.2 Adipose tissue inflammation, restricted adipose expansion and whole-body lipid
distribution – linking obesity to insulin resistance and type 2 diabetes
When mammals gain weight, adipose tissue depots increase in volume. As this happens the
adipose tissue takes on a pro-inflammatory phenotype, which in turn is thought to lead to the
development of IR and T2DM [8, 16-20]. This low grade, chronic, systemic inflammatory
response is characterised by elevated circulating markers of inflammation including Creactive protein (CRP), IL-6, serum amyloid A (SAA), plasminogen activator inhibitor (PAI)-1
and fibrinogen [21-23]. There is an accumulation of immune cells (predominantly
macrophages) in adipose tissue depots [24-26], and these cells, in conjunction with the
adipocytes, display increased secretion of canonical cytokines such as IL-6, IL-8, tumour
necrosis factor (TNF)-α, and monocyte chemoattractant protein (MCP)-1 [27, 28]. Population
studies have repeatedly shown a direct correlation between levels of these inflammatory
mediators and states of metabolic dysfunction such as obesity and T2DM, and modulation of
the TNF-α system and its downstream pathways were shown to directly affect insulin
sensitivity [29-31].
It has been suggested that as adipose tissue reaches a ‘maximum storage capacity’, there is
an inability of the more insulin-sensitive subcutaneous adipose tissue to expand sufficiently
to accommodate excess ingested energy. According to the ‘lipid overflow’ hypothesis [10],
this leads to triglycerides being diverted to visceral adipose tissue, and also being deposited
in ectopic sites such as the liver, skeletal muscle and pancreas [32]. Lipodystrophy, a
congenial or acquired condition in which there is complete or partial failure of adipose tissue
development, represents the clinically-extreme phenotype of this process of ‘lipid overflow’,
with little or no triglycerides stored in adipocytes, and large amounts of extra-adipose fat in
liver, pancreas and muscles [33]. Excess fat in non-adipose tissue is metabolised by
alternative pathways leading to the phenomenon of lipotoxicity [34-36]. In the pancreas, for
example, the products of lipid peroxidation can accelerate the progression from insulin
resistance to T2DM by causing beta-cell dysfunction [9], whereas hepatic lipotoxicity
3

underpins non-alcoholic fatty liver disease (NAFLD), the most prevalent form of chronic liver
disease worldwide and a significant cause of hepatic failure and hepatocellular carcinoma
[37]. At a cellular level, it is thought that when the ability of preadipocytes to differentiate into
lipid-storing adipocytes is impaired, adipose tissue expansion occurs by hypertrophy,
generating fewer, larger adipocytes. Larger adipocytes are more insulin-resistant with
increased secretion of TNF-α and resistin, decreased release of adiponectin, and increased
secretion of free FFAs to the circulation [32].
1.1.3 Adipose tissue extracellular matrix
Although adipose tissue inflammation has been extensively studied and is the subject of
much ongoing research, comparatively little is known about adipose tissue extracellular
matrix (ECM), but there is emerging evidence that it is an important regulator of adipocyte
function. In common with other cells of mesodermal origin, such as osteoblasts and
chondrocytes, adipocytes are surrounded by a basal lamina rich in collagen IV, laminin and
nidogen [38, 39].

In adipose tissue, this basal lamina also has significant quantities of

collagen VI [39, 40]. Thus, preadipocyte differentiation necessitates a process of matrix
remodelling from a fibrillar, fibronectin/collagen I-rich stromal matrix to the basal lamina
composed of IV & VI, laminin and nidogen [41, 42]; this process has been observed in the
original electron microscopy descriptions of murine preadipocyte differentiation [43].
Fibronectin expression in fact decreases during differentiation of both preadipocytic cell lines
and primary human preadipocytes, and mature subcutaneous adipocytes express little
fibronectin [42]. Another matrix component with an emerging role in preadipocyte
differentiation is collagen XVIII, a widely-expressed basement membrane constituent with
structural features of both collagens and proteoglycans [44]. Collagen XVIII exists as three
alternatively processed variants: short, medium and long forms, which differ according to the
presence or otherwise of three N-terminal noncollagenous domains. Aikio and colleagues
demonstrated that the medium/long variants of collagen XVIII are upregulated during 3T3-L1
differentiation, whereas the short variant is downregulated – reciprocal changes are
observed when 3T3-L1 adipocytes are induced to dedifferentiate using Wnt3a-conditioned
medium. Furthermore, the specific absence of medium/long collagen XVIII reduces mouse
embryonic fibroblast (MEF) adipogenic differentiation, while short variant absence does not
have this effect. Col18a1P2/P2 mice lacking medium/long collagen XVIII demonstrate a
phenotype reminiscent of lipodystrophy, with reduced adiposity, increased liver fat,
hypertriglyceridaemia and high very low density lipoprotein (VLDL) levels [44].
Adipose ECM also undergoes significant changes in obesity. Microarray analysis of
epididymal WAT collagen expression in metabolically unhealthy obese db/db mice revealed
4

upregulation of various collagens, including collagens I, IV, V and VI, as compared to obese,
metabolically healthy, adipoTG mice whose hyperplastic WAT is composed of adipocytes
that constitutively overexpress adiponectin [45]. A role for adipose ECM in determining
whole-body metabolic outcomes is suggested by the obese col6KOob/ob mouse strain,
which is both collagen VI and leptin-deficient [45]. The lack of collagen VI in the adipocyte
basal lamina allows seemingly unlimited adipocyte hypertrophy, and although adipocyte
hypertrophy is normally associated with ‘metabolically unhealthy’ obesity and an increased
risk of development of insulin resistance [46], the col6KOob/ob mouse strain displays a
metabolically-favorable obese state [45]. Adipose tissue from these mice demonstrates an
‘anti-fibrotic’ expression programme, with increased decorin, and decreased lumican and
transforming growth factor (TGF)-β expression. Similar changes are seen in metabolically
favourable states such as PPARγ agonist administration [45].
Glycosaminoglycans constitute another class of structural ECM components implicated in
obesity, with hyaluronan or hyaluronic acid (HA) being particularly well-studied in this class.
HA is enriched in WAT of ob/ob and db/db mice, and this has been hypothesized to
contribute to increased WAT inflammation by facilitating monocyte attachment and migration
[47].
Apart from changes in the expression of structural ECM proteins, matricellular protein
expression is also regulated in WAT. Thrombospondin (THBS)-1, a large adhesive ECM
glycoprotein expressed predominantly in visceral adipose tissue, is downregulated during
human adipogenesis [42]. Mice lacking Thbs1 are protected from adipose tissue
inflammation and insulin resistance; conversely, this gene is upregulated in murine WAT
inflammation [47].
In human subjects, metabolic dysfunction in obesity is associated with increased adipose
tissue fibrosis, suggesting that adipose tissue dysfunction is associated with disordered
ECM turnover [23]. Fibrosis causes pathology in a number of different organs, including in
the liver and lung, and is defined as a pathological condition characterized by excessive
production and accumulation of collagen, loss of tissue architecture, and organ failure in
response to chronic inflammation [48-50]. The primary form in which collagen is found in
animal tissues is as very long fibrils with a characteristic axial periodic structure, which
provide a key scaffold for cell attachment and anchorage of macromolecules, allowing the
shape and form of tissues to be defined and maintained [51]. Increased collagen deposition
in fibrosis is thought to increase adipose tissue rigidity, limiting the ability of individual
adipocytes to respond dynamically to changes in nutritional status – that is, preventing
5

adipocyte expansion in positive energy balance and preventing adipocyte shrinkage in
negative energy balance [52]. Thus, adipose tissue fibrosis, via its effect on tissue rigidity,
may be of metabolic importance. Indeed, the degree of subcutaneous WAT fibrosis
correlates with markers of adipose tissue inflammation, while the degree of visceral WAT
fibrosis is inversely associated with metabolic parameters such as circulating triglyceride
levels [53]. Furthermore, following a 56-day period of overfeeding, expression of Col1a1,
Col3a1, Sparc and Tgfβ in whole subcutaneous adipose samples from male subjects is
increased, and there is a trend towards an increase in fibronectin expression [54]. Mice
deficient in SPARC, a profibrotic protein that is upregulated in processes requiring ECM
restructuring such as wound healing, demonstrate less WAT fibrosis and larger epididymal
fat pads with more numerous adipocytes than wild-type mice [55], while in obese human
subjects, SPARC expression by both visceral and subcutaneous WAT correlates with
measures of insulin resistance [56]. Recent work by Marcelin and colleagues has begun to
address the question of which cells are responsible for the development of adipose tissue
fibrosis in obesity. This group has identified a subset of platelet-derived growth factor
receptor-α-positive (PDGFRα+), CD9high adipose-derived mesenchymal stromal cells that are
enriched in omental adipose tissue of metabolically unhealthy obese (MUO) subjects.
Furthermore, activation of the PDGFRα pathway in these cells in mice results in the
development of a pro-fibrotic adipose phenotype, implicating this pathway in WAT fibrosis
[57].
Members of different proteinase families have been implicated in adipose tissue ECM
remodelling, including zinc metalloproteinases.
1.1.4 The role of metalloproteinases in the development of obesity-associated metabolic
dysfunction
Metalloproteinases are recognised effectors and modulators of the innate immune system in
other chronic inflammatory conditions [58], so it is not unreasonable to hypothesise that they
also play a role in the chronic inflammation and dysfunctional adipose ECM remodelling that
characterises metabolic dysfunction associated with obesity. Intriguingly, various members
of this family also appear to play a role in regulating the differentiation of adipocyte
precursors into mature adipocytes. Since failure of differentiation may lead to reduced
adipocyte numbers and thus decreased adipose tissue storage capacity, metalloproteinases
may function at the interface between the two aforementioned processes (inflammation and
restricted adipose expansion) that appear to be two of the main drivers of the development
of IR in obesity. Consequently, this system is an attractive subject for study in the search for
new therapeutic targets for these conditions.
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1.2: Zinc metalloproteinases and their inhibitors
The zinc metalloproteinases are evolutionarily ubiquitous proteins that rely on the presence
of a zinc ion for their catalytic activity, and are thus characterised by a minimal zinc-binding
motif (with amino acid sequence HGXXH), wherein the zinc ion is co-ordinated by the two
histidine residues [59]. Metzincins represent one subgroup, or clan, of this protease
superfamily, in which the zinc-binding motif is extended to include three histidines
(HEXXHXXGXXH...M) (Figure 1.1). Matrix metalloproteinases (matrixins, MMPs) and
metalloproteinases of the ADAM (a disintegrin and metalloproteinase) family, in turn, belong
to this clan. Both families are characterised by an N-terminal combination of a pro-domain,
which has chaperoning and regulatory functions, and the catalytic metalloproteinase (MP)
domain. ADAM and membrane type- (MT-) metalloproteinases have a transmembrane
region and a cytoplasmic tail, which is highly variable in length and sequence (Figure 1.2).
The MMPs and ADAMs have been reviewed in [60] and [61].

Zinc metalloproteinases

Inverzincins & others

Zincins

Gluzincins

Aspzincins

Metzincins

Serralysins

Matrixins/
MMPs

ADAMs

Astacins

Pappalysin

Reprolysins/
adamalysins

ADAMTSs

Class III snake
venom
metalloproteinases

Figure 1.1: A schematic diagram showing the relationship between different clans and families that all
belong to the zinc metalloproteinase superfamily. ADAMs and ADAMTS proteinases belong to the
reprolysin or adamlysin family. Adapted from [62], [63] and [64].
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1.2.1 Matrix metalloproteinases
24 mammalian MMPs have been identified, of which 23 are expressed in humans [60]. They
share a typical tertiary structure, with a five-stranded β-sheet and 3 α-helices organised in a
distinctive sequence [65]. They can be either secreted or membrane-bound, restricting their
activity to the juxtamembrane and extracellular spaces. Most are not usually expressed in
healthy tissues, but become detectable when repair & remodelling processes are set off, for
example with infection or inflammation. Most tissues are capable of expressing MMPs, but
the degree and range of MMPs expressed varies widely.
The purported roles of MMPs have expanded beyond simple extracellular matrix
degradation, as was initially thought when the first MMPs were identified in the 1960s.
Proteomic approaches, and investigations involving both loss-of-function and gain-offunction mutants have indicated that MMPs perform a variety of tasks during the
inflammatory response, including potential direct and indirect bactericidal activity (the latter
by activating α-defensins) [66], altering matrix to allow cell migration in wound healing [67],
and modulating chemokine activity by establishing concentration gradients [68] or by
converting them to antagonists of chemotaxis [69].
1.2.2 ADAMs and ADAMTSs
In ADAM proteins, the catalytic domain is followed by a disintegrin domain and a cysteinerich domain, and in the ADAMTS subgroup, a variable number of thrombospondin-like
repeats are found interposed with spacer regions. There are 21 secreted and
transmembrane human ADAM proteins, of which 8 have no protease activity. All 19 human
ADAMTS proteins are secreted, and their major role is to interact with and degrade ECM
components including procollagens and proteoglycans such as hyalectans and aggrecan
[70].
The activities of the 13 catalytically-active ADAMs proteins can be summarised into
ectodomain shedding and modulation of regulated intramembrane proteolysis (RIPping) [61].
In the former, ADAMs cleave ectodomains of membrane-bound proteins, including proligands, receptors and cell adhesion molecules, providing a powerful way of regulating cell
signalling and adhesion. For example, TNF-α activity is regulated in this way, with TNF-α
converting enzyme (TACE, now known as ADAM-17) releasing soluble TNF-α from its
membrane-bound form allowing it to act in a paracrine manner. The release of ligandbinding regions of transmembrane receptors, on the other hand, can attenuate signalling by
‘mopping up’ soluble ligands. RIPping, in contrast, refers to the cleavage of membranebound proteins through the transmembrane domain, releasing a cytoplasmic region into the
8

cytosol, where it may have signalling activity or be proteolytically degraded. Given their
pivotal role at the crucial interface between cells and their immediate microenvironment, it is
unsurprising that the ADAMs proteases have been implicated in many fundamental
homeostatic and developmental processes, from inflammation to reproduction [62].

!
Figure 1.2: Domain architecture of MMPs, ADAMs and ADAMTS proteases. All three groups of
proteins share a minimal structure of a regulatory N-terminal prodomain and a zinc-coordinating
catalytic domain. In the basic MMP structure shown, this minimal domain combination is preceded by
a signal peptide (SP). C-terminal to the catalytic domain, a hinge region and hemopexin-like domain
are found in most members of the matrixin family. Exceptions include MMP23, which is a type II
membrane MMP that has a signal anchor at the N-terminal end, and in which the hinge and
hemopexin-like domains are replaced by a cysteine array domain and an immunoglobulin-like domain
respectively (not shown). Further C-terminal to the hemopexin-like domain, other membrane-type
(MT) MMPs have a transmembrane (TM) and cytoplasmic (Cyt) domain (e.g. MMPs 14-16), or a
glycosylphosphatidylinositol anchor (MMPs 17 and -25). ADAMs and ADAMTS proteases are similar
in that both groups are characterised by a disintegrin-like domain and a cysteine-rich domain (CRD);
in ADAMTS proteases, these are separated by a thrombospondin repeat (TSR) and a spacer region.
A variable number of TSRs constitute the C-terminal end of the ADAMTS proteins. ADAMs are all
membrane-associated and thus have a TM and Cyt domain at the C-terminus. Adapted from [60], [62]
and [58].
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1.2.3 Regulation of metalloproteinase expression
As with other proteins, expression of MPs occurs in two phases: transcription of DNA to
messenger (m)RNA, and translation of RNA to proteins (Figure 1.3).

Protein

Figure 1.3: Protein expression may be simplistically viewed as the result of two steps: transcription of
DNA to messenger RNA, and translation of mRNA to an amino acid sequence, that then goes on to
adopt secondary and tertiary structure to become a protein. Image adapted from ‘OpenStax Anatomy
and Physiology Textbook’ version 8.25, and reproduced here under the Creative Commons Attribution
4.0 International license.

Metalloproteinase promoters harbour several cis-elements, allowing for regulation of MP
gene expression at the transcriptional level by a diverse set of trans-activators including
activator protein (AP)-1, PEA3 (a subfamily of the ETS [E26 transformation-specific] family
of transcription factors, Sp-1, β-catenin/Tcf-4, and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB). A large variety of cytokines or growth factors, including
interleukins, interferons, epidermal growth factor (EGF), nerve growth factor (NGF),
hepatocyte growth factor (HGF), fibroblast growth factor (FGF), vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), keratinocyte growth factor (KGF),
tumour necrosis factor (TNF)-α, and transforming growth factor (TGF)-β activate signalling
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pathways leading to the trans-activation of MP promoters at the AP-1 and/or PEA3 elements
[71]. Similarly, the AP-1 and PEA3 cis-elements mediate the induction of MP expression by
ECM proteins; interaction of cell-surface integrins with ECM components activates focal
adhesion kinase (FAK), which transmits signals intersecting with the MAPK pathway,
thereby increasing the transcriptional activity of AP-1 and PEA3 [72].
The adipokine chemerin, circulating levels of which correlate with body weight, appears to
be an adipose tissue-specific regulator of MP expression [73]. Chemerin signalling appears
to inhibit NF-κB signalling in mature adipocytes, leading to reduced MP expression. Indeed,
inhibition of chemerin signalling increased MP activity and the recruitment of macrophages
towards adipocyte-conditioned media [73]. This effect was not replicated by synthetic
chemerin added in culture, indicating that the secretion of this adipokine specifically by
adipocytes is somehow important in determining its function.
1.2.4 Regulation of metalloproteinase activity
Like most proteases, regulation of MP activity can occur at several levels. Gene and protein
expression is induced by mediators such as cytokines and growth factors via cognate
pathways in situations of tissue injury and repair [74]. Once expressed as proteins, their
pericellular location determines their spectrum of activity, by separating them from or
bringing them closer to their substrates. MMPs are kept close to the cell membrane, for
example, by binding to integrins, CD44 and surface proteoglycans [58]. MMP proteins are
initially expressed as inactive proMMPs, in which the catalytic zinc ion is coordinated by a
cysteine residue from the pro-domain. Interference with this interaction, for example by
cleavage of the pro-domain by proteins of the furin family, plasmin and other activated
MMPs, allows proMMP activation [58, 60].
ADAM surface expression is regulated by trafficking. Signalling within the cell can also
modulate ADAM activity at the cell surface. In ‘triple-membrane passing signalling’, Gprotein coupled receptor (GPCR) ligands activate signalling pathways relying on
phosphoinositide-3-kinase (PI-3K) and Src, which stimulate ADAM activity presumably by
phosphorylation of the intracellular region, modulating ADAM-mediated epidermal growth
factor receptor (EGFR) ligand release [75].
Various proteins also serve as natural inhibitors of MPs. In adipose tissue, one group is of
particular relevance: tissue inhibitors of metalloproteinases (TIMPs). TIMPs 1 to 4 are twodomain proteins, with an inhibitory N-terminal domain thought to fit into the MP catalytic cleft,
and a C-terminal domain that determines specificity. They selectively inhibit MMPs in a 1:1
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stoichiometric manner. The inhibition of ADAMs proteases is thought to be more complex,
with multiple protein-protein interactions. Not all TIMPs inhibit all MPs; TIMP-3 inhibits all
MMPs and several ADAMs, for example, and is the main inhibitor for TACE/ADAM17 [61].
Furthermore, not all MP-TIMP interactions are inhibitory – binding of both TIMP-2 and active
MMP-14 is required for MMP-2 activation [76, 77], [78].
Another natural inhibitor of MPs is reversion-inducing cysteine-rich protein with Kazal motifs
(RECK), a membrane-bound glycoprotein known to inhibit MMPs -2, -9 and -14 and ADAM10 [58, 60]. Furthermore, circulating α2-macroglobulin, α1-proteinase inhibitor and α1chymotrypsin bind several enzyme types, including MPs, allowing uptake by scavenger
receptors [58, 60].

1.3: Roles for metalloproteinases and tissue inhibitors of metalloproteinases in obesity and
metabolic disease
1.3.1 Introduction
The expression and function of MPs and TIMPs has been investigated extensively in various
model systems, ranging from cell lines to human clinical studies. In this section, I outline and
discuss the various sources of evidence that indicate potential roles for MPs and TIMPs in
adipose tissue function and dysfunction. I focus on their expression, roles in adipogenic
differentiation, and the conclusions that can be drawn from study of knockout mice
phenotypes and analysis of clinical studies.

1.3.2 Expression of MP/TIMP mRNA/proteins from cultured cells and whole adipose tissue –
cell lines, murine, and human
1.3.2.1 Cell lines
3T3-L1 adipocytes [79] express Mmp2, Mmp9 and Mmp14 mRNA [80]; gelatinase activity
suggestive of MMP-2 (gelatinase A) and MMP-9 (gelatinase B) secretion was identified in
3T3-L1 [80] and 3T3F442A [81] conditioned media, and MMP-14 protein presence was
confirmed on immunoblot [80]. TIMP-1 expression has also been reported in 3T3-L1
cultures, and both mRNA and protein levels are increased by stimulation with the betaadrenergic agonist isoproterenol [82].
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When the expression profiles of cultured Simpson-Golabi-Behmel syndrome (SGBS) human
adipocytes [83] were investigated using microarrays, 1088 transcripts were found to be
differentially regulated, depending on whether the cells were exposed to control adipocyte
feeding medium (CON), control macrophage culture medium (UC), or U937 macrophageconditioned (MC) medium, a model of adipose inflammation in obesity. With the latter
treatment, the expression of various MMPs, particularly 1, 3, and 10, and interleukins 1β, 6,
7, 8 and 11 was markedly increased [84]. The increased expression of Mmp1 and Mmp3
could also be appreciated when SBGS adipocyte cultures were stimulated with TNF-α, and
upregulation of MMP-1 and MMP-3 protein was confirmed by ELISA [84]. Similarly,
undifferentiated SGBS preadipocytes exposed to U937 MC medium upregulate MMP-3,
MMP-9 and MMP-12 expression [85].
1.3.2.2 Primary cell culture
Primary rat adipocytes cultured on Matrigel® secrete 72kDa and 62kDa gelatinase activity,
likely corresponding to MMP-2. This appears to be required for adipocyte migration through,
and turnover of, the Matrigel® extracellular matrix, as both these activities were inhibited by
the MMP inhibitor 1,10-phenanthroline, taking into account the cytotoxic effect of 1,10phenanthroline [86]. Similarly, human in vitro-differentiated primary adipocyte cultures
express MMP-2 and MMP-9, and gelatinase activity is detected in media conditioned for 24
hours by human subcutaneous adipose tissue explants [81], [87]. Both human primary
preadipocytes and in vitro-differentiated adipocytes stimulated by MC medium upregulate
MMP-1 and MMP-3 expression, an effect that appears to be mediated by IL-1β and TNF-α
[88].
1.3.2.3 Murine adipose tissue
Rodent models of genetic obesity and diet-induced obesity also display consistently altered
MMP and TIMP expression patterns, when compared to wild type or lean mice. MMP-2
expression is higher in the epididymal and subcutaneous white adipose tissue (WAT) of (i)
wild-type mice on a high-fat diet (HFD) and (ii) genetically obese db/db mice, as compared
to wild-type mice on a standard-fat diet (SFD) [89]. Likewise, epididymal WAT obtained from
ob/ob or db/db mice, or from AKR mice (an inbred strain in which the AKV retrovirus genome
is integrated in the mouse genome, such that the mice are viraemic from birth [90]) fed a
HFD [91], showed increased expression of MMPs-2, -3, -12, -14, -19 and TIMP-1, and
reduced expression of MMP-7 and TIMP-3, as compared to lean C57BL/6 controls [7]. In
wild type mice fed a HFD for 15 weeks, WAT expression levels of 11 MMPs and TIMPs as
assessed by semiquantitative RT-PCR were different from littermates fed a standard fat diet
(SFD), with particularly large increases seen in MMP-3 and TIMP-1 expression [92]. Whole
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WAT TIMP-1 messenger RNA and protein overexpression with HFD feeding in wild-type
mice and in ob/ob mice has also been described more recently, along with increased
circulating TIMP-1 levels in these obese mouse models [93]. A role for MMP-2 and MMP-9
in adipose tissue remodelling is suggested by the finding that their expression and activity
vary with weight loss as well as with weight gain. Following HFD feeding for 50 weeks,
obese C57BL/6 mice were subjected to caloric restriction (27 kJ/day) for 6 weeks, during
which they lost ~40-50% of their body weight. As compared to obese controls maintained on
a HFD, Mmp2 mRNA and gelatinase activity were higher in subcutaneous and gonadal fat
pads from mice in the experimental group, whereas MMP-9 levels in tissue as assessed by
ELISA were reduced with weight loss [94]. A summary of MMP and TIMP expression by
whole WAT from various obese mouse models is provided in Table 1.1 (a discussion of
MP/TIMP expression in whole human adipose tissue is found in section 1.3.5, page 25).

Increased expression
ob/ob, db/db mice

MMP-2, 3, 12, 14, 19

MMP-7

TIMP-1

TIMP-3

MMP-2, 12, 19

MMP-7

TIMP-1

TIMP-3

MMP-2, 3, 11, 12, 13, 14

MMP-7, 9, 16, 24

TIMP-1

TIMP-4

MMP-2

MMP-9

AKR mice fed HFD
Wild type mice fed HFD

Decreased expression

Calorie-restricted obese
wild type mice

Sources: [7, 89, 92-94]

Table 1.1: Differential expression of MMPs/TIMPs by WAT from obese mice. Despite the differing
aetiologies for obesity, the expression patterns are similar and consistent.

On separation of ob/ob adipose tissue into adipocyte and non-adipocyte (or S-V) fractions,
analysis of MMP/TIMP mRNA levels revealed that the greatest differences between obese
mice and lean controls occurred in the S-V fraction (Table 1.2), leading to the suggestion
that, in obesity, the S-V fraction of adipose tissue changes its expression of MPs and TIMPs
to a greater degree than adipocytes [7].
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Adipocyte fraction

S-V fraction (change vs.

(change vs. lean control)

lean control)

MMP-12

4.4x ↑

17.8x ↑

MMP-7

1.9x ↓

4.6x ↓

MMP-2

2.2x ↑

3x ↑

TIMP-1

2.6x ↑

4.4x ↑

TIMP-3

3.6x ↓

8.2x ↓
Source: [7]

Table 1.2: Changes in expression levels of various MMPs/TIMPs as assessed by Northern blot and
quantitative reverse transcription PCR, when murine adipose tissue is separated into adipocyte &
non-adipocyte fractions

1.3.3 MMPs, ADAMs and TIMPs are involved in preadipocyte differentiation via extracellular
matrix remodelling and effects on signalling
The process by which preadipocytes differentiate into adipocytes is complex, involving a
highly regulated sequence of transcriptional events [95]. In vitro, the spindle-shaped
preadipocytes appear to detach from their surrounding matrix and take on a more rounded
appearance, while beginning to accumulate triglycerides as cytoplasmic lipid droplets
surrounded by a phospholipid monolayer [95]. Simultaneously, the surrounding ECM is
remodelled from a stromal matrix to one more closely resembling a basal lamina, as
described earlier. MPs and TIMPs may be involved in this process of ECM detachment and
remodelling, and may modulate the availability and activity of extracellular cues for
preadipocyte differentiation.
1.3.3.1 Differentiating preadipocytes modulate expression of MPs and TIMPs
All four TIMPs are downregulated at the induction of 3T3-L1 differentiation, but this effect is
most dramatic in the case of TIMP-3 [96], which is also significantly downregulated in mouse
embryonic

fibroblasts,

human

subcutaneous

preadipocytes

and

human

visceral

preadipocytes after two days of treatment with differentiation induction medium [96]. Taken
as a whole, MMP expression changes over the course of differentiation are more complex,
with a number being upregulated (e.g. MMPs-2, -7 and -11), and others demonstrating
biphasic expression in 3T3-F442A and 3T3-L1 preadipocytes (e.g. TIMP-1, MMPs-9 and 14; see Table 1.3) [80, 92, 97]. The regulation of MMP-2, MMP-9, TIMP-1 and TIMP-4
expression during differentiation has been corroborated by zymography and reverse
zymography of conditioned media from both these cell lines [80, 92]. Biphasic Timp1
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expression changes are also seen in 3T3-L1 preadipocytes, with an initial downregulation
followed by upregulation one week after differentiation induction, as determined by Northern
blot [7] and quantitative RT-PCR [93]. MMP-1 and MMP-3 appear to be significantly
downregulated at the induction of differentiation of human preadipocytes in culture [88].
MMP-3 downregulation is also seen in differentiating 3T3-L1 preadipocytes [98], where it
appears to be regulated by the transcription factor retinoid-related orphan receptor (ROR)-γ
[99]. It should be noted, however, that differentiation induction medium typically contains
dexamethasone, and a direct effect of glucocorticoids, including dexamethasone, in reducing
MMP-1 and MMP-3 expression in a variety of cell types, including bovine [100] and equine
[101] primary articular chondrocytes, a human synovial sarcoma cell line [102], and a
gingival fibroblast cell line [103], has been noted previously. Therefore, further investigation
is needed to determine whether the downregulation of collagenase-1 and stromelysin-1
expression in differentiating human preadipocytes is due to the initiation of differentiation or
due to the direct effect of dexamethasone in the differentiation induction medium.

Expression change
Upregulated

MP or TIMP
MMP-2, MMP-3*, MMP -7, MMP -11, MMP -12,
MMP-13

Downregulated

MMP-3*, proMMP-14, MMP-17, TIMP-2, TIMP3,
TIMP-4

Upregulated then downregulated

MMP-9**, Active MMP-14, MMP-19, ADAM-12

Downregulated then upregulated

MMP-9**, MMP-10, MMP-16, MMP -24, TIMP-1

*: MMP-3 has been reported as being upregulated in 3T3-F442A differentiation, while it is downregulated in 3T3-L1
differentiation
**: MMP-9 has been reported as showing opposite biphasic expression patterns in 3T3-F442A differentiation

Sources: [80, 92, 96-99, 104]

Table 1.3: Expression of different MPs and TIMPs over the course of differentiation of 3T3-F442A and
3T3-L1 preadipocytes, as assessed using semi-quantitative RT-PCR, gelatin zymography, reverse
zymography or Western blotting.

1.3.3.2 MPs and TIMPs have roles in ECM remodelling in adipogenesis
The regulation of MP and TIMP expression over the course of preadipocyte differentiation
implies a functional role for these proteins. In fact, MMPs may remodel the ECM surrounding
preadipocytes into a more permissive environment for differentiation. Fibronectin (Fn) is
thought to be a major component of adipose ECM with which preadipocytes interact [42,
105, 106]. MMP-2 upregulation in the initial stages of differentiation may be required to
degrade this fibronectin network; inhibition of MMP-2 action with both broad-spectrum and
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specific inhibitors results in maintenance of a Fn-rich ECM and reduced adipogenesis [80]
(see also ‘Effects of MP inhibition’, below).
Another MP that may be involved in Fn remodelling during adipogenesis is ADAM-12.
Overexpression of ADAM-12 at the cell surface in 3T3-L1 preadipocytes causes
reorganisation of extracellular Fn from a fibrillar network to a dense, basement membranelike pericellular configuration. In parallel, the cells spontaneously become rounder and there
is cortical relocalisation of the actin cytoskeleton – changes that are all typical of
preadipocyte differentiation [104]. The interaction with actin filaments is particularly
intriguing; ADAM-12 appears to reduce β1 integrin activation at the onset of differentiation in
a protease-independent manner, suggesting a role for ADAM-12 in modulating signalling
between the extracellular matrix and the cytoskeleton [104]. A pro-adipogenic effect of
ADAM-12 has also been indicated by the phenotypes of transgenic mice overexpressing
soluble ADAM-12 in their skeletal muscle [107], and ADAM-12 deficient mice [108] (see
‘Mutant rodent strains’ section below).
Chun and colleagues have also implicated MT1-MMP or MMP-14, a membrane-bound
matrixin, in adipocyte differentiation. They discovered that adipocytes from Mmp14 null mice
were smaller than in WT, and that WAT from Mmp14-/- mice had a higher collagen content
than that in WT controls. Intriguingly, preadipocytes from these knockout mice differentiated
normally when cultured on flat surfaces, but could not do so when cultured in a threedimensional collagen I gel, but their adipogenic potential in 3D could be restored by
reduction of the collagen density of the 3D collagen I matrix [109]. MMP-14-mediated
collagen turnover may also be required during HFD-induced adipose tissue turnover, as
Mmp14 haploinsufficient mice on a HFD demonstrated increased collagen accumulation,
decreased collagen cleavage, and reduced adipose depot size [110] (see ‘Mutant rodent
strains’ section below). These data have led to the suggestion that MMP-14 is required to
remodel the 3D matrix into a permissive environment for WAT expansion, particularly via its
effect on pericellular collagen fibrils.
Aggrecan and versican are also remodelled in adipogenic differentiation. ADAMTS-4 and
ADAMTS-5 are well-described aggrecanases in many human tissues such as cartilage and
tendons [111], but Gorski et al found that deletion of Adamts5 from murine adipose-derived
stromal cells did not affect aggrecan or versican degradation, suggesting that other
members of the ADAMTS family may be involved in this aspect of ECM turnover in adipose
tissue [112]. However, the finding of increased proteoglycan synthesis in cells carrying this
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deletion indicates that ADAMTS-5 still plays a role in regulating adipose ECM structure and
function [112].
1.3.3.3 MPs and TIMPs modulate adipogenic signalling
Given the well-described role of TACE/ADAM-17 in the shedding of many cell surface
proteins, including adhesion molecules, cytokine and growth factor receptors and many
ligands of the EGF receptor (reviewed in [113, 114]), ADAM-17’s effects on adipogenesis
may shed light on the signalling factors regulating preadipocyte differentiation.
One such factor is preadipocyte factor (Pref)-1, the mouse homolog of human Delta-like
protein (Dlk)-1. It is an EGF-like repeat containing protein that is present in preadipocytes
but absent in adipocytes, thus serving as a marker for the former [115]. Unlike other proteins
containing EGF-like repeats, such as Jagged, Pref-1 lacks a Notch interaction domain so it
does not activate Notch signaling [116] Originally cloned from a cDNA library from 3T3-L1
preadipocytes [117], it is expressed in many embryonic tissues, but in adulthood it is found
only in preadipocytes, pancreatic beta cells, pituitary somatotrophs, adrenal tissue, skeletal
muscle and thymic stroma. Pref-1 is subject to genomic imprinting with expression only from
the paternally inherited allele [116]. It is known to be involved in other mesenchymal
differentiation processes apart from adipogenesis, such as osteoblastogenesis and
chondrogenesis, as well as having roles in haematopoeisis and lymphocyte B-cell
differentiation. In general, Pref-1 seems to function to maintain proliferating progenitor cells
in an undifferentiated state during development [118].
Pref-1 undergoes considerable post-transcriptional and post-translational modification.
There are four splice variants, A-D, each of which can undergo post-translational
modifications with sialic acids and N-linked oligosaccharides being tagged to the
extracellular domain. Membrane-bound Pref-1 (mPref-1) can also be proteolytically cleaved
at two sites to generate two forms of soluble Pref-1, or sPref-1 – a 25 kDa and a 50 kDa
form. Only Pref-1A and B display the cleavage site necessary to create the circulating 50
kDa sPref-1, and this lytic step is catalysed by ADAM-17 [119]. Stimulation of ADAM-17
activity by phorbol 12-myristate 13-acetate (PMA) increases Pref-1 shedding, an effect that
is nullified by the addition of ADAM-17 inhibitors such as TIMP-3, TAPI-0 and GM6001 (a
broad MMP/ADAM inhibitor). The full-length, membrane bound mPref-1 and the shed sPref1 appear to have divergent roles in adipose tissue remodelling. It is the long, 50 kDa form of
sPref-1 that is thought to be biologically active in inhibiting preadipocyte differentiation, as 25
kDa sPref-1 and mPref-1 do not exhibit this activity [120]. mPref-1, however, appears to
strongly inhibit preadipocyte proliferation – an effect not shared by sPref-1 [121]. Thus, Pref18

1 may constitute a major regulator of adipose tissue expansion, and given ADAM-17’s role in
TNF-alpha shedding, the ADAM-17/sPref-1 axis provides another link between adipose
tissue inflammation and regulation of preadipocyte differentiation.
Manipulation of ADAM-17/Pref-1 activity in vitro and in vivo has appreciable effects on both
adipocyte differentiation and markers of metabolic function. Both treatment with GM6001
and transfection with ADAM-17-directed siRNA (inhibiting sPref-1 shedding) lead to
increased lipid droplet accumulation in preadipocyte model cell lines, whereas transfection
with a Lenti-TACE virus to bring about ADAM-17 overexpression decreases this [119]. Wildtype mice fed a HFD show increased soluble Pref-1 (sPref-1) levels but decreased Pref-1
mRNA when compared to Adam17+/- mice [122]. Transgenic mice expressing an sPref1/hFc fusion protein under the control of the adipocyte fatty acid binding protein (aP2)
promoter display decreased adipose tissue mass, decreased adipocyte marker expression
(such as leptin, fatty acid synthase [FAS] and C/EBPα), and hypertriglyceridaemia,
hyperglycaemia and insulin resistance – a lipodystrophic –like phenotype [123]. Interestingly,
adipose tissue mass is also reduced when mice are engineered to overexpress sPref-1 in
their liver (under the control of the albumin promoter), suggesting a possible endocrine role
for this molecule [123]. Furthermore, WAT from ADAM-17 haploinsufficient and functional
ADAM-17 knockout mice has smaller adipocytes packed together at increased density than
that in WT mice [122, 124], suggesting that reduced ADAM-17 activity may decrease sPref-1
shedding and allow increased hyperplastic adipose tissue expansion (see ‘Mutant rodent
strains’ section below).
A number of different constitutive and conditional Pref-1-null mouse strains have been
generated. Dlk1tmHsul mice [125], for example, show significant neonatal lethality – those that
survive the neonatal period initially weigh significantly less than their wild-type littermates,
but after weaning onto a high fat diet go on to gain weight faster than wild-type mice, due to
larger white adipose tissue depots with larger adipocytes. They also display increased
serum triglycerides, cholesterol and free fatty acids [125]. Dlk1cons mice, which demonstrate
a significantly larger deletion than that in Dlk1tmHsul mice, are also smaller than controls in the
neonatal period [116]. Female Dlk1cons mice on a normal diet had lower retroperitoneal,
inguinal and parametrial fat pad weights, and in both males and females mean adipocyte
size was smaller than in controls at 6 weeks, but not different from controls at 16 weeks
[116] (Table 1.4).
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Cell lines (3T3 L1,

Mouse models

MEFs)
Pref-1/Dlk-1
overexpression
Pref-1/Dlk-1
knockout/knockdown

Reduced differentiation

Decreased adipose tissue mass,

into adipocytes

hyperlipidaemia, insulin resistance

Increased lipid droplet

Larger fat depots, larger adipocytes,

accumulation

hyperlipidaemia
Sources: [116, 121, 123]

Table 1.4: A summary of the effects of Pref-1/Dlk-1 overexpression or knockout/knockdown in
experiments involving cell lines or mouse models.

The signalling pathways mediating the inhibition of preadipocyte differentiation by sPref-1
are incompletely understood, but fibronectin-stimulated integrin signalling appears to be
required [126]. Fibronectin-integrin binding is known to activate ERK/MAPK pathways via
Rho-like GTPases, which corresponds with work identifying this canonical signalling
pathway as necessary for Pref-1’s inhibition of adipocyte differentiation [127]. The activation
of ERK/MAPK signalling upregulates & maintains the expression of Sox9, a transcription
factor that suppresses the expression of CCAAT enhancer binding proteins (C/EBP)-β and δ. These in turn serve to induce C/EBP-α and peroxisome-proliferator activated receptor
(PPAR)-γ, transcription factors needed for adipocyte differentiation (Figure 1.3) [128]. In this
regard, MMP-2-mediated fibronectin degradation at the onset of differentiation may be an
additional mechanism by which the anti-adipogenic effect of sPref-1 is abrogated.
Another ADAM that has Pref-1 as a substrate is ADAM-12. Adam12-null and Adam12overexpressing mouse strains exhibit phenotypes that are incongruous with those of mice
with ADAM-17 deficiency or overexpression, indicating that ADAM-17 and ADAM-12 are
unlikely to perform redundant roles (see ‘Mutant rodent strains’ section below). Furthermore,
ADAM-12 is involved in fibronectin remodelling and integrin signalling as described above,
suggesting that ADAM-12 plays a complex role in this process.
ADAM-17 may also affect preadipocyte differentiation through its release of soluble TNF-α.
Higher BMI and higher WHR are both associated with increased MAP4K4 expression in
preadipocytes. MAP4K4 activity can be induced by TNF-α, and leads to inhibition of PPARγ
activation and thus inhibition of adipogenesis. Addition of TNF-α to human preadipocytes
inhibits differentiation into adipocytes; this effect is reversed by its removal from the medium
[129].
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Figure 1.4: Proposed mechanism by which sPref-1 inhibits differentiation of preadipocytes. Interaction
of sPref-1 with fibronectin may trigger integrin signalling, which enhances Sox-9 expression. This in
turn reduces the expression of transcription factors that promote differentiation, including C-EBPs and
PPARγ.

1.3.3.4 Effects of MP inhibition
Given the complex regulation of MP expression in adipogenesis, and the varied roles
proposed for this superfamily, it is unsurprising that MP inhibition can have both pro- and
anti-adipogenic effects. Various strategies to inhibit or reduce MP activity have been utilised,
including pharmacological inhibitors, TIMP overexpression, anti-MP antibodies and MP
knockdown using RNAi technology, and the differential effects on preadipocyte
differentiation may be due to the different spectra of inhibition of these approaches. The
effects of modulation of MP function on preadipocyte differentiation are summarised in Table
1, Appendix A.
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1.3.4 Mutant rodent strains demonstrate metabolic consequences of MP/TIMP manipulation
1.3.4.1 MMPs
Gelatinases are regulated during preadipocyte differentiation, and their inhibition has varying
effects on adipogenesis. Mmp2-/- mice fed a HFD for 15 weeks gained less weight, and had
smaller adipose depots with larger adipocytes than WT counterparts – a similar phenotype
to that shown by WT mice fed a HFD and treated with the gelatinase inhibitor tolylsam (see
Table 1, Appendix A) [130]. Mmp9 null mice fed a HFD, on the other hand, do not differ from
their WT littermates in terms of their body weights, fat mass, or adipose tissue architecture in
either subcutaneous or perigonadal depots [131]. This is in keeping with the finding that
shRNA-mediated knockdown of Mmp9 does not appear to affect in vitro differentiation of
3T3-F442A preadipocytes [97], but does not explain the association between circulating
MMP-9 levels and obesity in human females [131] (see ‘Human studies’ section below).
Disruption of either stromelysin-1 (Mmp3) or stromelysin-3 (Mmp11) genes, on the other
hand, invariably produces a metabolic phenotype. Mmp3-/- mice are hyperphagic, and after
a 15-week period of HFD feeding have larger adipose depots than WT controls. In Mmp3
null mice, perigonadal adipose tissue demonstrates larger adipocytes and a higher vessel
density, but circulating triglycerides are lower. Interestingly, adipogenesis is also accelerated
during mammary gland involution in these mice, with mammary tissue from Mmp3-/- mice
showing an increased number of larger adipocytes after weaning than controls [98]. This is
consistent with increased differentiation of 3T3-L1 preadipocytes when these are treated
with a specific MMP-3 inhibitor or are subjected to siRNA-mediated Mmp3 knockdown [99]
(see Table 1, Appendix A), and with the finding, in the same study, that ROR-γ is a regulator
of MMP-3 expression and that Rorγ deficient mice show enhanced adipogenesis [99] (see
‘Expression of MPs and TIMPs during differentiation’ section above). HFD feeding in
Mmp11-/- mice similarly caused increased weight gain as compared to WT counterparts,
with larger adipose depots and hypertrophic adipocytes, but there was no difference in
fasting glucose, triglyceride or total cholesterol levels [132].
Conversely, MMP-14 activity appears to be important in adipogenesis. Mmp14-/preadipocytes do not differentiate in three-dimensional collagen I gels (see ‘Roles in ECM
remodelling’ section above), and Mmp14 null mice have undetectable serum leptin and
increased hepatic triglyceride [109]. On a HFD, Mmp14 haploinsufficient mice gain less
weight than controls, and have smaller inguinal and perigonadal adipose tissue depots, with
no differences in food intake or metabolic rates [110].
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MMP-19 may also play a role in adipose remodelling, as Mmp19-/- on a HFD gain more
weight than WT littermates, and display adipocyte hypertrophy in both main adipose depots,
with no detectable difference in expression of adipogenesis-related genes [133]. Mice
deficient in macrophage elastase (MMP-12), however, gain weight at the same rate as WT
controls on a HFD, and their metabolic phenotype is very subtle, with a trend towards higher
plasma glucose and smaller subcutaneous adipocytes. There was no difference in
macrophage infiltration between Mmp12-/- and Mmp12+/+ mice, but null mice had a lower
number of crown-like structures (CLS; the microscopic appearance of multiple macrophages
which fuse and surround a dying adipocyte, phagocytosing it), which suggests that this
metalloproteinase plays a role in the formation of these multinucleated syncytiae thought to
be involved in the clearing of dead adipocytes [134].
1.3.4.2 ADAM-12
The putative roles of ADAM-12/meltrin α in adipogenesis have been alluded to above, with
evidence suggesting functions in Fn remodelling and regulation of Fn-integrin interaction in
preadipocyte differentiation, as well as possibly serving as a Pref-1 sheddase (see ‘ECM
remodelling’ and ‘Adipogenic signalling’ sections above). About 30% of ADAM-12 deficient
pups die within 1 week of birth; those that survive display a mild phenotype on a standard
diet, with about a third of them having smaller interscapular brown adipose tissue depots in
early life [108]. On a HFD, meltrin α-/- mice gained less weight than WT controls, had lower
circulating leptin levels, and had smaller BAT, WAT and livers. The difference in WAT depot
size was found to be due to a smaller number of adipocytes in the knockout strain – the
mean adipocyte size did not differ from that in WT mice – corroborating the findings of in
vitro studies suggesting a role for ADAM-12 in differentiation [135]. Interestingly, on a
standard diet the ADAM-12 deficient mice were more insulin sensitive on an insulin
tolerance test (ITT), and had lower circulating triglycerides and NEFA levels than their
controls, but these differences were absent when both groups were fed a HFD [135].
Transgenic mice overexpressing the soluble form of ADAM-12 (ADAM-12-S) under the
control of the muscle creatine kinase (MCK) promoter also demonstrate an interesting
phenotype suggesting a role for ADAM-12 in adipogenesis. In this strain, ADAM-12 is
overexpressed by skeletal and, to a lesser extent, cardiac muscle, and is found circulating at
high levels in the serum. The transgenic mice have larger adipose tissue depots with a
greater number of similarly-sized adipocytes as compared to controls, and also display large
numbers of adipocytes within their skeletal muscle, in close proximity to myocytes (there is
no intramyocellular lipid, indicating that this phenotype is not due to ectopic lipid deposition).
Despite the greater fat mass, these mice do not differ from controls in terms of fasting
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glucose, insulin, triglyceride and cholesterol levels. The ADAM-12 protease domain appears
to be essential for the development of this phenotype, as transgenic mice overexpressing a
form of ADAM-12-S lacking the metalloproteinase domain are no heavier than littermate
controls [107].
1.3.4.3 TIMP-3 and TACE/ADAM-17
TIMP-3 is downregulated in ob/ob, db/db and AKR mice fed a HFD [7]. To investigate its
effects in obesity, mouse strains deficient in TIMP-3 were generated. When compared to
wild-type (WT) mice, Timp3 null mice have similar fasting/fed glucose and insulin levels,
leptin and adiponectin levels, and glucose tolerance. When the offspring generated by
crossing these mice with Insr haploinsufficient mice (a model for insulin resistance) are fed a
HFD, these Insr+/-Timp3-/- mice demonstrate worse hyperglycaemia and hyperinsulinaemia
than wild-type, Timp3-/- or Insr+/- controls fed a HFD, indicating that the effects of TIMP-3
deficiency are additive. Analysis of their adipose tissue indicates increased expression of
inflammatory mediators such as MCP-1, CCR2 and IL-6. Liver transaminases are also
significantly raised, and histological analysis of liver tissue from HFD-fed Insr+/-Timp3-/mice reveals changes indicative of ectopic fat deposition. These changes are absent or
much more subtle in wild-type, Timp3-/- and Insr+/- mice fed a HFD [136]. These histological
appearances are similar to those seen in grade 3 non-alcoholic fatty liver disease (NAFLD),
a condition associated with obesity and insulin resistance in humans [137], suggesting a role
for TIMP-3 in the processes of inflammation and ectopic lipid deposition that have been
implicated in the progression from obesity to insulin resistance and T2DM.
Further experiments on Insr haploinsufficient mice have identified a role for TIMP-3 and one
of the major MPs it inhibits, TNF-α converting enzyme (TACE, now known as ADAM-17), in
this process. Researchers stratified Insr+/- mice into normoglycaemic (Insr+/-N) and diabetic
(Insr+/-D) groups. In the diabetic cohort, there is significantly reduced skeletal muscle
expression and activity of TIMP-3, as compared to both Insr+/-N and WT littermates [138].
Furthermore, Insr+/-D mice show higher circulating and skeletal muscle TNF-α levels. It is
hypothesised, therefore, that TIMP-3 deficiency allows unchecked TACE activity, releasing
more

soluble

TNF-α

and

driving

inflammation

and

metabolic

dysfunction.

The

hyperglycaemic phenotype, in fact, can be reversed by administration of anti-TNF-α antibody
or a TACE/MMP-2/-9 inhibitor, TAPI-1, to Insr+/-D mice. TNF-α protease inhibitor (TAPI)-1
treatment, in particular, reduced glucose, insulin and TNF-α levels to those of WT mice
[138]. Complete Tace/Adam17 deficiency is lethal in the perinatal period [139], but offspring
of Insr+/- mice crossed with Tace/Adam17 haploinsufficient mice (Tace/Adam17+/-) do not
become hyperinsulinaemic when fed a HFD, suggesting that partial ADAM-17 deficiency
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may be metabolically protective [136]. Tace/Adam17+/- mice fed a HFD gain less weight,
show lower fed glucose, fasting/fed insulin and non-esterified fatty acid levels, and
decreased insulin resistance as compared to WT mice fed the same diet. WAT from WT
mice shows higher levels of free TNF-α, and increased phosphorylation of insulin receptor
substrate (IRS)-1 at S307, which is characteristic of TNF-α-induced insulin resistance [122].
Similarly, TaceMx1 mice, in which a systemic temporal deletion of Tace/Adam17 can be
induced by intraperitoneal administration of polyinosinicpolycytidylic acid (pIpC), have
smaller adipocytes, improved insulin sensitivity on both ITT and glucose tolerance tests, and
reduced hepatic lipid as compared to control littermates on a HFD [140].
The creation of mice lacking functional TACE has shed further insights into its role in
adipocyte function [124]. TaceΔZn/ΔZn mice have a deletion in exon 11 of the Tace/Adam17
gene, affecting the MP domain and therefore its catalytic activity. Although significant
numbers of these mice die before reaching adulthood, those that do survive are smaller and
lighter than both wild-type and TaceΔZn/ΔZn mice, with reductions in both total fat and lean
mass. The reduction in fat mass is significantly different when this is normalised for total
body weight. As expected, TaceΔZn/ΔZn mice also have lower serum leptin levels than both
wild-type and heterozygotes, but interestingly this is also lower than leptin levels in wild-type
mice that are calorie-restricted to achieve the same percentage fat mass as the TaceΔZn/ΔZn
mice. Food intake is also the same as in wild-type mice, meaning that in spite of reduced
serum leptin levels there is no compensatory hyperphagia. The mice show increased
mitochondrial UCP-1 expression, increased oxygen consumption, decreased ambulation
and a normal respiratory exchange ratio. They also have lower glucose levels and better
glucose tolerance than wild-type mice [124].
1.3.4.4 TIMP-1
It is unclear whether addition of recombinant TIMP-1 to 3T3-L1 cultures enhances [98] or
inhibits [93] preadipocyte differentiation (see Table 1, Appendix A). In a Timp1overexpressing transgenic mouse strain [98], mammary gland involution and replacement
with adipose tissue is accelerated, while Timp1-/- mice gain less weight on a HFD than
controls in spite of similar food intake, and have improved metabolic parameters such as
fasting glucose and total cholesterol [141]. These mice have smaller adipocytes packed at
higher density in both subcutaneous and perigonadal depots. These findings suggest that
TIMP-1 has a proadipogenic effect in vivo.
A summary of the phenotypes of mutant murine strains wherein MP/TIMP genes are
manipulated is provided in Table 2, Appendix A.
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1.3.5 Evidence from human studies
MMPs-2 and -9 have been the subject of much investigation with respect to their roles in
adipose tissue remodelling. As outlined in the sections above, their expression is regulated
in adipogenesis, and their inhibition affects preadipocyte differentiation. Increased Mmp2
mRNA expression has been identified in adipose tissue of subjects with T2DM compared to
BMI-matched controls without diabetes [142] and higher circulating MMP-2 levels are found
in obese individuals as compared to lean controls [143]. In T2DM patients with increased
MMP-2 expression, a larger average adipocyte size and decreased expression of markers of
adipogenic differentiation such as aP2 have been described [143]. Mononuclear cells from
obese adults display higher Mmp9 expression [144]. Obese children and adolescents also
have higher circulating MMP-9 levels, which correlate with BMI and fasting insulin [145,
146], and in obese adults, these increased serum MMP-9 levels decrease after weight loss
[131]. Expression of Mmp9 is greater in both omental and subcutaneous adipose tissue from
metabolically healthy obese subjects as compared to lean controls. Furthermore, mRNA
expression of Mmp15 in subcutaneous and omental adipose tissue is negatively correlated
with HOMA-IR in obese subjects [147].
It should be noted, however, that increased circulating MMP-2 and MMP-9 levels, as well as
increased MMP-2 expression by mononuclear cells, have been described in healthy subjects
who ingest a 75g oral glucose load [148]. Likewise, obese subjects ingesting a high-fat, high
carbohydrate meal have higher circulating MMP-9 levels than lean controls [149]. It is
therefore unclear whether increased circulating gelatinase levels are reflective of increased
gelatinase expression or activity in adipose tissue, or whether there are derived from another
source, such as mononuclear cells. Similarly, it is unknown whether gelatinases are
definitively involved in the pathogenesis of obesity-related insulin resistance and T2DM, or
whether

increased

expression

is

a

result

of

hyperglycaemia

and

impaired

carbohydrate/energy handling in established diabetes.
Investigations in Pima Indians have revealed a role for adipose expression of MMP-3 in
development of type 2 diabetes mellitus [150]. In this study, Traurig and colleagues found a
negative correlation between MMP-3 expression levels in the stromovascular fraction of
subcutaneous adipose, and BMI. They went on to examine several sequence variants in the
MMP-3 gene in over 1,000 subjects and found two that were associated with BMI and T2DM
and a further two that were associated exclusively with T2DM, although none of these
variants were associated with MMP-3 expression [150]. More recently, however, Rorγ
expression in subcutaneous adipose stromovascular fraction has been found to correlate
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with both BMI and Mmp3 expression [99], a finding that is inconsistent with the results of
Traurig et al [80]. MMP-3 mRNA expression also correlated positively with adipocyte size
[99]. Genotyping of Mmp3 in over 16,000 European children has revealed a variant of a
single nucleotide polymorphism (SNP) (rs646910) and a diplotype (H3/H3) that are both
associated with higher BMI, waist circumference (WC) and hip circumference (HC) [151].
Another intensively studied MMP with a potentially crucial role in adipose remodeling is
MMP-14. Assessment of Mmp14 haplotypes in over 3000 healthy Japanese subjects
identified one (haplotype 122) that was associated with both BMI and WHR. Regression
analysis was then used to discover that genotype at a SNP (rs2236302) associates with BMI
and WHR, with the minor allele being associated with a 0.42 kg/m2 increase in BMI [110].
Investigations in humans on the role of ADAM-17/TACE and TIMP-3 have focused on their
role in skeletal muscle, one of the major insulin-responsive tissues. Human subjects with
T2DM exhibit reduced TIMP-3 levels and increased TACE activity in their skeletal muscle,
along with increased circulating TNF-α, TNF-α receptor (TNFR)-1 and IL-6 receptor (IL-6R)
levels [152]. Administration of pioglitazone reduces skeletal muscle ADAM-17/TACE activity
in tandem with improvements in insulin sensitivity, with no changes in TACE or TIMP-3
expression [153]. ADAM-17/TACE is the main sheddase for Pref-1, and TIMP-3 is the major
ADAM-17 inhibitor (see ‘Adipogenic signalling’ section above). In metabolically unhealthy
obese subjects, Pref-1/Dlk-1 levels in subcutaneous and omental adipose tissues are higher
than in age- and BMI-matched metabolically healthy counterparts. Furthermore, omental
Pref-1/Dlk-1 expression is significantly associated with adipocyte hypertrophy, hepatic fat,
and increased fasting insulin, glucose and triglycerides [154].
Genomic analysis has also implicated the ADAMTS subset of MPs in the development of
T2DM, as a meta-analysis of three genome-wide association studies (GWAS) identified a
cluster of single nucleotide polymorphisms (SNPs) 38kb upstream of the ADAMTS9 gene on
chromosome 3 as a susceptibility locus for T2DM [155].

1.4: Conclusion
Adipocytes and their precursors express MPs and TIMPs. Their expression can be altered
by exposing adipocytes to inflammatory milieus, and is also related to the genetic
background and nutritional exposure of mice, with obese mice displaying a characteristic
pattern of MP/TIMP expression. Experimental manipulation of MP/TIMP expression, through
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the use of knockout mice, siRNA and lentivirus transfection experiments, for example, leads
to altered metabolic parameters that mirror those seen in obese humans developing T2DM.
For instance, TIMP-3 deficient mice challenged with either a genetic background
predisposing to insulin resistance or a HFD display worse dysglycaemia, in an additive
fashion. Symmetrically, mice deficient in TACE, one of the major MPs inhibited by TIMP-3,
are relatively protected from the metabolic effects of a HFD insult. These metabolic
outcomes maybe in part mediated by the effects of these MPs/TIMPs on adipogenesis –
WAT deficient in TACE shows increased cellularity. In turn, effects on differentiation are
likely to be influenced by both MP/TIMP effects on Pref-1 and TNF-α release, and on the
regulation of the ECM remodelling that accompanies the transition from a preadipocyte to an
adipocyte. The effects of individual MPs and TIMPs are likely to be subtle and additive, and
some redundancy is undoubtedly a feature of these systems, as many mouse strains with
MP/TIMP manipulations only display a metabolic phenotype when exposed to the metabolic
stress posed by a HFD. A synthesis of the evidence for MP and TIMP involvement in
obesity-related metabolic disease is provided in Table 3, Appendix A.
Although results from different experiments may appear inconsistent, certain commonalities
may be drawn from the above description of the roles of MPs and TIMPs in adipose tissue
function. MMP-2, and to a lesser extent MMP-9, appear to play roles in adipogenic
differentiation. As gelatinases, their substrates include collagens I, III and fibronectin. The
decrease in fibronectin content of surrounding ECM during preadipocyte differentiation may
therefore be, at least in part, dependent on gelatinase activity. Likewise, ADAM-12’s
capacity to degrade fibronectin may play an important role in its pro-adipogenic activity.
MMP-14 may have a dual function – it is a true collagenase, therefore likely degrading
collagen I surrounding preadipocytes in differentiation, and it is also required for MMP-2
activation. MMP-3, on the other hand, appears to have an anti-adipogenic role, which may
be related to its capacity to degrade collagens IV and VI, which are components of the ECM
surrounding adipocytes. Generally speaking, TIMP3 deficiency has adverse metabolic
consequences, whereas ADAM-17/TACE deficiency is metabolically protective – this dyad’s
role in the shedding of important mediators such as TNF-α and Dlk-1 in human adipose
tissue remains to be fully elucidated.
Much of the evidence in this field currently comes from in vitro studies, including
experiments with (pre)adipocyte cell line models and rodents. Translation of results from
other organisms into better health outcomes for humans is fraught with difficulty, as the field
of MP/TIMP biology knows only too well. Initial in vitro positive results that were observed
when MMP inhibitors were being investigated as potential anticancer treatments, for
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example, were not replicated when these agents were tested in long-term clinical trials.
Certain cases actually caused unexpected adverse outcomes, probably as a result of their
broad spectrum of activity [62]. A greater understanding of MP roles in human biology must
be the foundation on which future clinical trials looking at pharmacological manipulation of
these systems are designed. In the area of human obesity and metabolic disease, however,
evidence of MP/TIMP involvement is limited to small observational studies and GWAS,
which provide associative evidence rather than verification of cause-and-effect relationships.
In summary, the adverse metabolic consequences of obesity may rest on the development
of an inflammatory state in which there is (a) the induction of insulin resistance through wellcharacterised modulation of downstream signalling pathways, along with (b) impaired ability
of WAT to recruit new adipocytes, leading to hypertrophy of the tissue by enlargement of
existing adipocytes, and deposition of fat in ectopic sites (Figure 1.4). By playing potentially
central roles in integrating the inflammatory signal with adipose remodelling in obesity, MPs
and TIMPs are attractive subjects for further study and may constitute targets for therapeutic
pharmacological manipulation.
1.5 Research questions
I developed the following research questions, based on the literature review above:
1. Which are the key MPs and TIMPs expressed by human adipocytes and
preadipocytes, and how is this expression modulated by inflammatory or proadipogenic stimuli?
2. In human adipose tissue, does altered MP/TIMP expression contribute to
maladaptive adipose tissue remodelling, whole-body lipid maldistribution and
metabolic dysfunction?
3. In human adipose tissue, what role does TIMP-3 play in regulating i) ECM turnover
and ii) expression and shedding of the anti-adipogenic mediator Dlk-1, and ultimately
adipogenic differentiation and hyperplastic adipose expansion?
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Figure 1.5: A schematic representation of the possible interrelationship between adipocyte
differentiation, inflammation and insulin resistance, with the potential points at which ADAMs, MMPs
and TIMPs may play a role. Eating too much and exercising too little leads to positive energy balance,
weight gain and increased white adipose tissue (WAT) mass. This results in adipose inflammation (1),
with immune cell infiltration of the WAT and the adipocytes taking on a more inflammatory phenotype.
The individual adipocytes begin to increase in size by a process of hypertrophy (2), with increased
secretion of free fatty acids (FFAs) and inflammatory mediators (3). Inflammation results in
modulation of the MP/TIMP balance, which is also linked to altered preadipocyte differentiation (4).
Reduced capacity to differentiation induces further growth by hypertrophy (5) and eventually lipid
overspill to non-adipose sites (6). Inflammation, ectopic lipids and hypertrophied adipocytes are each
independently linked with insulin resistance (7).
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Chapter 2:
Materials & Methods
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2.1: Introduction
As outlined in the Introduction, these studies were designed to address whether (1) human
preadipocytes and adipocytes express metalloproteinases (MPs) and their tissue inhibitors
(TIMPs), (2) whether this expression is regulated by inflammatory stimuli and by the process
of preadipocyte differentiation into mature adipocytes, and (3) whether expression of MPs
and TIMPs in human subcutaneous and intra-abdominal adipose tissue is related to
established metrics of metabolic function, such as adipocyte size and the homeostatic model
assessment of insulin resistance

(HOMA-IR) [156, 157], and with whole-body lipid

distribution. The techniques used to address these questions have therefore been performed
in a model of human preadipocytes and adipocytes and in ex vivo samples of human
adipose tissue.

2.2: Human adipose-derived mesenchymal stromal cell and in vitro-differentiated adipocyte
culture
2.2.1 Introduction
This model is well-established in the primary supervisor’s laboratory [158-160], and within
the adipose research community as a validated model with which to study human adipose
function [161-163]. An existing collaboration with the Department of Plastic Surgery at the
Norfolk and Norwich University Hospital allows access to a supply of human abdominal
subcutaneous adipose tissue for isolation of primary cells, as described below. Cell line
models of preadipocytes that accumulate lipids in vitro exist, such as the 3T3-L1 [79] and
3T3-F442A [164] preadipocyte lines, and Simpson-Behmel-Golabi syndrome (SBGS) human
preadipocytes [83], and work with cell lines has a number of advantages such as easy
availability, widespread use and consequent acceptance of research performed using these
lines by the scientific community. Nevertheless, they are imperfect models of human adipose
physiology; 3T3-L1 and 3T3-F442A cells are of murine origin, for example, while the SBGS
cell line is unresponsive to some inflammatory stimuli including the Toll-like receptor (TLR)-4
ligand lipopolysaccharide (LPS) (unpublished data, personal communication Dr D
Morganstein, Imperial College London), which is of relevance given the research questions
this project is designed to address.
The term adipose-derived mesenchymal stromal cell (MSC) refers to the various cell
populations within the heterogeneous population making up the stromal vascular fraction
(SVF) of adipose tissue. These cells are readily available, and are very well studied due to
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their ability to differentiate into the range of mesodermally-derived tissue types, such as
bone, cartilage, muscle, and adipose [165]. However, the difficulties in identifying the
adipose-committed

subpopulation

within

this

heterogeneous

population

are

well-

documented. These difficulties are consequent to the facts that (i) there is a lack of distinct
markers of the preadipocyte population and (ii) the difficulty defining precisely where in the
commitment and differentiation process a given cell lies [166-168]. Nevertheless, as
indicated previously, the protocols for directing this population towards adipogenic
differentiation in vitro are long-standing and universally adopted by the adipose community.
Thus, although it is accurate to refer to the cells used to establish primary in vitrodifferentiated adipocyte cultures as adipose-derived MSCs, in the interests of brevity cells of
this type will be referred to as ‘preadipocytes’ throughout this thesis.
As outlined in subsection 2.2.2 below, differentiation of primary preadipocytes in vitro into
adipocytes was preferred to the use of primary human adipocytes. This is primarily for
technical reasons: the high lipid content of primary mature adipocytes makes them
impossible to pellet by centrifugation, and they also do not adhere to the bottom of tissue
culture flasks or wells.
2.2.2 Method
With research ethics committee approval (NRES Committee London – Fulham 12/LO/1232),
and with the generous help of Miss Rozina Ali, Mr Andrea Figus, Mr Richard Haywood, Mr
Martin Heaton and Miss Elaine Sassoon, healthy, non-obese female subjects undergoing
breast reconstruction surgery (deep inferior epigastric perforators [DIEP] flap) or
abdominoplasty were recruited, and written informed consent to acquire samples of
subcutaneous abdominal adipose intraoperatively was secured. As part of the normal DIEP
flap operative procedure, blood vessels called deep inferior epigastric perforators, as well as
the skin and subcutaneous abdominal adipose connected to them, are removed from the
lower abdomen and transferred to the chest to reconstruct a breast after mastectomy without
the sacrifice of any of the abdominal muscles [169]. Any excess subcutaneous abdominal
adipose tissue left over following the completion of breast reconstruction, which would in the
normal course of events be discarded, was donated to this study. Similarly, the operative
process in abdominoplasty involves the removal of large amounts of skin and subcutaneous
abdominal adipose tissue following the patient’s weight loss. Whereas this tissue would
normally be discarded, study participants gave their informed consent for the tissue to be
collected and used in this study. Exclusion criteria included active infection or autoimmune
disease, active malignancy, use of strong anti-inflammatory drugs such as corticosteroids or
disease-modifying anti-rheumatic drugs (DMARDs), and diabetes. Primary human
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preadipocytes were isolated ex vivo from these samples by collagenase digestion according
to established techniques [162]. Fresh subcutaneous adipose tissue was transported
immediately from the operating theatre to be processed under sterile conditions in a laminar
flow hood. The tissue was dissected to remove blood vessels, skin and connective tissue,
then minced and incubated for 30 minutes with agitation in serum-free Dulbecco’s Modified
Eagle’s Medium (DMEM; PAA, Pasching, Austria) containing 0.5 mg/ml Clostridium
histolyticum collagenase type 1A (Sigma, Poole, UK), and 0.1 mg/ml DNAse type I from
bovine pancreas (Roche, Mannheim, Germany). The digestate was filtered through a 70 µm
sterile nylon mesh (BD Biosciences, Oxford, UK), and the filtrate was topped up with DMEM
containing 10% fetal calf serum (FCS; Gibco, a subsidiary of Life Technologies, Paisley,
UK), and centrifuged at 400 x g for 5 minutes. The pellet containing the adipose stromovascular fraction was resuspended in 1ml of red cell lysis buffer (Sigma) for 1 minute with
agitation, and the suspension was then washed and re-centrifuged at 400 x g for 5 minutes.
The pellet was resuspended in basal medium containing high-glucose (4.5 g/l) DMEM, 10%
FCS and 1% antibiotic/antimycotic solution (10,000 units of penicillin, 10,000 µg of
streptomycin, and 25 µg of Amphotericin B per mL) (PAA) and plated. Cells were grown to
subconfluence, with media changed every 72 hours, and passaged for a maximum of 2
passages with 1x trypsin-EDTA (0.05%/0.02% in PBS; PAA) with a maximum ratio of 1:2.
For most experiments, cells were used at P1.
For in vitro differentiation, cells were passaged into the required experimental format, grown
to confluence, and medium was changed to adipogenic medium 48 hours after confluence
was achieved. Adipogenic medium consisted of basal medium supplemented with 100 nM
human insulin, 1 µM dexamethasone, 0.2 mM indomethacin, and 0.5 mM 3-isobutyl-1methylxanthine (IBMX; all from Sigma). Adipogenic medium was changed every 72-96 hours
for 14 days, during which the quality of differentiation was assessed by phase-contrast light
microscopy. Oil Red O staining (see below) was used in some cases to estimate final
differentiation efficiency.
For experiments in which cells were challenged by the inflammatory stimulus tumour
necrosis factor (TNF)-α, media were changed to low glucose (1g/l) DMEM/10% FCS/1%
PSA for 72 hours, to allow habituation to control media and for the anti-inflammatory effect of
dexamethasone to remit. TNF-α was used for 24 or 48 hours at 50 ng/ml as per our group’s
established protocols [159, 160]. TNF is a potent pro-inflammatory cytokine, and human
adipocytes and adipocyte precursors express the TNF receptor and exhibit biological
responses to TNF [20, 170, other references].
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Depending on the downstream analysis planned, cell culture supernatants were collected,
and cells were lysed in Triton lysis buffer (25 mM HEPES [4-(2-hydroxyethyl)-1piperazineethanesulfonic

acid],

100

mM

sodium

chloride,

1

mM

EDTA

[ethylenediaminetetraacetic acid], 10% (v/v) glycerol, 1% (v/v) Triton X-100) for subsequent
immunoblot of lysates or in RNA stabilization buffer (Buffer RLT (proprietary product);
Qiagen, Crawley, UK) for RNA extraction.
2.2.3 Choice of fetal calf serum
Cell culture media are a combination of both standard, invariant simple components, such as
glucose, and complex, variable ones. The latter category includes fetal calf serum (FCS). It
is well known that serum-specific components such as bovine serum albumin (BSA) and
insulin-like growth factor (IGF)-I may vary between different batches, and that these
components play a crucial role not only in the activation but also differentiation of various cell
types. Thus, in the interests of consistency and replicability of the investigations in this study,
I tested the influence of four different batches and brands of serum on preadipocyte
differentiation (Table 2.1). Preadipocytes from three unique donors at P1 passage were
plated in 12-well plates and differentiated as described above. Following the standard 14day differentiation period, a process of quantitative Oil Red O staining (see section 2.3) was
used to assess how differentiation efficiency varied between the different batches and
brands of FCS.

Abbreviated Name
Gibco I
Gibco II
Gibco III
Sigma

Brand
Gibco/Life Technologies
Gibco/Life Technologies
Gibco/Life Technologies
Sigma

Batch number
07G5331K
07G7531K
07F7134K
0331M3395

Table 2.1: The brands and batch numbers of the four different types of FCS used in the batch testing
exercise. The term ‘abbreviated name’ refers to the label given to each FCS type during the
experiment, as shown in Figure 2.1.

As seen in Figure 2.1, use of serum Gibco II (batch number 07G7531K) resulted in optimal
differentiation efficiency within the group of FCS brands/batches tested. As a result, this
brand and batch of serum was used in all subsequent experiments described in this thesis.
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Figure 2.1: Use of Gibco® II fetal calf serum (batch number 07G7531K) leads to greater differentiation
efficiency of primary preadipocytes into in vitro-differentiated adipocytes as compared to three other
serum batches/brands (see Table M.1). Data is from 3 biological replicates from each of 3 different
donors (each bar represents the mean absorbance + SD for these 9 samples). Data for each
experimental condition was compared to Gibco II using an unpaired Student’s t test (*, p < 0.05; **, p
< 0.01; ****, p < 0.0001).

2.3: Quantitating adipogenic differentiation
2.3.1 Introduction
Adipogenic differentiation is central to the process of hyperplastic adipose tissue expansion,
which is thought to be a feature of metabolically healthy obesity [171]. Therefore, I sought to
gain expertise in reliable, replicable methods of quantitating the degree of adipogenic
differentiation by primary human adipose-derived mesenchymal stromal cells in different
conditions. These included using Oil Red O dye and a proprietary fluorescent dye, QBT®.
2.3.2 Quantitative Oil Red O staining
Oil Red O (also known as Sudan Red 5B) is a lipophilic dye that is used to stain
accumulated triglycerides in cultured cells, as well as in sectioned tissue samples [172].
Lipid accumulation following 14 days in adipogenic media was visualized and quantified by
Oil Red O staining for cells from certain donors. Briefly, stock solution was made up by
dissolving Oil Red O (Sigma) at a concentration of 3mg/ml in 99% isopropanol. This was
mixed at a ratio of 3:2 with deionised water to make Oil Red O working solution. Cell culture
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medium was removed, and cells were washed with 1x phosphate buffered saline (PBS),
fixed with 4% paraformaldehyde for 5 min at room temperature, washed with water and
incubated for 5 minutes with 60% isopropanol, followed by a 5 min staining with Oil Red O.
The excess dye was removed by repeated washes with water, and photomicrographs of the
cells were taken at this stage (Figure 2.2). Cells were then incubated in 100% isopropanol
for 15 minutes with gentle shaking, to extract Oil Red O from intracellular lipids. The
isopropanol was loaded onto a 96-well plate, and the absorbance at 492nm was read
spectrophotometrically using an ELISA plate reader (FLUOstar Omega, BMG Labtech,
Ortenberg, Germany).

Figure 2.2: Photomicrograph taken of in vitro-differentiated adipocytes 14 days after the initiation of
differentiation, following staining with Oil Red O dye, at 10x magnification. Image acquired using the
Zeiss Axiovert 40 CFL inverted microscope using the AxioVision LE software V4.8 (Carl Zeiss
Microscopy, Cambridge, UK).

2.3.3 QBT® Fatty Acid Uptake Assay Kit
An alternative assay to Oil Red O staining used to quantitate differentiation efficiency was
the QBT® Fatty Acid Uptake Assay (Molecular Devices, Sunnyvale, CA, US). This is a
proprietary assay that uses a BODIPY®-dodecanoic acid fluorescent fatty acid analog, and
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employs a patented quenching dye to reduce background fluorescence and to improve the
signal-to-noise ratio. The BODIPY®-fluorescent fatty acid analog is a known substrate for
fatty acid transporters and behaves much like natural fatty acids, becoming activated by
acyl-CoA attachment and being incorporated into di-and triglycerides. Thus, cells containing
intracellular lipid droplets, such as in vitro-differentiated primary adipocytes, accumulate the
analog; there is a linear relationship between the intensity of fluorescence and the amount of
intracellular lipid, which itself is used as a surrogate marker for degree of differentiation.
The dye was used according to the manufacturer’s instructions. Briefly, primary
preadipocytes were plated in 96-well plates and differentiated in vitro as described above.
On the day of the assay, they were incubated for 4-5 hours in basal medium, then serumdeprived for one hour. 1X Hank’s Balanced Salt Solution (HBSS)/20 mM Hepes/0.2% fatty
acid-free BSA was then prepared. 10 ml of this solution were added to Component A of the
QBT® Fatty Acid Uptake Assay Kit, and 100 µl of this Loading Buffer were added to each
assay well. Loading Buffer was also added to a set of cell-free wells for background controls.
Following a one-hour incubation with Loading Buffer, cells were washed with serum-free
medium, and plates were read in the FLUOstar Omega plate reader (BMG Labtech) using
Omega software V1.02, at 485nm excitation/515nm emission with bottom read. Figure 2.3
shows photomicrographs of differentiated and undifferentiated cells, both treated and
untreated with QBT® Fatty Acid Uptake Assay, to provide a visual demonstration of the
specificity of this assay.

38

Preadipocytes

Adipocytes

Dye
added

Dye
not added

100 µm

Figure 2.3: Photomicrographs taken of preadipocytes and in vitro-differentiated adipocytes following
incubation with QBT® Fatty Acid Uptake Assay, at 5x magnification. Image acquired using the Zeiss
Axioplan 2ie widefield upright microscope using the AxioVision LE software V4.8 (Carl Zeiss
Microscopy, Cambridge, UK).

2.4: RNA isolation, reverse transcription and quantitative RT-PCR
RNA was isolated using a commercially available kit (Qiagen, Crawley, UK) according to the
manufacturer’s instructions. Briefly, following experimentation, cells in culture were lysed,
and cell lysates were homogenized by centrifugation through a proprietary ‘shredder’
column. The homogenate was collected, and 70% ethanol was added to cause nucleic acid
precipitation. Centrifugation of this suspension through another proprietary spin column
allowed selective RNA binding to a silica-based membrane. A series of washes then
removed contaminants such as cell culture media components, proteins and genomic DNA,
and total RNA was eluted in 30 µl of nuclease-free water and stored at -80°C.
Quantitative

reverse

transcription

polymerase

chain

reaction

(qRT-PCR)

allows

quantification of mRNA (see below), which in turn allows an assessment of the transcription,
and hence expression, of a particular gene to be made. Classical PCR techniques can only
be applied to DNA, due to the reliance on thermostable Taq polymerase, but total RNA can
be reverse transcribed to complementary DNA (cDNA) that can then be used in qRT-PCR
reactions. Reverse transcription was carried out according to standard methodology [173] following incubation with random hexamers (Life Technologies) for 10 minutes at 70°C, the
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RNA was incubated with Superscript II reverse transcriptase (an engineered version of MMLV

reverse

transcriptase

to

reduce

RNase

H

activity;

Life

Technologies),

deoxyribonucleotide triphosphates (dNTPs; Bioline, London, UK) and RNasin® ribonuclease
inhibitor (Promega, Southampton, UK) for 1 hour at 42°C. Enzyme activity was then
terminated at 70°C for 10 minutes, and cDNA samples were stored at -20°C.
In qRT-PCR, specific cDNA sequences are amplified by a polymerase chain reaction –
specificity is provided by well-designed complementary forward and reverse primers, while
the quantitation of PCR products occurs on a real-time basis by generation and detection of
a fluorescent signal. For this project, TaqMan® qRT-PCR chemistry (Applied Biosystems,
Foster City, CA, USA) was used, which relies on the 5'-3' exonuclease activity of Taq
polymerase. TaqMan probes are dual-labelled oligonucleotides that consist of a fluorophore
covalently attached to the 5'-end and a quencher at the 3'- end. In the unhybridised state,
the quencher prevents the detection of the fluorescent signal from the fluorophore. When
hybridized to the complementary target sequence on a PCR product, the 5'-nuclease activity
of the polymerase cleaves the probe. This separates the fluorophore from the quencher,
allowing fluorescence to be detected. Fluorescence therefore increases proportionately to
the amount of probe cleavage and thus the amount of the PCR product. A greater starting
amount of target sequences means that a particular fluorescence threshold (or cycling
threshold, CT) is reached sooner than if the starting amount of sequences was lower – this
allows an assessment of gene expression to be made.
For the analysis of mRNA expression of all human MPs and TIMPs in primary in vitrodifferentiated human adipocytes (see Chapter 3: Expression of metalloproteinases and their
inhibitors), microfluidic Taqman® Low Density Array (TLDA) cards were used, custom
designed to include all 66 human MMP, ADAM, ADAMTS and TIMP genes as well as 3
positive control genes (IL-6, IL-8, chemokine (C-C motif) ligand 2 [CCL2]), and two
housekeeping genes (large ribosomal protein P0 [RPLP0] and 18S). The TLDAs were used
as described previously [174], and relative quantification of genes on the cards was
performed using the ABI Prism® 7900 HT (Applied Biosystems) sequence detection system.
Basal expression was assessed in low glucose media cultures and compared to expression
in high glucose media, and in low glucose media supplemented with 50 ng/ml TNF-α or 10
ng/ml LPS, using the 2-ΔΔCt method [175], with RPLP0 as the comparator. Each sample was
analysed in triplicate and mean CT values of samples from 3 individual donors with the
highest RNA yield were calculated.
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2.5: Enzyme-linked immunosorbent assay
The concentration of proteins secreted by preadipocytes and in vitro-differentiated
adipocytes was assayed by sandwich enzyme-linked immunosorbent assay (ELISA). This is
an established technique that relies on two specific antibodies: a capture, or primary,
antibody and a detection, or secondary, antibody, that recognize non-overlapping epitopes
on the protein of interest. The detect antibody is biotinylated, allowing binding of streptavidin,
which is conjugated to horseradish peroxidase (HRP; streptavidin-HRP conjugate obtained
from R&D Systems, Abingdon, UK). This enzyme catalyzes the oxidation of 3,3',5,5'tetramethylbenzidine (TMB; KPL, Gaithersburg, MD, USA) forming a blue product. On
cessation of this reaction by addition of diluted H2SO4, a deep yellow product is formed. This
can be quantified spectrophotometrically using the absorbance at 450nm. Therefore, there is
a resolvable relationship between the amount of detected protein and the absorbance at
450nm; the use of a standard curve allows the calculation of the protein of interest in the
sample.
The concentration of IL-8, MMP-1 and Dlk-1 in culture media was determined by proprietary
ELISA kits (R&D Systems), following the manufacturers’ instructions. Absorbance was read
and analyzed at 450nm on the FLUOstar Omega spectrophotometric ELISA plate reader
(BMG Labtech) using Omega software V1.02.

2.6: Western blotting and protein concentration by trichloroacetic acid precipitation
Western blotting is a long-established technique used for the detection of proteins in a
sample. A protein-containing sample, such as a cellular lysate or a concentrated sample of
conditioned media, is separated using polyacrylamide gel electrophoresis (PAGE). The use
of sodium dodecyl sulphate (SDS) allows electrophoretic separation of denatured proteins
based on their molecular mass, as SDS confers a negative charge in proportion to their
length. The separated proteins are then transferred to a polyvinylidene diflouride (PVDF)
membrane by a process of electroblotting, arranging the proteins on a thin surface to aid
detection by a primary antibody. Following washing of excess unbound primary antibody,
any primary antibody that is bound to membrane-bound protein is detected by a secondary
antibody that targets a species-specific epitope on the primary. The secondary antibody is
conjugated to HRP, which catalyzes a chemiluminescent reaction. Thus, the degree of
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luminescence, which can be detected using X-ray film placed over the membrane in a dark
room, is related to the amount of membrane-bound target protein.
In this study, all SDS-PAGE was performed in denatured, reducing conditions on 10% gels,
and all primary antibodies were from Abcam (Cambridge, UK), and secondary antibodies
were from DAKO (Ely, UK), unless stated otherwise.
No quantification of Western blot results was performed in this study. This is due to concerns
regarding the lack of linearity in the relationship between target protein abundance on the
membrane and the intensity of chemiluminescence. Thus, Western blotting was used as a
semi-quantitative assay in this study. It is understood that this approach limits the ability to
draw conclusions regarding the expression/presence of proteins in different experimental
conditions, given that quantitative estimates of protein abundance could not be obtained and
thus statistical techniques such as calculation of measures of central tendency (e.g. mean,
median), calculation of confidence intervals/error bars, and hypothesis testing could not be
carried out. Future work that aims to replicate the study’s results, and to build upon its
findings, could undertake a process of systematic quantification of chemiluminescence for
known concentrations of target protein, in order to determine the nature of the relationship
between the two variables and thus be better able to quantify target protein accurately using
Western blotting [176].
2.6.1 Modifications of Western blot analysis for assessment of TIMP-3 expression
TIMP-3 is differs from other human TIMPs in that it has the broadest inhibitory spectrum for
MPs and is tightly bound to the extracellular matrix [177]. It is the main inhibitor for ADAM17/TACE [178], and exists in glycosylated (29kDa) and unglycosylated (24kDa) forms [179].
The post-translational regulation of TIMP-3 expression is complex, with secretion into the
extracellular space being followed by rapid endocytic uptake in a lipoprotein receptor-related
protein (LRP)-dependent mechanism – this re-uptake is blocked by heparin [180].
For experiments in which the objective was to assess TIMP-3 expression, in vitrodifferentiated adipocytes were incubated with heparin at 100 µg/ml, TNF-α at 50 ng/ml, or
both for 48 hours following habituation in serum-free low glucose control media. The medium
was then removed after 48 hours, 6.1N trichloroacetic acid (TCA) was added to 5%, and
incubated overnight at 4˚C. Following centrifugation at 10,000 x g for 10 minutes, the pellet
was washed twice with ice-cold acetone, then resuspended in SDS sample buffer,
electrophoretically separated and transferred to a PVDF membrane using standard
techniques. TCA-precipitated conditioned media from HEK293 cells transfected with a
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pCEP4 expression plasmid encoding C-terminally FLAG-tagged human TIMP-3 (a generous
gift from Dr Linda Troeberg, Kennedy Institute of Rheumatology, University of Oxford) was
included on the gel as a positive control. Blots were probed with TIMP-3 antibody (ab39184;
Abcam), and developed using an HRP-conjugated anti-rabbit/anti-mouse secondary
antibody (Dako, Ely, UK) and enhanced chemiluminescence (ECL) detection reagents (GE
Healthcare Life Sciences, Little Chalfont, UK).

2.7: Gelatin zymography
This polyacrylamide gel electrophoretic method allows the detection of proteases with
gelatinolytic activity from various sources. The major targets are MMP-2 (gelatinase A) and
MMP-9 (gelatinase B), which can be detected in cell culture media, tissue explants and
biological fluids [181]. The technique relies on the ability of these enzymes to catalyse the
hydrolysis of denatured collagen I, which is the main constituent of gelatin. Thus, unreduced,
native samples are run on polyacrylamide gels co-polymerised with gelatin. As the samples
are unreduced, the proteins can be partially renatured by washing out of SDS using Triton X100 and incubation in a divalent cation-containing buffer. The conformational changes
brought about by these steps result in the exposure of the active site and thus the ability of
the MMP to degrade gelatin contained within the gel. When the gel is then stained with
Coomassie Blue, areas of gelatin degradation, and thus gelatinase activity, appear as a
clear region on a blue background [182]. Latent/pro-forms of MMPs may also appear as
catalytically active using this technique, as the steric hindrance provided by the N-terminal
pro-domain may be removed by the tertiary structural unfolding brought about by SDS [181]
(Figure 2.4).
In this study, gelatin zymography was carried out using 7% polyacrylamide gels impregnated
with 0.5mg/ml gelatin from bovine skin (Sigma). Samples were run unreduced, and the gel
was washed twice in 2.5% Triton X-100. The gel was then incubated overnight in Tris Assay
Buffer, containing 50 mM Tris-HCl buffer pH 7.8, 150 mM NaCl and 5 mM CaCl2 at 37°C or
at room temperature. The gel was then stained using a Coomassie Blue solution (50%
methanol, 10% acetic acid and 0.05% Coomassie Brilliant Blue R250), and destained using
a 30% methanol, 1% acetic acid solution to visualize areas of gelatin degradation. The gels
were then scanned using the Odyssey Infrared Imager using the Image Studio software
V3.1.4 (LI-COR Biosciences, Lincoln, NE, USA).
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Figure 2.4: Steps in the activation of MMPs, showing involvement of 4-aminophenylmercuric acetate
(APMA), other proteases, and the effect of SDS in gelatin zymography. The disruption of the
interaction between the sulphydryl group in the cysteine residue at position 73 of the prodomain and
the zinc ion co-ordinated within the active site is known as the ‘cysteine switch’. Figure adapted from
[182].

2.8: TIMP-3 overexpression by adenoviral transduction
2.8.1 Introduction
Replication-deficient recombinant adenoviruses are widely used to effectively deliver
transgenes into primary cells. This technique is all the more important when working with
primary cells, which tend to be resistant to common transfection reagents that are usually
suitable for use in cell lines, such as lipofectamine [160]. There are 57 accepted human
adenovirus types, and most adenoviral vectors are based on serotype 5 (Ad5). Ad5-based
vectors use a combination of high-affinity binding to the Coxsackie-Adenovirus Receptor
(CAR) and interaction with αV-integrins to effect internalization by endocytosis. Upon entry,
adenoviral DNA does not integrate into the genome and is not replicated during cell division
[183].
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The adenovirus genome is a linear, 36-Kb double-stranded DNA (dsDNA) molecule
containing multiple, heavily spliced transcripts. Genes are divided into early (E1-4) and late
(L1-5) transcripts. Recombinant viruses have the E1 and E3 regions of the adenoviral
genome deleted, preventing replication and removing the adenoviral genes known to subvert
intracellular signalling. Deletion of these two components results in a transgene packaging
capacity of >8 Kb.
The viruses used in this study were kindly donated by Professor Andrew H Baker’s group at
the BHF Centre of Regenerative Medicine for Cardiovascular Sciences, University of
Edinburgh. The control virus was adenovirus RAd35 (referred to as Ad0 throughout this
study), which expresses the bacterial lacZ gene (β-galactosidase) from the cytomegalovirus
major immediate early promoter (CMV IEP; [184]). Thus, identification of cells transduced
with this adenovirus can be performed by X-gal staining (see section 2.8.3 below).
The TIMP-3-overexpressing experimental virus (referred to as AdT3 throughout this study)
was previously constructed by Professor Baker’s group. Briefly, human TIMP-3 (hTIMP-3)
sequences were cloned into the pAL119 plasmid to create pAL119TIMP-3. This was then
cotransfected with pJM17 into low-passage 293 cells. pJM17 contains the entire Ad5 DNA
molecule with an insert in the E1 region that exceeds the packaging constraints of the
adenovirus capsid. Since the pAL119TIMP-3 plasmid contains E1 along with the hTIMP-3
sequence, cotransfection of 293 cells with both plasmids produces recombinant virions at
high efficiencies [185].
2.8.2 Optimising transduction of human primary preadipocytes and transduction protocol
For this study, I had to adapt the transduction technique specifically to human primary
preadipocytes. I therefore designed an experiment in which preadipocytes were exposed for
2, 4, 12, 24 and 48 hours to Ad0 adenovirus at multiplicities of infection (MOI) ranging from
5:1 to 500:1. Following the pre-specified incubation time, cells were subjected to X-gal
staining as described below, and the number of blue cells (indicating β-galactosidase
expression and thus viral transduction) was counted. As shown in Figure 2.5, optimal
transduction efficiency was obtained when cells were exposed to Ad0 adenovirus at a MOI
of 500:1 for 48 hours. Therefore, for experiments involving adenoviral transduction to bring
about hTIMP-3 overexpression, cultures of preadipocytes were incubated with AdT3
adenovirus for 48 hours at MOI of 500:1 in serum free media, after which cells were returned
to serum-containing media and were left to overexpress for 48 hours prior to commencing
experimentation. Side-by-side transduction of cells from the same donor was performed with
Ad0 control adenovirus, to ensure that conditions were suitable for successful infection and
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over-expression. Similarly, Western blot for TIMP-3 (performed as described in section 2.6.1
above) served to indicate successful transduction (Figure 2.6). However, the limitation that
successful transduction could not be easily assessed directly in cells exposed to AdT3 with
this system (as would have been the case, for example, if a GFP co-expressing

Number of transduced cells

experimental adenovirus was used) is noted.
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Figure 2.5: Optimal incubation time and multiplicity of infection (MOI) for transduction of human
primary preadipocytes with adenovirus was assessed by exposing two biological replicates from a
single donor to 35 conditions (MOIs of 5, 10, 25, 50, 100, 250 and 500:1, for 2, 4, 12, 24 and 48
hours) in a single 96-well plate. Each data point shows the mean number of transduced cells ± SD for
these two biological replicates. Data for MOIs 5, 10, 25, and 50:1, and 2 and 4 hour timepoints is
omitted from this figure as the number of transduced cells was 0 in each case.
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Figure 2.6: Immunoblot for hTIMP-3 from serum-free media conditioned by cells transduced with no
virus (NV), control adenovirus (Ad0) or TIMP-3-overexpressing adenovirus (AdT3). It is important to
note that no heparin (see section 2.6.1) was added to the media, which explains the lack of detection
in the NV and Ad0 conditions, and highlights the degree of overexpression in the AdT3 condition.
TCA-precipitated conditioned media from HEK293 cells transfected with a pCEP4 expression plasmid
encoding C-terminally FLAG-tagged human TIMP-3 (a generous gift from Dr Linda Troeberg,
Kennedy Institute of Rheumatology, University of Oxford) was included on the gel as a positive
control.
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2.8.3 Preparation of X-gal and associated buffers, and X-gal staining of primary cells
5-bromo-4-chloro-3-indolyl β-D-galactopyranoside (X-gal) is a widely used, colourless
chromogenic substrate. Since it is a lactose analog, X-gal can be hydrolysed by the βgalactosidase enzyme, yielding galactose and 5-bromo-4-chloro-3-hydroxyindole. The latter
spontaneously dimerizes and is oxidized into 5,5'-dibromo-4,4'-dichloro-indigo, an insoluble
blue product.
To prepare the X-gal dilution buffer, 800 mg of potassium hexacyanoferrate III, 1050mg of
potassium hexacyanoferrate II and 100 mg of magnesium chloride were dissolved in 500 ml
of PBS. This was stored at 4°C protected from light, and warmed to 37°C prior to use. X-gal
stock solution (8% in N,N-dimethylformamide [DMF]) was prepared by dissolving 1 g X-gal in
50 ml DMF, and stored at -20°C.
To stain cells, X-gal stock solution was diluted 1:40 in warmed dilution buffer. At the end of
the experiment in question, medium was removed and cultured cells were fixed for 15
minutes in 0.5% gluteraldehyde. Cells were then washed with PBS and ddH2O, and
incubated in working solution for 1 hour at 37°C or overnight at 4°C. To stop the staining
process, the working solution was removed and replaced with PBS. The cells were
visualized with standard light microscopy, and quantified by counting.

2.9: TIMP-3 knockdown by RNA interference (RNAi)
2.9.1 Introduction
Long double-stranded (ds)RNAs (typically >200 nucleotides [nt]) are used to reduce the
expression of (silence, or knockdown) target genes in a variety of cell types. Upon
introduction, the long dsRNAs enter a cellular pathway known as the RNA interference
(RNAi) pathway. First, the dsRNAs are processed into 21-23 nt small interfering RNAs
(siRNAs) by an enzyme called Dicer [186]. Next, the siRNAs are recognised by the RNAinduced silencing complex (RISC) [187]. The siRNA strands then guide the RISCs to
complementary mRNA molecules, where they cleave and degrade the target mRNA [188]. In
practice, short synthetic siRNA can be directly introduced into the cell, therefore
circumventing Dicer and decreasing the likelihood of an innate interferon response.
2.9.2 RNAi in preadipocytes
Transfection of RNAi oligonucleotides was used for knockdown of Timp3 in human primary
preadipocytes. Previous work in our laboratory has indicated that human primary
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preadipocytes and adipocytes show low viability 24 hours after techniques such as
DharmaFECT® or electroporation (Dr Corinne Brenner, personal communication).
Therefore, a cationic lipid formulation (siIMPORTER™ siRNA transfection reagent; Upstate,
Milton Keynes, UK) was used. For transfecting cells in a 12-well plate, cells were plated the
day before transfection at a seeding density of ~104 cells/cm2 to ensure ~60% confluence at
the time of transfection. On the day of transfection, 35 µl of siRNA/siIMPORTER™ mixture
was added to each well containing 465 µl of serum-free medium. The siRNA/siIMPORTER™
mixture was prepared by mixing 2.5 µl of transfection reagent (diluted 1:6 in serum-free
medium) with 20 µl siRNA diluent containing the required amount of siRNA for a final
concentration of 50nM. This mixture was first incubated for 10 min to allow formation of
siRNA/lipid complexes and then added to each well. The specific oligonucleotide and the
length of time of incubation of cells with siRNA were selected following a process of
optimisation. Cells were incubated with two different RNAi oligonucleotides (Table 2.2) for
for 24, 48 or 72 hours. Following this time period, cells were washed and incubated in
serum-free medium with heparin (as per section 2.6.1) for a further 24 hours. At the end of
this experiment, cells were lysed for RNA extraction and media were collected. RNA
collected was used to assess steady-state Timp3 mRNA levels using qRT-PCR (Figure
2.7A), whereas media were trichloroacetic acid (TCA) precipitated and probed for TIMP-3
protein (Figure 2.7B). Following this process, RNAi oligonucleotide A (siRNA ID s14147;
Thermo-Fisher Scientific, Waltham, MA USA) was chosen for all subsequent RNAi
experiments throughout the study.

Target Gene
Negative
control
(scrambled)
Timp3
Timp3

siRNA ID
AM4635
s14147
s14148

Source
Thermo-Fisher
Scientific
Thermo-Fisher
Scientific
Thermo-Fisher
Scientific

Label in Figure 2.7
scr
A
B

Table 2.2: RNAi oligonucleotides used in this study.

48

Fold change (vs. 48 hours, TO)

1.5

1.0

0.5

35

72

ho

B

ur

s,

s,

Condition

B)

A

B

ur

ho

72

48

ho

ur

s,

s,

A

B
48

ho

ur

s

A

ur

ho

24

ur

s,

sc
ho

24

ur

s,

s,
ho

ur
48

ho
48

r

0.0
TO

A)

One-way ANOVA
p < 0.0001
n=1

TIMP-3

25
15

MWt
(kDa)

+ve

TO scr A

B

Figure 2.7: Assessment of RNAi efficacy in primary human preadipocyte cultures. A) qRT-PCR for
steady-state Timp3 mRNA levels following knockdown for 24, 48 and 72 hours with two different RNAi
oligonucleotides (A and B, see Table 2.2). Two negative controls were used – a transfection agent
only (TO) condition, and a scrambled (scr) oligonucleotide, for 48 hours. Data shown is mean fold
change + SD for three biological replicates from one unique donor, normalised to expression in the 48
hour, TO condition (set at 1). Post hoc analysis by Tukey’s multiple comparison showed that
expression at all timepoints with both A and B oligonucleotides was significantly different from
expression in the TO, 48 hour condition (all p < 0.0001). B) Immunoblot for hTIMP-3 from serum-free
media conditioned by cells transfected with negative control scrambled (scr) siRNA, transfection
agent only (TO), and two Timp3-directed oligonucleotides (A: s14147; B: s14148).

49

2.10: Collagen I coating of plates and hydroxyproline assay
2.10.1 Introduction
Type I Collagen is a major structural component of the ECM, and is thought to be one of the
main matrix proteins that preadipocytes interact with in vivo [42, 43]. As a result, a
necessary condition for adipogenic differentiation is that preadipocytes remodel the
surrounding collagen I-rich ECM [109, 110]. Given that modulation of this process may affect
adipogenic differentiation and consequently the capacity for adipose tissue to expand in a
hyperplastic fashion, I sought to develop a quantitative assay of the degree of collagen I
remodeling by human primary preadipocytes in vitro.
2.10.2 Coating of tissue culture plates with acid-extracted rat tail collagen I
In order to develop an assay of preadipocyte collagen I remodelling. I first attempted to
optimise the seeding and incubation of these primary human cells on collagen I-coated
tissue culture plates. I amended the protocols described by Artym and Matsumoto [189] and
Itoh et al [190, 191]. Briefly, acid-extracted rat-tail collagen I (Corning, Corning, NY, US) is
acidic, so it was neutralized by diluting in 10x minimum essential medium (MEM; Sigma,
Poole, UK) and 10x reconstitution buffer (made by dissolving 2.2g sodium bicarbonate
(NaHCO3) and 4.8g HEPES in 100ml distilled water, and sterile filtering the resultant
solution). To obtain a final pH of 7.2, small amounts of 2N sodium hydroxide and 37%
hydrochloric acid were added. This neutralized collagen I was then diluted in 1x PBS to
obtain a solution with a working concentration of 0.5 µg/µl. 200 µl of this solution (100 µg
collagen I) was placed in wells of a 24-well plate, while 200 µl of 1x PBS were added to
control wells. Plates were left in an incubator at 37°C for 2 hours, and then air-dried
overnight at room temperature in a laminar flow hood. The next day, wells were washed with
sterile distilled water to remove any crystalline salts.
Cells were seeded at a density of 4 x 104 cells/cm2, and left for 24 hours to acclimatise to the
coated or uncoated tissue culture surface prior to experimentation.
2.10.3 Hydroxyproline assay
Hydroxyproline is a major component of collagen and is essential for stability of the collagen
triple helix tertiary structure [192]. It is formed by post-translational hydroxylation of proline
residues by prolyl hydroxylase [193].

Given its enrichment in collagen sequences, the

detection of hydroxyproline in culture media indicates collagenlysis. Therefore, an assay that
quantitates the amount of hydroxyproline released into media can serve as a surrogate
marker for the degree of collagen turnover by cells in culture. It is for this reason that the
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hydroxyproline assay has been used for multiple mesenchymal cell types, such as
fibroblasts [194] and tenocytes [195]. Similarly, I adapted established protocols for use with
human primary preadipocyte cultures.
Briefly, preadipocytes seeded on collagen I-coated plates or control culture plates were
exposed to experimental conditions such as proadipogenic medium or TNF-α at 50 ng/ml.
Media collected over the course of the experiment was treated by boiling at 105°C in
concentrated hydrochloric overnight, causing hydrolysis of the proteins and peptides present
in the media, releasing the hydroxyproline residues. The hydrochloric acid was then
evaporated using an acid-resistant vacuum concentrator, and the precipitate was suspended
in double-distilled water.
The samples were treated with 7% chloramine T solution in an acetate-citrate buffer, which
oxidises the hydroxyproline to a pyrrole intermediate. Addition of 4-dimethlyaminobenzaldehyde (DAB) causes the synthesis of a red product whose concentration is
proportional to the initial amount of hydroxyproline present, allowing for the colorimetric
assessment of hydroxyproline content by spectrophotometry at 530nm. A trans-4-hydroxy-Lproline (Sigma, Poole, UK) standard curve ranging from 0 to 30 µg/µl enabled inference of
hydroxyproline concentrations in experimental media.

2.11 Clinical study protocols, methods and materials
2.11.1 Introduction
In order to understand the metabolic consequences of variation in expression of MPs and
TIMPs in human adipose tissue, I designed an investigation with the following objectives:
1. To measure levels of key MPs and TIMPs identified during the in vitro arm of my
study (MMPs-1, -2, -14 and TIMP-3, as well as the inhibitor of adipogenesis Dlk-1) in
subcutaneous and visceral adipose tissue samples obtained from lean and obese
subjects
2. To measure the subjects’ homeostatic model assessment-insulin resistance (HOMAIR) [157], which provides an assessment of their insulin sensitivity.
3. To analyse the subjects’ adipose tissue for evidence of dysfunction, by measuring
mean adipocyte size.
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To fulfil these objectives, I undertook a clinical study of subcutaneous and visceral adipose
tissue samples, blood samples and MRI scans from thirty-nine adult subjects. The sample
size was discussed with Dr Allan Clark, Senior Lecturer in Medical Statistics, Norwich
Medical School, University of East Anglia. This study was exploratory in nature, and there
are no reliable estimates of between and within group variation (effect size and variance) in
these variables (e.g. MP and TIMP levels) in human adipose tissue. Therefore, a formal
power calculation was not performed for this pilot feasibility work. However, I was aware of
one previous investigation of TIMP-3 in human metabolism, which looked at TIMP-3/ADAM17 activity in skeletal muscle [138], and one investigation of Pref-1 in human adipose [154].
In the latter, recruitment and analysis of 29 obese patients (12 ‘metabolically healthy’, 17
‘metabolically unhealthy’) identified significant differences in Pref-1 levels and markers of
adipose function. Thus, a recruitment total of 39 subjects seemed reasonable. I only
recruited female patients for donation of their subcutaneous and visceral adipose tissue,
given that the initial in vitro work that informed this study’s objectives was performed in
cultures established from adipose tissue donated by female subjects. This provided a
homogenous model environment for these initial investigations. Given the undoubted
differences in risk of metabolic consequences of obesity between males and females, it is
not unreasonable to suppose that there may be sex differences in the role/regulation of MPs
and TIMPs in adipose tissue. Therefore, by using only females, I removed this source of
potential variation between samples.
2.11.2 Participant recruitment and pathway through study
Ethical approval was obtained (12/EE/0498) to recruit female subjects who were scheduled
to undergo elective surgical procedures in which access to subcutaneous and visceral
adipose tissue is part of the procedure from surgical and gynaecological clinics. The
subjects’ involvement in the study is described below:
1. Research participants were recruited via Mr Michael Lewis' (consultant surgeon) and
Mr Edward Morris' (consultant gynaecologist) surgical and gynaecological practice at
the Norfolk and Norwich University Hospital respectively.
2. Body mass index (BMI) was measured at the surgical/gynaecological clinic
appointment, and was used as a stratifying variable to allow stratified sampling.
Stratified sampling is desirable in this instance as it ensured that a wide range of
BMIs were represented in this exploratory study. Approximately equal numbers of
patients were recruited in each of the following 5 groups:
a. BMI 18.5-24.9 kg/m2
b. BMI 25-29.9 kg/m2
c. BMI 30-34.9 kg/m2
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d. BMI 35-39.9 kg/m2
e. BMI ≥40 kg/m2
3. Once identified as eligible using pre-determined eligibility criteria (see box 2.1), the
initial approach was made to the patient at the time of booking of the procedure. The
purpose of the study and their potential role in it were explained, and potential
participants were provided with a study-specific participant information sheet.
4. At the time of routine pre-operative assessment, I, or members of the research nurse
team, re-approached these potential participants and asked to provide full informed
consent.
5. Once consented, volunteer demographic data were collected, including such as age
and past medical history, and pseudonymised.
6. Participants had a chest, abdomen and pelvis MRI scan at the Department of
Radiology, Norwich & Norwich University Hospital, performed by at team led by
Professor Andoni Toms, Dr Paul Malcolm (consultant radiologists) and Mr Richard
Greenwood (specialist MRI radiographer). During this MRI scan, participants were
scanned using a 3T or 1.5T GE Healthcare® (Chalfont St Giles, UK) scanner (see
section 2.11.4 below for scan protocol and analysis).
7. On the day of their operation, while fasted in advance of their general anaesthetic, 15
millilitres of blood were obtained by venepuncture performed by myself or a member
of the research nurse team. The samples were pseudonymised, centrifugally
separated to obtain serum and plasma, and stored at -80˚C in the Clinical Research
and Trials Unit, Norfolk & Norwich University Hospital, for later analysis (see section
2.11.5 below for analysis).
8. At their planned surgery, small samples of fat tissue (2 cm3) were taken from beneath
the skin and from within the abdomen. Other than this, the participants underwent
exactly the same operation as expected from their NHS care and if they had chosen
not to take part in the study (see section 2.11.3 below for description of tissue
handling following collection and analysis of this tissue).
9. The participant's involvement in this study ended here.
Given the risk of incidental findings on MRI or fasting glucose analysis uncovering
undiagnosed diabetes, we developed a protocol for addressing these situations. Briefly,
abnormal MRI scans and fasting glucose results were reported in full by the respective
clinical expert, and participants were invited to discuss these results with me and my primary
supervisor, Professor Jeremy Turner. We then made any onward referrals as necessary,
and informed the subject’s GP using a standardized letter.
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Inclusion Criteria
1. Female patients
2. Aged over 18
3. BMI ≥18.5
4. Undergoing elective general or gynaecological surgery under the care of the
General Surgical or Gynaecological Teams at the Norfolk & Norwich
University Hospital
Exclusion Criteria:
1. Unable to consent to involvement in research
2. Appropriate samples not collected during surgery
3. Pregnancy
4. Infective, inflammatory or malignant pathology
5. Regular use of anti-inflammatory medications e.g. corticosteroids, nonsteroidal anti-inflammatory drugs.
6. Any condition that precludes safe MRI (including permanent pacemakers,
intracranial clips/coils, metallic prostheses, risk of metallic intra-ocular
foreign body, claustrophobia, use of metallic intrauterine contraceptive
device, and others as per MRI standard operating procedure [SOP])
7. Weight >227kg or width at widest point >70cm

Box 2.1: Eligibility criteria for the clinical study.

2.11.3 Tissue handling and analysis
During surgery, 2 cm3 adipose samples were obtained from both subcutaneous and visceral
compartments. Samples were immediately placed in cooled saline and transported on ice to
the BioMedical Research Centre, University of East Anglia. Every effort was made to reduce
the amount of time spent in transit; on average, this took about 20 minutes.
On arrival at the BioMedical Research Centre, the samples were immediately divided into
two sections.
2.11.3.1 Histopathology and adipocyte size assessment
The protocol for preparing adipose tissue for histopathological analysis was adapted from
Cinti et al [196]. Briefly, 1cm3 was fixed in 4% paraformaldehyde at 4°C overnight, and
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transferred to the Norfolk and Norwich University Hospital Histopathology laboratory. There,
following a process of dehydration and paraffin-embedding, samples were sectioned,
mounted on slides and stained with haematoxylin and eosin. Three discontinuous slides
were obtained for each sample. These steps were kindly performed by the staff at the
Histopathology Lab, led by Mr Iain Sheriffs.
Slides were then photographed using a Zeiss AxioPlan 2ie widefield upright microscope
equipped with an AxioCam HRm CCD camera, and using the AxioVision LE software V4.8
(Carl Zeiss Microscopy, Cambridge, UK) (Figure 2.8). Three randomly selected views were
photographed for each slide.
Photomicrographs were used to measure mean adipocyte cross-sectional area, using a
method adapted from established automated object finding protocols, with the help of Dr
Paul Thomas (Facility Manager, Henry Wellcome Laboratory for Cell Imaging, University of
East Anglia). This process was performed by myself and by Ms Miriam Mansha, second
year medical student, University of East Anglia, who joined our group for a self-selected
study research module. Briefly, photomicrographs were loaded onto ImageJ (version 1.46r,
National Insitutes of Health, US) [197] and scaled according to the magnification of the
image. Following a process of background subtraction, contrast and brightness were
adjusted and the image was converted to black and white. A threshold image was then
created such that separate objects in the image (that is – individual adipocytes) could be
identified and numbered by the automated ImageJ system (Figure 2.9). These individual
‘particles’, as referred to in the ImageJ literature, could then be analysed by the software to
obtain cross-sectional area. This process was repeated for all three views of two nonconsecutive slides prepared from each adipose tissue sample collected. These data were
exported to a Microsoft Excel® spreadsheet and means/standard deviations for each sample
were calculated.
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Subcutaneous adipose tissue

Visceral adipose tissue

Figure 2.8: Photomicrographs of paired subcutaneous and visceral adipose tissue samples donated
by donor A08-13TB0411. Photomicrographs were obtained with a Zeiss AxioPlan 2ie widefield upright
microscope equipped with an AxioCam HRm CCD camera, and using the AxioVision LE software
V4.8 (Carl Zeiss Microscopy, Cambridge, UK).
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Figure 2.9: Process of automated object finding in ImageJ, allowing measurement of adipocyte crosssectional area. The top panel is the raw photomicrograph that was analysed according to the protocol
outlined in section 2.11.3.1. The bottom panel shows the ‘particle image’, wherein the image is
resolved into numbered individual ‘particles’ corresponding to adipocytes, whose size can be
measured.
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2.11.3.2 RNA stabilisation and extraction, quantitative RT-PCR
The remaining 1 cm3 of adipose tissue from each depot for each donor was placed in 2 ml of
RNALater® (Qiagen, Crawley, UK), and left at 4°C overnight. The next day, the excess fluid
was removed and the sample was frozen at -20°C for storage. RNA extraction was
performed using the RNeasy® Lipid Tissue Mini Kit (Qiagen). Reverse transcription and
quantitative reverse transcription PCR was then performed for targets of interest as outlined
in section 2.4 above.
2.11.4 MRI scan protocol and analysis of images
MRI studies involved breathhold IDEAL scans of approximately 20s of chest, abdomen,
pelvis and similar scans of the lower limbs for bulk fat measurement. A breathhold scan of
the liver was also performed for percentage liver fat measurement.
Analysis of fat compartment volumes was performed using an automated tool for
quantification of subcutaneous, visceral and non-visceral internal fat developed by AMRA™,
a spin-off of the Centre for Medical Image Science and Visualization (CMIV), the Department
of Biomedical Engineering (IMT), and the Department of Medicine and Health (IMH) at
Linköping University, Sweden. Once MRI studies were obtained, they were transferred
securely to Professor Magnus Borga and Dr Olof Dahlqvist Leinhard in Linköping, who kindly
performed this analysis for me. Briefly, MR images acquired using the two-point Dixon
technique in the abdominal region were subjected to a process of three-dimensional phase
unwrapping to provide water and fat images, image intensity inhomogeneity correction, and
morphon-based registration and segmentation of the tissue [198]. As a result, data for total
adipose tissue (TAT), subcutaneous adipose tissue (ASAT), and visceral adipose tissue
(VAT) volumes were obtained, as well as percentage liver fat.
2.11.5 Blood sample handling and analysis
Venepuncture was performed on all study subjects, to collect ~15ml of whole blood into a
lithium heparin (Li hep) and a SST (serum separator tube) bottle. Once collected, the blood
was put on ice and taken immediately to a centrifuge in the Clinical Research and Trials
Unit, Norfolk and Norwich University Hospital, and spun as follows:
•

Li hep: 4400 rpm for 6 mins – to obtain plasma

•

SST: 3300 rpm for 5 mins – to obtain serum

The plasma and serum were then aliquoted into two cryotubes and immediately stored at in
the -80°C.
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Analysis of these samples was kindly performed by the Norfolk and Norwich University
Hospital Biochemistry Laboratory, led by Susan Kerry. The glucose, follicle stimulating
hormone (FSH) and triglyceride assays were performed on an Abbott ARCHITECT platform
(Abbott, Sittingbourne, UK), whereas the insulin assay was performed on a Roche Elecsys
platform (Roche, Mannheim, Germany), as follows:
2.11.5.1 Glucose
Glucose is phosphorylated by hexokinase (HK) in the presence of adenosine triphosphate
(ATP) and magnesium ions to produce glucose-6-phosphate (G-6-P) and adenosine
diphosphate (ADP). Glucose-6-phosphate dehydrogenase (G-6-PDH) specifically oxidizes
G-6-P to 6-phosphogluconate with the concurrent reduction of nicotinamide adenine
dinucleotide (NAD) to reduced nicotinamide adenine dinucleotide (NADH). One micromole of
NADH is produced for each micromole of glucose consumed. The NADH produced absorbs
light at 340 nm and can thus be detected spectrophotometrically as an increased
absorbance.
2.11.5.2 FSH
A two-step chemiluminescent microparticle immunoassay (CMIA) is used to determine the
presence of FSH in serum and plasma. In the first step, sample and anti-β-FSH-coated
paramagnetic microparticles are combined, which bind the FSH present in the sample. After
washing, anti-α-FSH-acridinium labelled conjugate is added. A direct relationship exists
between the amount of FSH in the sample and the intensity of the resulting
chemiluminescent reaction that is measured as relative light units (RLUs), detected by the
ARCHITECT system.
2.11.5.3 Triglycerides
Triglycerides are enzymatically hydrolyzed by lipase to free fatty acids and glycerol. The
glycerol is phosphorylated by adenosine triphosphate (ATP) with glycerol kinase (GK) to
produce glycerol-3-phosphate and adenosine diphosphate (ADP). Glycerol-3-phosphate is
oxidized to dihydroxyacetone phosphate (DAP) by glycerol phosphate oxidase (GPO)
producing hydrogen peroxide (H2O2). In a colour reaction catalyzed by peroxidase, the H2O2
reacts with 4-aminoantipyrine (4-AAP) and 4-chlorophenol (4-CP) to produce a red coloured
dye. The absorbance of this dye is proportional to the concentration of triglyceride present in
the sample, and is measured at a wavelength of 500nm.
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2.11.5.4 Insulin
The Elecsys Insulin assay employs two human insulin-specific monoclonal antibodies. First,
insulin, a biotinylated monoclonal insulin-specific antibody, and a monoclonal insulin-specific
antibody labeled with a ruthenium complex (Tris(2,2'-bipyridyl)ruthenium(II)-complex
(Ru(bpy)) form a sandwich complex. The complex then is bound to streptavidin-coated
microparticles, which are then magnetically captured onto the surface of an electrode.
Application of a voltage to the electrode then induces chemiluminescent emission which is
measured by a photomultiplier. The amount of light produced is directly proportional to the
amount of insulin in the sample.

2.12: Statistical analysis
Comparative two-sample statistical analysis was by Mann Whitney U-test for non-parametric
data and Student’s t test for parametric (normally distributed) data. The ANOVA
generalisation was used for comparisons involving more than two samples. Correlation
analysis was performed in the clinical study to statistically analyse pairs of continuous
variables: non-parametric data were analysed using Spearman analysis, whereas
parametric (normally distributed) data were analysed using Pearson analysis. In all cases, a
p value of <0.05 was accepted as demonstrating statistical significance. Analysis was
performed using GraphPad Prism 7 (GraphPad Software, La Jolla, USA).
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Chapter 3:
Expression of metalloproteinases and
their inhibitors by primary human adiposederived mesenchymal stromal cells and in
vitro-differentiated adipocytes

61

3.1: Introduction
Metalloproteinases (MPs) and their tissue inhibitors (TIMPs) are key players in the
remodelling of various tissues in response to diverse environmental cues, and expression is
observed in human and murine preadipocyte and adipocyte models (see Chapter 1). Their
expression and role in human adipose tissue remodelling is less well understood. Indeed,
my review of the existing literature led me to identify the following unaddressed question in
human adipose tissue research:
Which are the key MPs and TIMPs expressed by human adipocytes and
preadipocytes, and how is this expression modulated by inflammatory or proadipogenic stimuli?
To this end, I undertook expression analysis at both messenger RNA and protein level of
MPs and TIMPs by primary human adipose-derived mesenchymal stromal cells (used as a
model for human preadipocytes, see Chapter 2), and by primary human in vitrodifferentiated adipocytes, in conditions were chosen to provide physiologically-relevant
models of adipose tissue in obesity, metabolic syndrome and diabetes. High-glucose
Dulbecco’s Modified Eagle’s medium, for example, contains 4.5g/l, or 25 mmol/l of glucose,
which is a circulating level of glucose that can be associated with undiagnosed diabetes
mellitus [199]. The presence of a pro-inflammatory environment in metabolically-unhealthy
obese adipose tissue is well-recognised (see Chapter 1). Lastly, adipose tissue in weight
gain expands by hyperplasia and hypertrophy, meaning that adipogenic differentiation is a
feature of adipose tissue remodelling in obesity.

3.2: mRNA expression of MPs and TIMPs by human adipocytes
To determine which of the 66 human MPs and TIMPs are expressed by primary in vitrodifferentiated human adipocytes, we used custom-designed Taqman Low Density Arrays
(see Chapter 2: Methods). Following 72 hours of habituation in low glucose basal medium, in
vitro-differentiated adipocytes from five independent donors were exposed to the following
conditions for 24 hours – low glucose basal medium as a control, high glucose (4.5 g/l
glucose DMEM) basal medium, low glucose basal medium with TNF-α at 50ng/ml, and low
glucose basal medium with lipopolysaccharide (LPS) at 10ng/ml. These stimuli were chosen
as TNF-α! is a well-established mediator of adipose inflammation (see Chapter 1), while
other work in our group has shown that LPS is an important regulator of insulin responses in
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adipocytes [158, 160, 200] and other published work has linked the receptor for LPS, Tolllike receptor (TLR)-4, to adipose inflammation and diabetes in mouse [201].
Media were collected, and RNA extracted and reverse transcribed as described previously
(see Chapter 2: Methods). Due to poor quality RNA (as indicated by low 260/280
absorbance ratios), the RNA from two donors was not reverse transcribed and used for
further analysis, meaning that cDNA from three donors was used in the Taqman Low
Density Arrays.
To ensure that cells demonstrated expected biological responses, culture media from 5
donors were assayed for IL-8 by ELISA following treatment with high glucose media, TNF-α
or LPS. IL-8 was chosen for this purpose as it is a well-established adipocyte-secreted
cytokine, or adipokine [202, 203]. IL-8 expression and secretion has been shown to be
increased in human adipocytes exposed to an inflammatory stimulus [204], and obese
subjects have higher circulating levels of IL-8 than lean controls [205]. In my cultures, IL-8
expression was increased 38- and 53-fold with TNF-α (mean ± SD: 18799 pg/ml ± 2207)
and LPS (26176 pg/ml ± 12616) stimulation respectively (all p < 0.0001) as compared to
control (492 pg/ml ± 822); it was not significantly changed by high glucose medium (Figure
3.1).
TLDA analysis revealed mRNA expression for 57 MP and TIMP genes, including 20 MMPs,
16 ADAM proteases, 17 ADAMTS proteases and the 4 TIMPs. Many of these genes were
regulated by the chosen inflammatory stimuli, with some genes being upregulated while
others were downregulated. More genes were regulated by inflammatory stimuli than by
varying glucose concentration in the cell culture medium (Figure 3.2). The top quartile of MP
and TIMP genes expressed by primary in vitro-differentiated adipocytes in low glucose
medium is shown in Table 4, Appendix A.
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***

IL-8

(Logarithmic scale)

***

!
Figure 3.1: Stimulation of in vitro-differentiated adipocytes with TNF-α or LPS but not with high
glucose media increases IL-8 expression. IL-8 concentration in cell culture supernatants following 24
hours of treatment in low glucose basal media, high glucose basal media, or low glucose media
supplemented with TNF-alpha or LPS was quantified using ELISA. Data is from 3 biological replicates
from each of 5 different donors (each bar represents the mean + SD for these 15 samples). Data for
each experimental condition was compared to low glucose untreated control using an unpaired
Student’s t test (***, p < 0.001).
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Figure 3.2: ‘Heat map’ showing expression of all 66 human MP and TIMP genes and 3 control genes
(IL6, IL8, CCL2) in primary cultured adipocytes in four conditions: low glucose medium, high glucose
-ΔΔCt
medium, TNF-alpha at 50ng/ml, and lipopolysaccharide at 10ng/ml. 2
expression data was
calculated using RPLP0 as the reference gene. Data is from 3 biological replicates from each of 3
independent donors. (Red, high expression; white, no expression)
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On stimulation with high glucose medium, TNF-α or LPS, regulation of steady-state mRNA
levels of multiple MP and TIMP genes was observed. Of the most readily-detectable
MP/TIMP genes in control conditions, 6 genes (Timp3, Timp4, Adamts1, Adamts5, Mmp3
and Adamts4) demonstrated a two-fold or greater change of mRNA expression. The
greatest degree of upregulation was observed for MMP-1; mRNA expression increased
28.4-fold with TNF-α and 19.6-fold with LPS (p < 0.001) (Figure 3.3).

Figure 3.3: Steady-state mRNA levels for selected MPs and TIMPs varies in different experimental
-ΔΔCt
conditions. Fold change in expression was calculated by the 2
method for all 66 MPs and TIMPs,
compared to expression in control (low glucose) medium. For each gene, expression in low glucose
0
control medium is arbitrarily set at 1 (2 ). Log2 fold change is shown for those highly-expressed genes
which demonstrate a two-fold increase or decrease in expression in any one of the three experimental
conditions, compared to low glucose medium. Data for Mmp1 is included as this gene demonstrated
the greatest change in expression (28.4-fold increase in expression on exposure to TNF-alpha at
50ng/ml, and 19.6-fold increase in expression on exposure to lipopolysaccharide [LPS] at 10ng/ml).
Data is from 3 biological replicates of each of 3 independent donors, and was analysed using the
Mann-Whitney U test (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

3.3: Protein expression of MPs and TIMPs by human adipocytes
As can be appreciated from the results above, MMPs -1, -2 and -14, and TIMP-3 were
amongst the most readily-detectable and highly-regulated MMPs and TIMPs at mRNA level
in primary human in vitro-differentiated adipocytes. This is in keeping with previous studies
of the roles of MPs and TIMPs in adipose and other tissues. MMP-1 and MMP-14 are true
collagenases, for example; the latter has been implicated in collagen I-rich extracellular
matrix in adipogenesis, while the former is upregulated in inflammation. Various human
studies have focused on associations between MMP-2 levels and obesity and diabetes,
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while TIMP-3 is acknowledged to be the main inhibitor of ADAM-17/TACE in many tissues,
and TNF-α is a major mediator of obesity-associated adipose tissue inflammation (see
Chapter 1). For these reasons, I explored the expression of MMPs-1, -2 and -14 and TIMP-3
at protein level.
3.3.1 MMP-1
Since Mmp1 mRNA was strongly upregulated, I sought to explore expression at the protein
level by ELISA of culture media following 24 hours of stimulation with high glucose medium,
TNF-α and LPS. Total MMP-1 protein secretion increased with TNF-α (19-fold increase) and
LPS (12-fold increase) (both p < 0.001) but was unchanged by high glucose medium (Figure
1.4).

***
***

Figure 3.4: Stimulation of primary adipocytes with TNF-alpha and LPS, but not with high glucose
medium, leads to increased expression of total MMP-1. In vitro-differentiated adipocytes were
incubated for 24 hours in low glucose medium (untreated control), high glucose medium, low glucose
medium containing 50 ng/ml TNFα, or in low glucose medium containing 10 ng/ml LPS. The
expression of total MMP-1 in cell culture medium following stimulation was assessed using ELISA.
Data is from 3 biological replicates from each of 5 independent donors (mean + SEM). Data for each
experimental condition was compared to low glucose untreated control using a Mann-Whitney U test
(***, p < 0.001). (TNF: tumour necrosis factor-alpha; LPS: lipopolysaccharide)
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3.3.2 MMPs-2 and -14
MMP-2 (gelatinase A) was the most highly expressed MP on the TLDA array but did not
appear to be regulated by high glucose, TNF-α or LPS. Gelatin zymography (see Chapter 2:
Methods) was therefore used to determine whether 65 kDa gelatinase activity suggestive of
MMP-2 secretion could be detected in cell culture media. Following habituation in low
glucose basal media, cells were stimulated using 50ng/ml TNF-α in serum-free low glucose
DMEM, or with 10 ng/ml LPS in 0.2%FCS-containing low glucose DMEM (serum is required
as a source of LPS-binding protein [LBP], which is required for LPS to bind to CD14, TLR-4
and lymphocyte antigen 96, and thus stimulate a biological response). Conditioned media
were recovered after 24 hours and gelatin zymography was performed. Gelatinase activity
suggestive of MMP-2 was detected in all samples tested (Figure 3.5). This activity was
inhibited when gels were incubated in 1,10-phenanthroline. This is a strong chelator of metal
ions including zinc, so it functions as a metalloproteinase inhibitor – inhibition of gelatinolytic
activity by 1,10-phenanthroline thus suggests that this activity is caused by a zinc
metalloproteinase (Figure 3.5).
MMP-14 was also detected on TLDA analysis. Western blotting of cellular lysates treated as
for the TLDA analysis revealed expressed of MMP-14 protein, which did not appear to be
regulated by inflammatory stimuli, confirming the results at mRNA level (Figure 3.6).
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Figure 3.5: Gelatin zymography reveals the presence of gelatinase activity at 65 kDa which is
inhibited by 1,10-phenanthroline. Panel A shows the results of zymography carried out when cells
were treated with serum-free media ± TNF-alpha, whereas panel B shows a similar experiment with
cells treated with 0.2% FCS-containing media ± LPS. No activity was noted when unconditioned low
glucose media with 0.2% FCS was run on the gel. In both panels A and B, gels were split into two
after PAGE, and gel 1 was incubated overnight at 37°C in Tris Assay Buffer, while gel 2 was
incubated in Tris Assay Buffer supplemented with 2mM 1,10-phenanthroline. Zymography was
repeated for samples from three independent donors (representative zymogram shown). (LG: low
glucose; SF: serum-free; UC: unconditioned media with 0.2% FCS).
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Figure 3.6: MMP-14 protein is expressed by primary human in vitro-differentiated adipocytes, and is
not regulated by inflammatory stimuli. Adipocyte cultures were incubated for 24 hours in control
media, TNF-alpha containing media or LPS-containing media, and cellular lysates were collected and
subjected to immunoblotting. p38 (mitogen-associated protein kinase [MAPK]) was used as a loading
control. Three independent donors analysed, representative blot shown. (TNF: tumour necrosis
factor-alpha; LPS: lipopolysaccharide; MAPK: mitogen-activated protein kinase).

3.3.3 TIMP-3: regulation by inflammatory stimuli
TIMP-3 is downregulated in the adipose tissue of obese rodents [7, 136]. ADAM-17/TACE is
inhibited by TIMP-3 and is responsible for the pericellular processing of various signalling
molecules, including the inhibitor of adipose differentiation Pref-1 in murine models [206].
Furthermore, TIMP-3 has a broad spectrum of metalloproteinase inhibition, potentially
inhibiting the MMP-mediated turnover of ECM during adipose remodelling. Thus,
downregulation of TIMP-3 mRNA on stimulation with TNF-α on TLDA analysis would
suggest a potential mechanism by which adipose remodelling can be regulated by
inflammatory signals. I therefore sought to establish whether TIMP-3 protein expressed by in
vitro-differentiated human adipocytes and adipose-derived mesenchymal stromal cells is
regulated by stimulation with TNF-α. As described in Chapter 2, heparin can be added to
culture medium to block TIMP-3 re-uptake, thus allowing its detection by Western blotting of
TCA-precipitated culture media [180, 207, 208]. Adipocyte and mesenchymal stromal cell
cultures from eight independent donors were incubated with heparin at 100 µg/ml, TNF-α at
50 ng/ml, or both for 48 hours following habituation in low glucose control media. Stimulation
with TNF-α for 48 hours caused downregulation of TIMP-3 protein expression in five donors,
no change in two donors, and upregulation of TIMP-3 protein expression in one donor
(Figure 3.7). To identify whether the addition of heparin regulated TIMP-3 expression, in
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vitro-differentiated adipocytes from three of these donors were exposed to the same
conditions for 24 hours. RNA was collected from, reverse transcribed, and qRT-PCR
analysis was performed for Timp3 mRNA expression. Significant downregulation of Timp3
mRNA was seen with TNF-α and with heparin and TNF-α in combination (Figure 3.8).

3.4: Regulation of TIMP-3 by adipogenic differentiation
TIMP-3 has been shown to be downregulated at the onset of adipogenic differentiation of
3T3-L1 cells [96]. As is the case with inflammatory stimulation, this downregulation may play
a disinhibitory role on TIMP-3 regulation of adipogenic matrix turnover and shedding of
adipogenic regulators. Therefore, to begin to explore a potential role for TIMP-3 in human
adipose remodelling in obesity-associated inflammation, its expression by human
preadipocytes at the onset of differentiation was assessed by qRT-PCR.
Human primary adipose-derived mesenchymal stromal cell cultures 48 hours postconfluence were induced to differentiate in adipogenic medium, with or without TNF-α at a
concentration of 50ng/ml. Cellular lysates for RNA extraction were collected at 12 hours, 24
hours, 3 days and 6 days. Differentiation was confirmed by measurement of adiponectin
mRNA expression (Adipoq); no Adipoq mRNA was detected at 0 and 12 hours, but was
detected in cells exposed to differentiation medium only at 24 hours. qRT-PCR revealed
downregulation of Timp3 mRNA at differentiation induction (35.9 ± 9.4% (mean±SD)
reduction in Timp3 expression at 12 hours; 66.0 ± 11.1% reduction at 24 hours), and further
downregulation by inflammatory stimulation (44.9 ± 9.5% reduction vs differentiation medium
at 12 hours; 55.3 ± 3.2% reduction vs differentiation medium at 24 hours) (Figure 3.9).
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Figure 3.7: Stimulation of A) primary in vitro-differentiated adipocytes and B) primary adipose
mesenchymal stromal cells with TNF-alpha leads to reduced expression of TIMP-3 protein. In vitrodifferentiated adipocytes and adipose-derived mesenchymal stromal cells were incubated for 48
hours in low glucose serum-free medium with or without heparin (100 µg/ml) and TNF-α (50 ng/ml).
The expression of TIMP-3 was assessed by immunoblot of TCA-precipitated conditioned media.
Conditioned media from HEK293 cells overexpressing C-terminally FLAG-tagged human TIMP-3
(T3F) was included as a positive control (see Chapter 2: Methods). Cells from eight independent
donors were used; a representative image is shown. (T3F: C-terminally FLAG-tagged human TIMP-3;
TNF: tumour necrosis factor-alpha)
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Figure 3.8: Timp3 steady-state mRNA levels are downregulated by TNF-alpha but not by heparin.
RNA was extracted and reverse transcribed from primary in vitro-differentiated adipocytes following
stimulation for 24 hours with heparin (100 µg/ml), TNF-α (50 ng/ml) or both. cDNA was analysed by
qRT-PCR for expression of Timp3, which was normalised to Rplp0 expression. Data is from 3
biological replicates from each of 3 independent donors (mean + SD). Results were analysed by oneway ANOVA (p = 0.01), and Tukey’s post-hoc multiple comparisons test, in which each condition was
compared to the control condition (*: p < 0.05). (A.U. arbitrary units; TNF-alpha: tumour necrosis
factor alpha).
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Figure 3.9: Expression of Timp3 is regulated during preadipocyte differentiation. 48 hours after
reaching confluence, preadipocyte cultures were induced to differentiate with adipogenic media, with
or without TNF-alpha at 50 ng/ml added. Cellular lysates were collected at 12, 24, 36 and 72 hours.
RNA was extracted and qRT-PCR was performed for (A) Adipoq and (B) Timp3. Results are
-ΔΔCt
expressed as 2
, relative to expression at Day 0 (i.e. before the onset of differentiation) for Timp3
and 24 hours for Adipoq, and with Rplp0 as the comparator gene. Data are from four replicates from
each of three independent donors, and were analysed using a two-way ANOVA with post-hoc
Dunnett’s multiple comparison (Adipoq expression vs 24 hours: ***: p < 0.001, ****: p < 0.0001; Timp3
expression vs 0 hours: ✝✝: p < 0.01, ✝✝✝✝: p < 0.0001; Expression TNF-alpha vs differentiation
medium at each timepoint: §: p < 0.0001).
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3.5: Discussion
In obesity associated with metabolic sequelae (metabolically ‘unhealthy’ obesity (MUO)),
white adipose tissue (WAT) has two characteristics that are thought to contribute to the
development of these adverse metabolic outcomes:
1. Chronic, low-grade inflammation, with elevated circulating markers of inflammation
and infiltration by macrophages [19, 20, 23]
2. An inability of subcutaneous WAT to expand sufficiently to store surplus ingested
energy, resulting in excess lipids diversion to ectopic sites (liver, skeletal muscle,
pancreas and visceral adipose), leading to lipotoxicity and insulin resistance [32, 35].
While

‘healthy’

subcutaneous

adipose

expansion

involves

recruitment

and

differentiation of adipocyte precursors (preadipocytes) into mature adipocytes, limited
expandability in MUO is thought to, at least partly, relate to failure of this process and
a tendency for expansion to occur by adipocyte hypertrophy. Hypertrophied
adipocytes contributed to elevated circulating free fatty acid levels, and are
associated with increased adipose tissue TNF-α and IL-6, all of which are related to
an increased risk of IR (see Chapter 1).
Preadipocyte differentiation and adipocyte hypertrophy are two central processes required
for the adipose remodelling that occurs in weight gain. As in other tissues, remodelling in
WAT is thought to involve extracellular matrix turnover, which in turn requires the regulated
expression and activity of proteins capable of hydrolysing WAT ECM components such as
collagens I, IV, VI, fibronectin and laminin, as well as modulating the availability and activity
of cytokines and other signalling molecules, such as Pref-1 and TNF-α. Preadipocyte and
adipocyte-expressed metalloproteinases (MPs) and their tissue inhibitors (TIMPs) are
thought to be involved in these matrix turnover and shedding processes.
This chapter presents the first comprehensive description of the expression of all human
metalloproteinase and TIMP genes by primary human in vitro-differentiated adipocytes in
culture, in basal, hyperglycaemic, and inflammatory conditions. Furthermore, the expression
of target candidates thought to be particularly important in WAT remodelling has been
described in conditions of inflammatory stimulation and during preadipocyte differentiation.
MMP-1, MMP-2, and MMP-14/MT1-MMP are major players in ECM remodelling, with
collagen I, IV, gelatin, fibronectin and laminin amongst their many targets [209]. All four are
expressed by human adipocytes in the culture system presented in this report; MMP-1 is
upregulated by inflammatory conditions. Data have also been presented indicating that
TIMP-3 mRNA and protein are downregulated by inflammatory stimulation of adipocytes and
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at the onset of preadipocyte differentiation. With respect to TIMP-3 protein, donor-to-donor
variability was observed, which is not unexpected in studies using primary human cells in
culture. The experiment wherein primary human adipose-derived mesenchymal stromal cells
and in vitro-differentiated adipocytes were stimulated with TNF-α in medium containing
heparin was repeated with cells from eight independent donors. In five donors, there was
clear downregulation of TIMP-3 protein. In two donors, there was no change, whereas with
one donor, there was upregulation of TIMP-3 protein with inflammatory stimulation.
Downregulation at protein level in 5/8 donors tested, along with downregulation at mRNA
level in three of these donors (Figure 3.8) and in three separate donors in the TLDA
experiment (Figure 3.2) is highly suggestive that TIMP-3 is indeed downregulated by
inflammatory stimulation. Interestingly, this is in keeping with previous work by the Gavrilovic
group showing that MCEC-1 endothelial cells also respond to TNF-α and IL-1 showing a
reduction in steady state Timp3 mRNA levels [210].
These results are consistent with previous investigations of MP/TIMP expression, carried out
in murine adipose tissue and adipocyte cell lines. Upregulation of MMPs -1 and -3 was seen
in SGBS adipocytes exposed to macrophage-conditioned medium, whereas downregulation
of TIMP-3 was observed in white adipose tissue from genetically obese (ob/ob, db/db) mice
and mice on high-fat diet (HFD), as well as at the onset of differentiation of 3T3-L1
preadipocytes (see Chapter 1).
TIMP-3 was one of the most readily-detectable MPs/TIMPs on the TLDA array, and also one
of the most significantly regulated by inflammatory stimulation with TNF-α. Given its high
expression, it may exert a ‘tonic’ inhibitory effect on MMP and ADAM activity in the
pericellular milieu in the basal state. In inflammation or tissue remodelling, its
downregulation may be disinhibitory on MP activity. Thus, TIMP-3 may be an important node
in adipose remodelling, as it may integrate adipose inflammation, ECM remodelling and
regulation of preadipocyte differentiation. Specifically, TIMP-3 downregulation may allow
increased ADAM-17 activity, which would result in increased local adipose tissue
inflammation due to increased shedding of active TNF-α, and would reduce preadipocyte
differentiation as a result of increased solubilisation of Pref-1/Dlk-1. This in turn may lead to
a metabolically maladaptive state in which preadipocyte recruitment is chronically impaired
and adipocyte hypertrophy becomes the preferential, or even exclusive, mode of adipose
tissue expansion. In vivo murine work provides some corroborative evidence for this
hypothesis, as Timp3 knockout aggravates metabolic dysfunction and increases the ectopic
deposition of lipids in the liver of insulin resistant Insr+/- mice, while ADAM-17
inhibition/deficiency rescues the phenotype [136].
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A number of pertinent questions remain to be addressed in order to fully elucidate the role of
MPs and TIMPs in WAT remodelling, obesity and metabolic disease. Although it is
reasonable to surmise that TIMP-3 downregulation in adipose inflammation and
preadipocyte differentiation would allow increased MP activity leading to increased (i) ECM
turnover and (ii) shedding of signalling molecules such as sDlk-1, this has not been
ascertained in a physiologically relevant model of human adipose tissue. Furthermore, in
humans, there have been few attempts to date to describe the relationship between adipose
MP/TIMP expression and (i) markers of metabolic health such as whole body insulin
sensitivity and (ii) whole body lipid distribution. Notable exceptions include the 2010 study by
Madec and colleagues, which identified reduced expression of MMP-2 and TIMP-2 in
adipocytes isolated from subcutaneous and visceral adipose tissue samples donated by lean
hypertensive patients as opposed to normotensive controls (although this study did not look
at obese subjects) [211], and the 2010 study by Unal and colleagues which reported a
positive correlation between subcutaneous adipose tissue Mmp9 mRNA expression and
body mass index and negative correlation between subcutaneous adipose tissue Mmp9
mRNA expression and insulin sensitivity [212].
Therefore, I designed a clinical cross-sectional study to investigate the relationship between
MP/TIMP expression in human adipose tissue and metabolic parameters (Chapter 4), and in
vitro experiments to investigate the role of TIMP-3 in adipose ECM remodelling and Dlk-1
shedding (Chapter 5). These investigations focused on a prioritised candidate list of most
interesting ‘hits’ from the TLDA screen: MMPs -1, 2 and 14 and TIMP-3. I selected these
candidate molecules because:
•

TIMP-3, MMPs-2 and 14 had amongst the highest basal expression levels.

•

MMP-1 and TIMP-3 were the most strongly regulated MPs/TIMPs by TNF-α and
LPS.

•

TIMP-3 is a broad-spectrum inhibitor of many MPs, and is the major inhibitor for
ADAM-17 [177]. ADAM-17 has been implicated in adipose tissue biology via its
effects on TNF-α and Pref-1 shedding [119, 124].

Although some regulation of MP and TIMP expression was seen in hyperglycaemic
conditions (Figures 3.2 and 3.3), I decided to focus on an experimental model for adipose
inflammation in obesity, as this is thought to exist in the ‘pre-diabetic’ state, rather than
continuing to expose cells to conditions modelling glucose concentrations typical of
established diabetes. Therefore, I used differentiation medium and/or TNF-α stimulation as
the main experimental condition in subsequent experiments investigating the role of TIMP-3
in ECM remodelling and Dlk-1 shedding. Better understanding of the roles of TIMPs and
76

MPs in the process by which obesity increases the risk of developing type 2 diabetes may
lead to better diagnostic and therapeutic modalities, helping to uncouple obesity from its
metabolic sequelae.
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Chapter 4:
Relationships between human adipose
expression of metalloproteinases and their
tissue inhibitors, whole-body lipid
distribution and systemic insulin
resistance
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4.1: Introduction
As demonstrated in the previous chapter, metalloproteinases and their tissue inhibitors are
expressed by human in vitro-differentiated adipocytes, and this expression is regulated by
inflammatory stimuli. The other cellular constituents of adipose tissue, such as mesenchymal
stromal cells, macrophages, endothelial cells and fibroblasts [23] have all been shown to
express metalloproteinases and their inhibitors in adipose tissue and other tissues (see
Chapter 1, section 1.3.2). Given their ubiquitous role in remodelling and inflammation in
myriad other tissues, it is reasonable to hypothesise that adipose tissue remodelling in
weight gain involves metalloproteinases and TIMPs expressed by various cells within the
adipose tissue, with intercellular crosstalk regulating this expression. Nevertheless, relatively
little is known about human adipose tissue remodelling in early obesity and whether these
remodelling processes directly contribute to the development of insulin resistance, or
whether maladaptive remodelling in a subset of obese subjects predisposes to insulin
resistance and type 2 diabetes. A better understanding of the processes that occur in
adipose tissue during weight gain in human obesity may aid the development of improved
markers of early insulin resistance, potentially allowing the prevention of progression to type
2 diabetes through the targeted deployment of lifestyle interventions.
Studies of the roles of metalloproteinases and TIMPs in human obesity have to date
predominantly focused on associations of (i) circulating levels of MMPs (such as MMPs-2
and -9) or (ii) certain SNPs and haplotypes with measures of adiposity and whole-body
metabolic status (see Chapter 1, section 1.3.5). Although two studies have identified positive
correlations between adipocyte size and MMP-2 [143] or MMP-3 expression [99], there has
been relatively little focus on the relationship between these proteins/genes and adipose
tissue remodeling in human subjects, and no studies at all on their role in whole-body lipid
distribution. To this end, I carried out a cross-sectional investigation with the aim of testing
the hypothesis that there is an association between expression of MMPs-1, -2, and -14,
TIMP-3 and Dlk-1 in human subcutaneous and visceral adipose tissue, and parameters of
whole body metabolic status (fasting plasma glucose, fasting serum insulin and HOMA-IR),
systemic inflammation (serum C-reactive protein [CRP]), adipose tissue remodelling and
inflammation (adipocyte size and CD68 immunoreactivity), and whole-body lipid distribution
(magnetic resonance imaging measurements of adipose depot volume and hepatic fat
fraction).
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4.2: Baseline characteristics of study population
Thirty-nine female subjects undergoing elective NHS surgery at the Norfolk and Norwich
University Hospital (NNUH) were recruited to participate in this study (see Chapter 2:
Methods for details of recruitment pathways and eligibility criteria). Participants were
recruited to five body mass index (BMI) bins (18.5-24.9, 25-29.9, 30-34.9, 35-39.9 and >40
kg/m2), ensuring that a range of BMIs were represented in the study. Their baseline
characteristics are detailed in Table 4.1. Given that the age range of study subjects (22-73
years) spanned the average menopausal age in the UK (51 years, [213]), serum samples
donated by subjects were assayed for circulating levels of follicle stimulating hormone (FSH)
using the two-step ARCHITECT FSH immunoassay (see Chapter 2). A serum FSH level >30
IU/l was considered to indicate established menopause; by this measure, 43.6% of the study
cohort were post-menopausal at the time of participation.

Parameter (unit) [normal range]
Age (years)
Post-menopausal (FSH ≥30 IU/l)
Weight (kg)
Body mass index (kg/m2)
BMI categories

Diagnosis of diabetes at recruitment
Fasting glucose (mmol/l) [3.5-6.0]
Fasting insulin (pmol/l) [0-60]
Fasting triglycerides (mmol/l) [0.5-1.7]
HOMA-IR [<1]
Serum CRP (µg/ml) [<5]

BMI 18.5 – 24.9 kg/m2
BMI 25.0 – 29.9 kg/m2
BMI 30.0 – 34.9 kg/m2
BMI 35.0 – 39.9 kg/m2
BMI >40.0 kg/m2

Mean (SD) or n (%)
48.2 (12.1)
17 (43.6%)
78.9 (17.4)
29.0 (6.1)
14 (35.9%)
9 (23.1%)
8 (20.5%)
6 (15.4%)
2 (5.12%)
1 (2.56%)
5.35 (0.65)
67.3 (42.4)
1.23 (0.66)
1.28 (0.81)
3.02 (2.20)

Table 4.1: Baseline characteristics of the 39 study subjects, all of whom were female. Data is mean
+/- SD or n (%), presented to 3 s.f. (CRP: C-reactive protein)

Due to the nature of the study pathway, it was not possible to collect all intended samples
from each study participant. In some cases, for example, adipose tissue was not available at
operation, and in other cases, participants were lost to follow-up before their magnetic
resonance imaging (MRI) scan could be scheduled. Table 4.2 outlines the samples and data
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Study ID

Anthropometrics
Weight

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

A01-13TB0052
A02-13TB0091
A03-13TB0112
A04-13TB0121
A05-13TB0186
A06-13TB0210
A07-13TB0392
A08-13TB0411
A09-13TB0396
A10-13TB0504
A11-13TB0553
A12-13TB0671
A14-14TB0247
A15-14TB0442
B01-13TB0073
B02-13TB0457
B03-13TB0474
B04-13TB0518
B05-13TB0520
B06-13TB0663
B07-14TB0158
B08-14TB0286
B09-14TB0307
C01-13TB0395
C02-13TB0466
C03-13TB0558
C04-14TB0144
C05-14TB0287
C06-14TB0288
C07-14TB0463
C08-14TB0473
D01-13TB0110
D02-13TB0347
D03-13TB0505
D04-14TB0157
D05-14TB0161
D06-14TB0627
E01-13TB0519
E02-13TB0638

Height

BMI

Blood
WC

Subcutaneou
s adipose
tissue

Visceral
adipose
tissue

**

**

**

**

**

**

**
**
** / ***

**
**
** / ***

MRI

HC

*
*

**

**

**

***

***

*

Table 4.2: Samples and data collected from study participants. A green colour indicates that the sample or data in
question was collected for the participant. When blood or adipose tissue samples were of insufficient volume or quality
to allow all the different types of analysis to be applied, this is indicated in the respective columns (*: sample
insufficient for CRP assay; **: sample inadequate for histological analysis; ***: sample inadequate for RNA extraction
and qRT-PCR analysis). (BMI: body mass index; WC: waist circumference; HC: hip circumference; MRI: magnetic
resonance imaging).
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collected for each participant in the study. Waist circumference and hip circumference
started being recorded for subjects at the end of the study following an amendment to the
ethical approval for the study, explaining why so few participants had this data recorded.
Initial analysis of data collected from study participants focused on identifying expected
correlations between anthropometric, metabolic, and adipose remodelling parameters, to
determine whether the study cohort was broadly representative of the United Kingdom adult
female population in metabolic terms. BMI correlated positively with systemic insulin
resistance as quantified using HOMA-IR, fasting plasma glucose and serum C-reactive
protein (Figure 4.1). This indicates that more obese subjects in our cohort were more insulin
resistant, with one participant being diabetic (Figure 4.1b: subject 36, fasting plasma glucose
7.49 mmol/l). The positive relationship between serum CRP as a parameter of systemic
inflammation and obesity has also been described previously [22, 214].
The methodology used to quantify adipose tissue depot volume is explained in Chapter 2,
but briefly, the total adipose tissue depot (TAT) is defined as the total adipose volume from
neck to femoral region of the study subject as determined by automated fat-water
segmentation. The abdominal subcutaneous adipose tissue depot (ASAT) is defined as the
non-intraabdominal component of the total adipose volume in the abdominal region,
whereas the visceral adipose depot (VAT) equates to the intraabdominal component of the
TAT in the abdominal region. Hepatic fat fraction is the percentage of representative hepatic
voxels that demonstrates a lipid-characteristic signal on magnetic resonance imaging (as
opposed to a water- or air-characteristic signal). Within our study population, more obese
subjects had great depot volumes and an increased hepatic fat fraction on MRI (Figure 4.2),
which is entirely as expected [198, 215].
Mean adipocyte cross-sectional areas were calculated from three field views of two nonconsecutive haematoxylin and eosin (H&E)-stained sections of each depot, as detailed in
Chapter 2. Mean visceral adipocyte size correlated positively with both body mass index and
HOMA-IR, but surprisingly there was no correlation between mean subcutaneous adipocyte
area and BMI or HOMA-IR (Figure 4.3). Positive associations between subcutaneous
adipocyte size, BMI and insulin resistance have previously been identified [216, 217].
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Figure 4.1: Body mass index correlates positively with (a) HOMA-IR, the homeostatic model
assessment of insulin resistance, (b) fasting plasma glucose, and (c) serum C-reactive protein. The
numbered label associated with each data point refers to the study subject in question, as laid out in
Table 4.2.
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Figure 4.2: Body mass index correlates positively with magnetic resonance imaging parameters of
adiposity, including (a) total adipose tissue volume (TAT), (b) abdominal subcutaneous adipose tissue
volume (ASAT), (c) visceral adipose tissue volume (VAT), and (d) hepatic lipid fraction. Note that the
scale on the y-axis of each scatter plot is different, reflecting the different ranges displayed by each
adipose depot in terms of volume.
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Figure 4.3: Body mass index does not vary with (a) mean subcutaneous adipocyte area, but is
positively related to (b) mean visceral adipocyte area. Similarly, mean subcutaneous adipocyte area
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Age
(years)

Correlation
with
HOMA-IR
r, (n)

0.109
(39)

BMI
2
(kg/m )

Anthropometric variables
Waist
Waist-tocircumference
hip ratio
(cm)

0.450**
(39)

0.145
(9)

Waist-toheight ratio

0.220
(9)

0.076
(9)

Total
adipose
volume
(l)
0.569**
(32)

Abdominal
subcutaneous
adipose tissue
(l)
0.565**
(32)

Non-visceral
adipose
volume
(TAT-VAT)
(l)
0.537**
(32)

Visceral
adipose
volume
(l)
0.652****
(32)

VAT/TAT
(%)

0.500**
(32)

Hepatic
fat
fraction
(%)
0.681****
(32)

Table 4.3: Pearson correlation coefficients (r) of correlations between anthropometric and magnetic resonance imaging variables and HOMA-IR. (BMI: body
mass index; VAT: visceral adipose tissue volume; TAT: total adipose tissue volume)
(**: p < 0.01; ****: p < 0.0001)

Subcutaneous
adipocyte area
2
(µm )

Correlation
with
subcutaneous
adipocyte
area
r, (n)
Correlation
with visceral
adipocyte
area
r, (n)

Visceral
adipocyte area
2
(µm )

Total adipose
volume
(l)

Abdominal
subcutaneous
adipose tissue
(l)

1
(24)

0.592**
(24)

0.462*
(23)

0.392
(23)

Non-visceral
adipose
volume
(TAT-VAT)
(l)
0.435*
(23)

0.592**
(24)

1
(24)

0.680****
(23)

0.575**
(23)

0.636**
(23)

Visceral
adipose
volume
(l)

VAT/TAT
(%)

Hepatic
fat
fraction
(%)

0.487*
(23)

0.373
(23)

0.286
(23)

0.742****
(23)

0.516*
(23)

0.617**
(23)

Table 4.4: Pearson correlation coefficients (r) of correlations between mean adipocyte area in subcutaneous and visceral depots, and magnetic resonance
imaging variables. (VAT: visceral adipose tissue volume; TAT: total adipose tissue volume)
(*: p < 0.05; **: p < 0.01; ****: p < 0.0001)
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4.3: Relationships with metalloproteinase and TIMP mRNA expression
Given that metalloproteinases (MPs) and their tissue inhibitors (TIMPs) are
expressed by human adipose-derived mesenchymal stromal cells (MSCs) and in
vitro-differentiated adipocytes, I proceeded to quantify the mRNA expression of MPs
and TIMPs of interest identified in Chapter 3 in subcutaneous and visceral adipose
tissue samples donated by study subjects. I also quantified the expression of Dlk-1
given its purported role in adipogenesis and regulation by MP/TIMP activity. In all
these experiments, RNA was extracted from whole adipose tissue samples. I then
analysed how the expression of these genes in these whole tissue samples related
to various parameters of systemic metabolic status, adipose tissue remodelling and
whole-body lipid distribution.
4.3.1 Timp3
TIMP-3 is highly expressed by human MSCs and adipocytes, and is downregulated
in inflammatory conditions and at the onset of differentiation (see Chapter 3). Its
expression in the subcutaneous adipose depot is positively correlated with mean
subcutaneous adipocyte cross-sectional area (Figure 4.4). Large subcutaneous
adipocyte size is generally associated with adverse metabolic status, but this was not
the case in this study’s cohort (Figure 4.3). A disassociation between adipocyte size
and metabolic impairment has been previously reported in terms of alterations in
adipose tissue remodelling, as is the case in the col6KOob/ob mouse, in which
absence of collagen VI may allow increased adipocyte expansion without attendant
adverse metabolic outcomes [45]. In view of this, I performed partial correlation
analysis to explore the relationship between subcutaneous Timp3 mRNA expression
and metabolic, remodelling and distribution parameters when controlling for TAT
volume and subcutaneous adipocyte area (Table 4.5). As shown, the association
between subcutaneous Timp3 expression and mean subcutaneous adipocyte area
becomes stronger when controlling for TAT, indicating that in a group of study
subjects with the same TAT, those with the highest Timp3 expression have the
greatest

subcutaneous

adipocyte

area.

Furthermore,

when

controlling

for

subcutaneous Timp3 expression, the expected positive correlation between systemic
insulin resistance and mean subcutaneous adipocyte area is observed. When
controlling for mean subcutaneous adipocyte area, negative correlations emerge
between

subcutaneous

Timp3

expression

and

HOMA-IR,

and

between

subcutaneous Timp3 expression and VAT volume. These results all indicate the
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central role that Timp3 may play in adipose tissue remodelling and the determination

Subcutaneous adipocyte area (µm2)

of adipocyte size.
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Figure 4.4: Subcutaneous Timp3 expression correlates with adipose remodelling parameters.
RNA was extracted from whole subcutaneous adipose tissue samples donated by study
subjects and reverse transcribed. Real-time quantitative reverse transcription PCR (qRTPCR) for Timp3 steady state mRNA levels was performed. Results were normalized to
-ΔΔCt
expression of Rplp0, via the 2
method. Paired subcutaneous adipose samples were used
to quantify subcutaneous adipocyte cross-sectional area.

Variable 1

Variable 2

Mean
subcutaneous
adipocyte
area
Mean
subcutaneous
adipocyte
area
Subcutaneous
Timp3
expression

Subcutaneous
Timp3
expression

Subcutaneous
Timp3
expression

Visceral
adipose tissue
volume

Mean
subcutaneous
adipocyte
area

HOMA-IR

Control
variable
None

Spearman ρ

p value

n

0.429

0.041

23

Subcutaneous
Timp3
expression

Total adipose
tissue volume

0.700

<0.0001

20

HOMA-IR

Mean
subcutaneous
adipocyte
area
Mean
subcutaneous
adipocyte
area
Subcutaneous
Timp3
expression

-0.505

0.017

20

-0.445

0.038

20

0.502

0.017

20

Table 4.5: Partial correlations between subcutaneous adipose Timp3 expression (expressed
-ΔΔCt
as 2
) and an adipose remodelling variable (mean subcutaneous adipocyte area), an
adipose distribution variable (visceral adipose tissue volume) and a metabolic variable
(HOMA-IR), controlling for total adipose tissue volume or mean subcutaneous adipocyte area.
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4.3.2 Dlk1
Dlk-1 is expressed by human MSCs (see Chapter 3), but not by adipocytes. I
hypothesized that donors with a metabolically-favourable adipose distribution and
characteristics (more SAT vs VAT, smaller mean adipocyte area) would have higher
SAT Dlk1 expression, as this would indicate more preadipocytes allowing a shift
towards a hyperplastic mode of expansion. However, not all donors had detectable
Dlk1 expression in their adipose depots. Donors with no detectable subcutaneous
Dlk1 expression had higher mean percentage visceral adipose tissue (that is –
visceral adipose tissue volume expressed as a percentage of total adipose tissue
volume, VAT/TAT%), than donors where subcutaneous Dlk1 mRNA was detected
(Figure 4.5a). In overweight and obese donors (BMI ≥ 25kg/m2) where subcutaneous
Dlk1 expression was detected, this correlated negatively with mean subcutaneous
adipocyte area (Figure 4.5b).
Similarly, Dlk1 mRNA expression in the visceral adipose depot was associated with
adipose distribution and metabolic parameters (Figure 4.6). In subjects in whom
visceral Dlk1 mRNA expression was seen, there was a negative correlation between
this variable and percentage visceral adipose tissue volume (Figure 4.6a). Mean
fasting triglycerides were higher in donors with visceral Dlk1 expression (n = 16) as
compared to those in whom visceral Dlk1 mRNA was undetectable (n = 9, Figure
4.6b). This is in keeping with previously published data detailing an association
between adipose Dlk1 expression and circulating triglycerides [154, 218].
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Figure 4.5: Subcutaneous Dlk1 expression varies with adipose remodelling and distribution
parameters. RNA extracted from whole subcutaneous adipose tissue samples was reverse
transcribed and used for real-time quantitative reverse transcription PCR analysis (qRT-PCR)
-ΔΔCt
of Dlk1 expression. Results were normalized to expression of Rplp0, via the 2
method.
Dlk1 cycling threshold (Ct) values of ≥40 were interpreted as indicating an absence of Dlk1
expression. (a) Presence (n = 17) or absence (n = 8) of subcutaneous Dlk1 varies with
percentage visceral adipose tissue volume, calculated as the ratio of visceral adipose tissue
volume to total adipose tissue volume measured on magnetic resonance imaging. (Data
shown are mean + SD, **: p < 0.01 by Student’s t test). (b) In overweight/obese donors where
Dlk1 mRNA expression was detected in the subcutaneous compartment, this is negatively
correlated with mean subcutaneous adipocyte area. (VAT: visceral adipose tissue volume;
TAT: total adipose tissue volume).
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Figure 4.6: Visceral Dlk1 expression varies with adipose distribution and metabolic
parameters. RNA extracted from whole visceral adipose tissue samples was reverse
transcribed and used for qRT-PCR analysis of Dlk1 expression. Results were normalized to
-ΔΔCt
expression of Rplp0, via the 2
method. Dlk1 cycling threshold (Ct) values of ≥40 were
interpreted as indicating an absence of Dlk1 expression. (a) In subjects where Dlk1 mRNA is
expressed in visceral adipose, this correlates negatively with percentage visceral adipose
tissue. (b) Overweight and obese subjects wherein visceral Dlk1 expression is detected (n =
16) have higher fasting triglycerides than those in whom visceral Dlk1 expression is not
detected (n = 9) (VAT: visceral adipose tissue volume; TAT: total adipose tissue volume).
(Data is mean + SD; *: p < 0.05 by Student’s t test)
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4.3.3 Mmp14 and Mmp2
MMP-14 activity has been implicated in collagen I remodelling by murine
preadipocytes (see Chapter 1), and it is highly expressed by human primary in vitrodifferentiated adipocytes (see Chapter 3). MMP-14 is also required for MMP-2
activation, in conjunction with TIMP-2 (see Chapter 1), and MMP-14 and MMP-2
expression were highly correlated in both subcutaneous and visceral adipose tissue
depots in this study (Figure 4.7).
A role for MMP-14 in human adipose tissue remodelling is suggested by the findings
that abdominal subcutaneous adipose tissue volume is positively correlated with
visceral Mmp14 expression (Figure 4.8a). Although no relationship between visceral
adipose tissue volume and subcutaneous Mmp14 expression was identified when
the whole cohort was analysed, in the case of postmenopausal subjects these two
parameters are negatively correlated (Figure 4.8b and c). This was an unexpected
finding. The only previous description of a relationship between metalloproteinase
levels and menopausal status comes from a 2012 study by Miksztowicz et al,
wherein 39 female subjects (13 lean and 26 overweight/obese) had plasma MMP-2
levels,

adiponectin,

HOMA-IR,

CRP

and

lipoprotein

profile

measured.

Overweight/obese women had higher circulating MMP-2 levels than lean controls,
but this difference was lost in postmenopausal women. On the other hand, MMP-2
levels were positively correlated with HOMA-IR in both pre- and post-menopausal
women [219].
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Figure 4.7: Mmp2 and Mmp14 expression are positively correlated in both subcutaneous and
visceral adipose depots. RNA extracted from whole adipose tissue samples was reverse
transcribed and used for qRT-PCR analysis of Mmp2 and Mmp14 mRNA expression. Results
-ΔΔCt
were normalized to expression of Rplp0, via the 2
method.
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Figure 4.8: Mmp14 expression varies with whole body adipose distribution parameters.
Mmp14 mRNA expression was assayed by qRT-PCR of cDNA samples reverse transcribed
from RNA isolated from subcutaneous and visceral adipose tissue samples donated by study
subjects. (a) In visceral samples, Mmp14 mRNA expression correlated positively with
abdominal subcutaneous adipose tissue volume, measured using magnetic resonance
imaging. b) There is no correlation between subcutaneous Mmp14 expression and visceral
adipose tissue volume when all subjects are considered, but in postmenopausal subjects,
subcutaneous Mmp14 expression strongly correlates negatively with percentage visceral
adipose tissue. (ASAT: abdominal subcutaneous adipose tissue volume; VAT: visceral
adipose tissue volume; TAT: total adipose tissue volume)
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4.3.4 Mmp1
MMP-1 steady state mRNA levels and protein levels are highly upregulated by
inflammatory stimuli in human primary in vitro-differentiated adipocytes (see Chapter
3). In spite of this in vitro finding, there was no association between Mmp1 mRNA
expression in either adipose depot and circulating C-reactive protein level (Figure
4.9a). In subjects in whom Mmp1 expression was detected in the subcutaneous
compartment, mean fasting glucose was higher than in those in whom there was no
detectable subcutaneous Mmp1. There was no similar relationship between Mmp1
presence and fasting insulin or fasting triglyceride levels (Figure 4.9).
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Figure 4.9: Subcutaneous Mmp1 expression varies with fasting plasma glucose, but not with
C-reactive protein, fasting insulin or fasting triglycerides. RNA extracted from whole
subcutaneous adipose tissue samples was reverse transcribed and used for qRT-PCR
-ΔΔCt
analysis of Mmp1 expression. Results were normalized to expression of Rplp0, via the 2
method. Mmp1 cycling threshold (Ct) values of ≥40 were interpreted as indicating an absence
of expression. (b) Mean fasting plasma glucose was higher in those donors in whom Mmp1
mRNA expression was detected in subcutaneous adipose tissue (n = 18), as compared to
those in whom Mmp1 expression was undetectable (n = 12). (Data is mean + SD, *: p < 0.05
by Student’s t test).
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4.4 Discussion
This study is, to my knowledge, the first of its kind in attempting to study the
relationship between MP and TIMP expression and whole-body lipid distribution. The
use of female subjects only is justified by the use of adipose tissue from female
donors to establish primary human cultures in the initial phases of this research (see
Chapters 2 and 3). Future work will focus on using tissue from male subjects, and
thus performing comparisons between males and females to see if relationships
identified in female adipose tissue can be generalized to males. Furthermore, the
term ‘expression’ in this study was taken to mean messenger RNA expression as
detected by qRT-PCR. Given the complex post-transcriptional and post-translational
regulation of MPs and TIMPs, this increased mRNA expression does not necessarily
translate into increased MP/TIMP protein levels and indeed activity. Future studies
will need to determine MP and TIMP protein levels in donated tissue biopsies, for
example by immunohistochemistry for proteins of interest. Moreover, the use of only
two non-consecutive slides for each depot is a limitation of the analyses of adipocyte
cross-sectional area in relation to MP/TIMP expression and other metabolic markers,
and of the generalisability of conclusions drawn from these analyses. A further
section of each adipose sample has already been prepared and stained, and the
fixed/embedded samples are stored in the Norfolk and Norwich University Hospital
Tissue Bank, meaning that further sections can be cut, mounted and stained. Thus,
future work will involve obtaining more photomicrographs of these samples, and
quantifying mean adipocyte cross-sectional area for these additional samples, to
increase the number of unique slides tested per donor.
The relationships identified between genes of interest and (i) parameters of adipose
tissue remodelling/distribution and (ii) metabolic parameters will need to be revisited
in larger studies to see if these findings can be replicated. Nevertheless, this study
offers interesting insights into the potential roles of adipose-expressed MPs and
TIMPs in regulating whole-body metabolic status. It is reassuring to observe that
Mmp14 and Mmp2 expression are closely related in both subcutaneous and visceral
compartments, for example, given their well-documented interaction in the activation
of MMP-2. This gelatinase has been studied extensively in relation to human
metabolic outcomes (as outlined in Chapter 1), but in this study, was not associated
in a statistically significant manner with another of the metabolic or adipose
distribution outcomes chosen. The associations between Mmp14 expression and
ASAT and VAT volumes may indicate an ‘overspill’ effect. As ASAT volume
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increases, more lipid ‘overspills’ into the visceral adipose depot, leading to increased
visceral adipogenesis and hence increased visceral Mmp14 expression (Figure
4.13a). In those post-menopausal subjects where there is less subcutaneous Mmp14
expression, there is reduced adipogenic capacity in this depot and thus more
overspill into the visceral compartment, leading to an increased VAT% on MRI
(4.13c). The directionality being suggested is of course speculative, and a
longitudinal study or an interventional weight gain study will be required to clarify
cause and effect in these cases.
Subcutaneous Dlk1 expression is associated with less VAT% in participants in this
study, and in those where it is expressed, smaller subcutaneous adipocytes (Figure
4.10). Although shed Dlk-1 is thought to be an inhibitor of adipogenesis, membranebound Dlk-1 may be a promoter of preadipocyte proliferation and survival [121].
Thus, with increased subcutaneous Dlk-1 expression, there may be a larger
subcutaneous preadipocyte pool, allowing for increased subcutaneous expansion by
hyperplasia (explaining the small mean adipocyte cross-sectional area) and reduced
overspill into the visceral depot. The complex regulation of Dlk-1 activation by MPs
and TIMPs, presumed to be predominantly by ADAM-17 and TIMP-3 in humans, may
explain why visceral Dlk1 expression is also associated with less VAT%.
The associations and partial correlations between Timp3 expression and adipocyte
size, VAT volume and HOMA-IR are interesting. The observed associations between
Timp3 and adipocyte size (positive correlation) and between Timp3 and VAT volume
& HOMA-IR (negative partial correlations) appear to be conflicting – hypertrophied
subcutaneous adipocytes are usually associated with increased VAT volumes and
insulin resistance. Indeed, once subcutaneous Timp3 expression is used a control
variable, a positive correlation emerges between mean subcutaneous adipocyte area
and HOMA-IR. This is suggestive of a role for TIMP-3 in the regulation of adipocyte
size. TIMP-3 is indeed a broad-spectrum inhibitor of MP activity, and is therefore
expected to inhibit extracellular matrix turnover. Increased TIMP-3 expression may
therefore result in reduced collagenolysis required for adipogenesis, leading to
reduced preadipocyte differentiation and adipocyte hypertrophy. On the other hand,
TIMP-3 is the primary inhibitor for ADAM-17, which is thought to be the primary
sheddase responsible for shedding and activation of Dlk-1. Increased TIMP-3
expression may therefore be expected to reduce Dlk-1 activation, and allow
increased preadipocyte differentiation. These apparently divergent roles for TIMP-3
in adipogenesis may explain the opposing set of results summarized above. In view
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of these interesting results, the roles of TIMP-3 in preadipocyte differentiation and
adipose tissue remodelling were investigated further in our primary human cell
culture model.
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Chapter 5:
Tissue inhibitor of metalloproteinases3 in human adipose tissue remodelling
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5.1: Introduction
Tissue inhibitor of metalloproteinases (TIMP)-3 is an important regulator of
metalloproteinase function, with ubiquitous expression and a broad spectrum of
activity [177]. It has been implicated in the remodelling events that occur in the
vascular wall and myocardium in hypertension and heart failure [220-222], and in the
ovary during the menstrual cycle [223-226], as well as in the growth of various
cancers [227-229]. As outlined in Chapter 1, previous investigations of TIMP-3
expression in adipocyte-like cell lines, murine adipose tissue and human subjects
with type 2 diabetes (T2DM) have shown that TIMP-3 is expressed by adipose
tissue, where it is downregulated in rodent genetic and nutritional models of obesity
(see Chapter 1 for references). There is reduced skeletal muscle TIMP-3 expression
in diabetic Insr+/- mice and in human T2DM subjects, and Timp3-null mice become
insulin resistant when fed a high-fat diet.
My investigations have shown that there are high steady-state Timp3 mRNA levels in
human primary in vitro-differentiated adipocytes, and that these levels are decreased
by an inflammatory stimulus or during differentiation (Chapter 3, Figures 3.7 and 3.9).
Furthermore, in human whole adipose tissue, Timp3 mRNA levels in subcutaneous
adipose tissue are positively correlated with subcutaneous mean cross-sectional
adipocyte area (Spearman ρ = 0.429, p = 0.041), a correlation that becomes stronger
and more statistically significant when the data are controlled for total adipose tissue
volume (Spearman ρ = 0.700, p < 0.0001). When the data are controlled for
subcutaneous adipocyte area, Timp3 expression is negatively correlated with HOMAIR (Spearman ρ = -0.505, p = 0.017) and with visceral adipose tissue volume
(Spearman ρ = -0.445, p = 0.038). Moreover, controlling the data for Timp3
expression results in the expected correlation between subcutaneous adipocyte area
and HOMA-IR being identified (Spearman ρ = 0.502, p = 0.017) – this correlation is
not apparent in the uncontrolled data (see Chapter 4, Table 4.5)
The data summarized above therefore suggest roles for TIMP-3 in adipose tissue
growth in obesity. These roles may be subdivided into two major areas –
inflammation and adipogenesis. TNF-α mediated adipose tissue inflammation is a
well-documented feature of obesity (see Chapter 1, section 1.1.2). TIMP-3 is the
main inhibitor for ADAM-17/TNF-α converting enzyme (TACE), which activates TNFα by cleaving the soluble active form from the membrane-bound form, suggesting a
potential link between TIMP-3 activity and adipose tissue inflammation in obesity
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(see Chapter 1). Furthermore, ADAM-17/TACE is thought to be the sheddase
responsible for cleaving murine Pref-1 (see Chapter 1, section 1.3.3.3), allowing it to
exert its anti-adipogenic activity. By virtue of its ability to inhibit (i) ADAM-17 and (ii)
various metalloproteinases implicated in the extracellular matrix turnover that occurs
in preadipocyte differentiation, I hypothesized that TIMP-3 may play a role in
adipogenic differentiation of preadipocytes.
My investigations of TIMP-3 function in human adipose tissue remodelling therefore
focused on its roles in adipose tissue inflammation and in preadipocyte
differentiation.

5.2: Roles of TIMP-3 in adipose tissue inflammation
In order to investigate the role of TIMP-3 in human adipose tissue inflammation, an
adenoviral vector was used to overexpress human TIMP-3 in cultured primary human
adipose-derived mesenchymal stromal cells (hereafter referred to as preadipocytes)
(see Chapter 2 for description of viral transduction protocol), which were
subsequently stimulated with TNF-α. Briefly, cells from three independent donors
were incubated in serum-free media containing no adenovirus, control adenovirus
(LacZ-expressing RAd35, designated Ad0 hereafter) or TIMP-3 overexpressing
adenovirus (RAdTIMP3, designated AdT3 hereafter) at a multiplicity of infection
(MOI) of 500 for 48 hours. Media were then removed and cells were incubated in
control, serum-free medium containing 100µg/ml heparin, serum-free medium
containing 50ng/ml TNF-α, or serum-free medium containing both heparin and TNFα, for a further 48 hours. Media were then collected and an ELISA was performed for
IL-8. This readout was chosen as it has been previously shown that human
preadipocytes and in vitro-differentiated adipocytes express interleukin (IL)-8 in
response to TNF-α ([162], see Chapter 3, Figure 3.1). Heparin was included in the
experimental condition as it has been shown to block re-uptake of TIMP-3 by cells,
increasing pericellular levels (see Chapter 2, section 2.6.1).
As can be seen in Figure 5.1, the use of a control virus does not significantly change
IL-8 concentration in conditioned media from human preadipocytes following TNF-α
stimulation (mean ± SD, no virus vs. Ad0: 11685.4 pg/ml ± 9371.4 vs. 9340.3 pg/ml ±
3354.1, p > 0.05). However, following treatment with TNF-α, cells transduced with
AdT3 express more IL-8 as compared to cells transduced with control Ad0 (mean ±
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SD, Ad0 vs. AdT3: 9340.3 pg/ml ± 3354.1 vs. 30945.5 pg/ml ± 3536.1, p < 0.0001).
Furthermore, inhibition of TIMP-3 reuptake by heparin appears to further increase IL8 expression by human preadipocytes overexpressing TIMP-3 (mean ± SD, AdT3TNF-α vs. AdT3-TNF-α+heparin: 30945.5 pg/ml ± 3536.1 vs 43879.8 pg/ml ±
8508.9). In fact, both the use of virus to overexpress TIMP-3 and the presence or
absence of TNF-α and heparin significantly regulate the secretion of IL-8 by primary
human cultured preadipocytes (Two-way ANOVA, virus: p < 0.0001; TNF-α/heparin p
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Figure 5.1: Overexpression of TIMP-3 using a viral transduction system increases IL-8
secretion by primary cultured human preadipocytes. Cells were transduced with control virus
(Ad0) or human TIMP-3-overexpressing adenovirus (AdT3). IL-8 concentration in cell culture
supernatants following 48 hours of treatment in serum free media ± TNF-alpha ± heparin was
quantified using ELISA. Data is from 3 biological replicates from each of 3 different donors
(each bar represents the mean + SD for these 9 samples). For all viral conditions, IL-8
secretion was significantly increased by TNF-alpha ± heparin as compared to untreated
control using an unpaired Student’s t test (p < 0.0001).

Given that TIMP-3 plays a role in the regulation of TNF receptor-I shedding from cell
membranes and hence, activity [230], I proceeded to investigate the effect of TIMP-3
overexpression on soluble TNFR levels in cell culture media. Primary human
preadipocyte cultures established from four independent donors were transduced
with control (Ad0) adenovirus and TIMP-3 overexpressing (AdT3) adenovirus, and
subsequently stimulated with TNF-α for 48 hours as described earlier. Cell culture
media were collected and soluble TNF receptor-I (sTNFR-I) concentrations were
assayed using ELISA (see Chapter 2) (Figure 5.2).
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Figure 5.2: A) Basal shedding of soluble TNF receptor (sTNFR)-I is increased by TIMP-3
overexpression. Cells were transduced with control virus (Ad0) or human TIMP-3overexpressing adenovirus (AdT3). Soluble TNFR-I concentration in cell culture supernatants
following 48 hours of treatment in serum free media ± TNF-alpha was quantified using ELISA.
B) Induced shedding of sTNFR-I is inhibited by TIMP-3 overexpression. Bars show mean fold
change + SD in sTNFR-I concentration for TNF-alpha condition vs. control (cells not exposed
to TNF-alpha; set at 1), for each viral condition. Data are from 3 biological replicates from
each of 4 different donors (each bar represents the mean + SD for these 12 samples). (*, p <
0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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As shown in Figure 5.2A, there was no statistically significant difference between
basal sTNFR-I shedding in cells not transduced with virus and those transduced with
Ad0 control virus (sTNFR-I concentration, mean ± SD: 5.54 pg/ml ± 1.41 vs. 6.12
pg/ml ± 0.81). Basal sTNFR-I shedding was increased almost fourfold, however, by
TIMP-3 overexpression (mean ± SD, Ad0 vs. AdT3: 6.12 pg/ml ± 0.81 vs. 23.5 pg/ml
± 6.13, p < 0.0001). Exposure to TNF-α induces shedding of TNFR-I by control
cultured primary human preadipocytes (mean fold change ± SD: 3.23 ± 1.45, p <
0.05) or those transduced with control adenovirus (2.35 ± 0.58, p < 0.001). An
increase in shedding of cell-surface receptors, cell adhesion proteins and other
membrane proteins is a well-recognised feature of inflammation [231, 232] so human
preadipocytes are behaving like many other cells of mesenchymal lineage in this
regard. TIMP-3 overexpression, on the other hand, inhibits TNF-α-induced shedding
of sTNFR-1 (mean fold change ± SD, no TNF-α control vs. TNF-α in AdT3 condition:
0.67 ± 0.14, p < 0.01) (Figure 5.2B).
As the level of shed, soluble TNFR-I in conditioned culture medium was increased
when cells were transduced with AdT3, I sought to investigate the effect of TIMP-3
overexpression on total TNFR-I protein expression. Western blotting of cell lysates
prepared from cells from two independent donors treated as described earlier
revealed an increased expression of total TNFR-I by cells overexpressing TIMP-3 as
compared to preadipocytes exposed to control Ad0 virus (Figure 5.3). This is in
keeping with findings in human DLD colon carcinoma cells, in which constitutive
expression of human TIMP-3 leads to increased surface expression of TNF-alpha
receptor [230].
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Figure 5.3: TIMP-3 overexpression increases total TNFR-I expression by human
preadipocytes. Cells were transduced with control virus (Ad0) or human TIMP-3overexpressing adenovirus (AdT3); a ‘no virus’ control was also used. Cell lysates were
collected after 48 hours of transduction and subjected to immunoblotting. Following probing
for TNFR-I, membranes were stripped and reprobed for p38 as a loading control. Lysates
from two independent donors were analysed; representative blot shown.

5.3: Roles of TIMP-3 in adipogenic differentiation
As shown in Chapter 4, human subcutaneous adipose Timp3 expression is positively
correlated with adipocyte size, and negatively partially correlated with visceral
adipose tissue (VAT) volume & HOMA-IR when controlling by mean subcutaneous
adipocyte area. These data are suggestive of a role for TIMP-3 in the regulation of
adipogenesis.
I focused on two pathways by which TIMP-3 may play a role in the regulation of
adipogenic differentiation. TIMP-3 is the primary inhibitor for ADAM-17, which is
thought to be the primary sheddase responsible for shedding and activation of Dlk-1,
the negative regulator of adipogenesis. Increased TIMP-3 expression may therefore
be expected to inhibit ADAM-17 activity, reduce Dlk-1 activation, and allow increased
preadipocyte differentiation. However, as outlined above in the case of TNFR-I,
TIMP-3 overexpression increased basal sTNFR-I shedding (Figure 5.2A) and total
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TNFR-I expression (Figure 5.3), suggesting a potentially complex role for TIMP-3 in
the regulation of Dlk-1 activity.
Moreover, TIMP-3 also inhibits MMPs, and is therefore expected to inhibit
extracellular matrix turnover via its inhibition of collagenases such as MMP-14 [177].
Increased TIMP-3 expression may therefore result in reduced collagenolysis required
for adipogenesis, leading to reduced preadipocyte differentiation and adipocyte
hypertrophy.
Given these potentially conflicting roles for TIMP-3 in the regulation of adipogenesis,
I investigated (1) the effect of variable TIMP-3 expression on regulation of Dlk-1, and
(2) the effect of TIMP-3 overexpression on collagenolysis by differentiating
preadipocytes.
5.3.1 Dlk-1 expression and shedding
The expression, at mRNA level, of Dlk-1 in whole-tissue samples of subcutaneous
adipose tissue (SAT) and VAT was shown in Chapter 4, where Dlk-1 expression was
shown to vary with metabolic, histological and anthropometric parameters. Given that
Dlk-1 regulation is thought to have similarities to TNFR-I in terms of shedding from
the cell membrane, I adopted the same approach to investigation of the roles of
inflammation and TIMP-3 overexpression in Dlk-1 metabolism. Primary preadipocyte
cultures from two independent donors were stimulated with TNF-α at a concentration
of 50 ng/ml for 48 hours. Media were collected, TCA precipitated as described in the
Chapter 2, and subjected to immunoblot using a primary antibody targeted against
an epitope found in the extracellular region of Dlk-1, N-terminal to its cleavage site.
Similarly, cell lysates were recovered and used to assess the expression of fulllength Dlk-1 by immunoblot using a primary antibody targeted against an intracellular
epitope found C-terminal to the cleavage site. As shown in Figure 3.4A, inflammatory
stimulation with TNF-α increases soluble (s)Dlk-1 shedding into culture medium,
without regulating total Dlk-1 expression. This is in keeping with the effect of TNF
stimulation on TNFR-I shedding (Figure 5.2).
I then proceeded to treat preadipocytes from three independent donors with control
and TIMP-3-overexpressing adenovirus as described in section 5.2 and in the
Chapter 2. Media and lysates were collected after 48 hours and immunoblotting was
performed using the anti-Dlk-1 primary antibodies outlined above. As with TNFR-I,
basal shedding of sDlk-1 is increased in cells overexpressing TIMP-3, but in contrast
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to the situation with TNFR-I, total Dlk-1 appears unaffected by TIMP-3
overexpression (Figure 5.4B).
To investigate the effect of Timp3 gene silencing on Dlk-1 shedding, cells were
transfected with Timp3-targeting small interfering (si)RNA, as described in Chapter 2.
Briefly, preadipocytes isolated from a unique donor were cultured to ~50%
confluence, and transfected with with targeting siRNA using the siIMPORTER™
siRNA transfection reagent. Following 24 hours of exposure to targeting siRNA,
media were changed and cells were incubated in serum-free medium for 48 hours.
Media were then collected, TCA precipitated, and immunoblotting was performed,
probing for sDlk-1. As shown in Figure 5.4C, Timp3 knockdown results in reduced
sDlk-1 shedding into the medium by preadipocytes. These results therefore suggest
that TIMP-3 overexpression results in increased sDlk-1 shedding, and reduced
expression of TIMP-3 protein leads to reduced sDlk-1 shedding.
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Figure 5.4: Soluble (s)Dlk-1 shedding is regulated by inflammatory stimuli and TIMP-3
expression. A) Stimulation of cultured primary preadipocytes with TNF-alpha increases sDlk-1
shedding, but total Dlk-1 protein expression is unaffected. B) TIMP-3 overexpression
following transduction with AdT3 adenovirus increases sDlk-1 shedding, but does not regulate
total Dlk-1 expression, in contrast to the effect on total TNFR-I. C) Timp3 silencing using
siRNA results in reduced sDlk-1 shedding. The number of cultures from independent donors
used for each experiment is given (n); representative blots are shown. (TO: transfection agent
only; scr: scrambled oligonucleotide [negative control]; siRNA: Timp3-targeting small
inhibitory RNA; mDlk-1: total Dlk-1 protein).

5.3.2 Regulation of extracellular matrix turnover
In order to assess the effects of TIMP-3 overexpression on regulation of extracellular
matrix turnover in adipogenic differentiation, I adapted an extracellular matrix model
used for other mesenchymal cell types, namely plating preadipocytes on collagen I
films. Collagen I was chosen as it is the main constituent of the extracellular matrix
surrounding murine preadipocytes in vivo [41, 42, 53]. The protocol is described in
detail in Chapter 2, but briefly, plates were coated with 100µg/cm2 acid-extracted rattail collagen I (Corning, Wiesbaden, Germany). Preadipocytes were seeded at a
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density of 20,000 cells/cm2, and allowed to habituate on the collagen film (or no
collagen control, designated ‘plastic’ hereafter) for 24 hours. As outlined in Chapter
3, human primary in vitro-differentiated adipocytes express MPs and TIMPs when
grown in normal culture multi-well plates. To ensure that differentiating human
preadipocytes express collagenases, gelatinases and TIMPs when cultured on
collagen I films, I subjected cultures of primary preadipocytes from two independent
donors to proadipogenic conditions over an eight-day period. Cultures were arrested
at day 0 (set as 24 hours after seeding), days 1, 2, 4, 6 and 8. RNA was extracted
from cell lysates and qRT-PCR was performed to determine expression of
adiponectin (Adipoq, a marker of differentiation), Mmp1, Mmp2, Mmp14, Timp1,
Timp2, Timp3 and Timp4, with Rplp0 used as the comparator gene. Collagen I films
inhibit preadipocyte differentiation in culture, as assessed by Adipoq expression
(Figure 5.5).
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Figure 5.5: Adipogenic differentiation of human adipose-derived mesenchymal stem cells is
reduced on collagen I coating, as assessed by adiponectin (Adipoq) expression. qRT-PCR
analysis of RNA extracted from preadipocytes from two independent donors was performed
over the course of the first eight days of differentiation, with day 0 being the day that cells
-ΔΔCt
were exposed to proadipogenic medium. Bars show mean 2
+ SD of four replicates from
each of two donors, with Rplp0 expression and Adipoq expression on plastic control at day 1
being used as comparators. Day 0 plastic control could not be used as there is no detectable
adiponectin expression prior to adipogenic stimulation. Data were analysed using a two-way
ANOVA, with coating (that is – plastic control vs. collagen I) and timepoint entered as factors.
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With respect to Mmp1, Mmp2 and Mmp14, steady-state levels of mRNA are
significantly higher for all three genes at all timepoints when cells are grown on
collagen I as opposed to plastic control (one-way ANOVA for coating, p < 0.01 for
Mmp1, p < 0.0001 for Mmp2 and Mmp14), as has been demonstrated in various
other mesenchymal cell types [233, 234]. The expression timecourse for Mmp1 is
characterised by sharp downregulation at the onset of differentiation, which is
particularly profound when cells are seeded on plastic control –expression on day 8
is 0.8 ± 0.1% (mean±SD) that at day 0 (Figure 5.6). In the case of both Mmp2 and
Mmp14, expression is upregulated by differentiation, reaching a peak by day 2 to 4
(one-way ANOVA for timepoint, p < 0.0001 for Mmp2 and Mmp14).
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Figure 5.6: Expression of key matrix metalloproteinases in preadipocytes is regulated by
matrix and adipogenesis. qRT-PCR analysis of RNA extracted from preadipocytes from two
independent donors was performed over the course of the first eight days of differentiation,
with day 0 being the day that cells were exposed to proadipogenic medium. Bars show mean
-ΔΔCt
2
+ SD of four replicates from each of two donors, with Rplp0 expression and GOI
expression on plastic control at day 0 being used as comparators. Data were analysed using
a two-way ANOVA, with coating and timepoint entered as factors.
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Timp1 to Timp3 are all downregulated by proadipogenic medium. As discussed in
Chapter 3 (Figure 3.9B), the decrease in mRNA steady-state level for Timp3 is
particularly profound. By day 8, there is a 97.6 ± 0.4% reduction in expression on
plastic control and 97.2 ± 0.7% reduction on collagen I (mean±SD) as compared to
day 0. This expression pattern has also been previously demonstrated in 3T3-L1
preadipocyte-like cells [96], and appears to be independent of coating. Timp4, on the
other hand, appears upregulated during adipogenic differentiation, with a peak at day
4 for both plastic control (fold increase 8.0 ± 0.8 [mean±SD]) and collagen I (fold
increase 9.7 ± 2.1) (Figure 5.7).
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Figure 5.7: Expression of four TIMPs by preadipocytes is regulated by adipogenesis, and less
statistically significantly by matrix. qRT-PCR analysis of RNA extracted from preadipocytes
from two independent donors was performed over the course of the first eight days of
differentiation, with day 0 being the day that cells were exposed to proadipogenic medium.
-ΔΔCt
Bars show mean 2
+ SD of four replicates from each of two donors (8 samples in total),
with Rplp0 expression and GOI expression on plastic control at day 0 being used as
comparators. Data were analysed using a two-way ANOVA, with coating and timepoint
entered as factors.
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I proceeded to assess the effect of adipogenic differentiation and inflammatory
stimulation on collagen I turnover. Preadipocytes were seeded on collagen I films as
described previously, and allowed to habituate for 24 hours. Cells were then
stimulated with proadipogenic media, TNF-α at 50 ng/ml, or both for 48 hours. Media
were collected, and a hydroxyproline assay (see Chapter 2) was performed to
provide a quantitative assessment of the degree of collagen I turnover in the differing
experimental conditions. To my knowledge, this is the first use of the hydroxyproline
assay to assess matrix remodeling by human preadipocytes.
As seen in Figure 5.8, inflammatory stimulation increases hydroxyproline release into
culture media by preadipocytes (control vs. TNF-α [mean±SD]: 2.82 µg/ml ± 1.40 vs.
5.30 µg/ml ± 1.27, p = 0.0006). Similarly, proadipogenic conditions lead to greater
hydroxyproline release, (control vs. differentiation medium [mean±SD]: 2.82 µg/ml ±
1.40 vs. 5.31 µg/ml ± 1.86, p = 0.0023), suggesting increased collagen I turnover.
Adding TNF-α to differentiation medium marginally reduces hydroxyproline release
as opposed to the case with differentiation medium (differentiation medium vs.
differentiation medium+TNF-α [mean±SD]: 5.31 µg/ml ± 1.86 vs. 4.30 µg/ml ± 1.12),
but this difference is not statistically significant.
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Figure 5.8: Inflammatory stimulation and proadipogenic conditions increase collagen I
turnover. Hydroxyproline assay was performed to quantify hydroxyproline concentration (a
measure of collagen breakdown) in media conditioned for 48 hours by preadipocytes
stimulated with TNF-alpha, differentiation medium, or both. Data shown is mean fold change
+ SD as compared to control (set at 1) for 3 replicates from each of three independent
donors. Statistical analysis was performed by one-way ANOVA with post hoc Dunnett’s
multiple comparisons test (**: p < 0.01; ***: p < 0.001).

For experiments assessing the effect of TIMP-3 overexpression on collagen turnover,
preadipocytes were transduced with Ad0 or AdT3 adenovirus for 48 hours (or placed
in serum-free medium without adenovirus) prior to seeding on collagen. Briefly, cells
from four independent donors were exposed to control or TIMP-3-overexpressing
adenovirus for 48 hours as described previously, trypsinised and seeded on collagen
I films at a density of 2 x 104 cells/cm2. Cells were then allowed to habituate on
collagen I for 24 hours, before being subjected to proadipogenic conditions for 48
hours. Media were collected and hydroxyproline assay was performed to assess
collagen I turnover.
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As shown previously, differentiation medium significantly increases collagen I
turnover as gauged by hydroxyproline release (Figure 5.9). There was no significant
difference between hydroxyproline release by ‘no virus’ cells and those treated with
Ad0 control adenovirus when these were stimulated with proadipogenic media (mean
hydroxyproline concentration ± SD, no virus vs. Ad0 control in differentiation
condition: 8.76 µg/ml ± 1.47 vs. 7.83 µg/ml ± 1.49). However, cells transduced with
AdT3 adenovirus released approximately 40% less hydroxyproline in proadipogenic
conditions when compared to cells transduced with control adenovirus, indicating
that TIMP-3 overexpression reduces collagen I turnover (mean ± SD, Ad0 control vs.
AdT3 in differentiation condition: 7.83 µg/ml ± 1.49 vs. 4.88 µg/ml ± 1.46) (Figure

****

15
****

****

****

Control
Differentiation

10

5

N

Virus

3
dT
A

d0
A

vi
ru
s

0
o

Hydroxyproline concentration (µg/ml)

5.9).

Two-way ANOVA
Virus: p = 0.0002
Differentiation: p < 0.0001
n=4

Figure 5.9: TIMP-3 overexpression reduces collagen I turnover by human preadipocytes.
Hydroxyproline assay was performed to quantify hydroxyproline concentration (a measure of
collagen breakdown) in media conditioned for 48 hours by preadipocytes stimulated with
differentiation medium, following transduction with control adenovirus (Ad0) or TIMP-3overexpressing adenovirus (AdT3). Data shown is mean + SD for 3 replicates from each of
four independent donors. Statistical analysis was performed by two-way ANOVA with post
hoc Dunnett’s multiple comparisons test (****: p < 0.0001).
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5.3.3 Functional effects of TIMP-3 overexpression and sDlk-1 treatment on
differentiation
In order to assess the direct effect on TIMP-3 overexpression on adipogenic
differentiation, human preadipocytes transduced with AdT3 adenovirus, control Ad0
adenovirus or not exposed to adenovirus were differentiated according to standard
protocols, and differentiation efficiency was assessed using quantitative Oil Red O
staining or fluorescent lipophilic dye uptake (see Chapter 2). These experiments did
not yield conclusive results as prolonged differentiation courses led to suspected
increased cell death in the TIMP-3-overexpressing cells. Promotion of apoptosis by
TIMP-3 overexpression has been described previously [235-238]. The results
obtained from these experiments, along with a discussion on potential further
experiments, are found in Appendix B.
Similarly, differentiating preadipocytes were exposed to different concentrations of
recombinant human soluble (rhs)Dlk-1 (R&D Systems, Abingdon, UK), in an attempt
to investigate the effect of direct treatment of preadipocytes with Dlk-1. As outlined in
Appendix B, results from these experiments were similarly inconclusive.

5.4: Discussion
Given the statistically significant correlations found between Timp3 expression and
various adipose measures of metabolically unhealthy obesity (MUO), I sought to
investigate the role of TIMP-3 in human adipose inflammation and expansion. As a
result of the experiments described in this Chapter, I have shown that TIMP-3
overexpression significantly increases the effect of TNF-α stimulation on IL-8
secretion by human preadipocytes. Furthermore, TIMP-3 overexpression increases
TNFR-I expression by human preadipocytes, and increases the concentration of
soluble TNFR-I shed into the culture medium. Conversely, TIMP-3 overexpression
increases soluble Dlk-1 shedding into the culture medium without affecting
membrane-bound Dlk-1 expression by preadipocytes. In parallel, Timp3 gene
silencing reduces sDlk-1 shedding. Another mechanism by which TIMP-3 can
regulate adipogenic differentiation is suggested by the fact that overexpression of
this TIMP reduces collagen I turnover by differentiating preadipocytes, as quantified
by hydroxyproline release into culture media.
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As discussed in Chapter 1, ‘healthy’ SAT expansion in overnutrition may underpin
the existence of metabolically healthy obesity (MHO), which constitutes ~10% of
obesity, and is thought to occur via a balanced combination of hyperplasia (that is,
adipogenic differentiation of adipose mesenchymal stromal cells [preadipocytes] and
hypertrophy of existing mature adipocytes [156, 171]. In MUO, hypertrophy is thought
to constitute the main mode of adipose expansion [156]. Hypertrophied adipocytes
are implicated in metabolic dysfunction (that is, insulin resistance, diabetes) in
obesity as these adipocytes release more free fatty acids into the circulation than
smaller adipocytes, leading to more ectopic lipids [239] – the presence of lipids in
sites other than SAT, such as VAT, the liver and pancreas is independently
associated with insulin resistance and eventual diabetes [240-242]. Hyperplastic
expansion relies on the existence of a persistent, self-perpetuating pool of
preadipocytes, to be called on to undergo adipogenic differentiation when required.
Extreme examples demonstrating the effect of inhibited/absent preadipocyte
differentiation include patients with the various types of lipodystrophy, who have
little/no subcutaneous adipose tissue but large ectopic lipid reserves in visceral
adipose, liver and other sites [33, 243].
In turn, adipogenesis requires tightly regulated turnover of surrounding extracellular
matrix by preadipocytes. Various families of proteases are thought to be involved,
amongst them metalloproteinases and their inhibitors. For example, MMP-14
remodels collagen I surrounding mouse preadipocytes, and is required for their
differentiation in 3D culture [109]. It is well-established that TIMP-3 is a major
inhibitor of a broad range of metalloproteinases, including MMP-14. TIMP-3 knockout
mice demonstrate an interesting phenotype when challenged with a high-fat diet
(HFD), including higher circulating insulin demonstrating insulin resistance and MUO
[136]. Conversely, in mice where macrophages overexpress TIMP-3, HFD feeding
results in improved metabolic and lipid overspill parameters as compared to wild-type
counterparts [244]. TIMP-3 also appears to regulate sheddases in a complex
manner, with increased basal shedding of certain shed receptors (e.g. LRP [207],
VCAM-1 [210]) but decreased induced shedding (e.g. VCAM-1 [210]). Pref-1 is shed
by ADAM-17 to allow activation of its antiadipogenic activity [119], and it is
hypothesized that its human ortholog, Dlk-1, undergoes similar post-translational
regulation.
My data appear to be consistent with these previously elucidated functions of TIMP3. I found that TIMP-3 overexpression increases sDlk-1 and TNFR-I shedding into
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the culture medium (Figures 5.2 and 5.4). With respect to the latter, it is unclear
whether this is independent of or as a consequence of increased TNFR-I expression
(Figure 5.3). An investigation of the timecourses of TNFR-I mRNA expression,
TNFR-I protein expression, and sTNFR-I shedding into the culture medium, and how
these relate to each other, would help address this question.
Certainly, increased expression of TNFR-I as a result of TIMP-3 overexpression may
explain the augmented effect of TNF-α stimulation in terms of IL-8 expression (Figure
5.1). TNFR-I upregulation would lead to increased TNF receptors on the cell surface
in the 48 hours prior to TNF-α treatment.
To my knowledge, this is the first time that the well-established and widely-used
hydroxyproline release assay has been employed to provide a quantitative measure
of the degree of collagen I turnover by human preadipocytes. This assay is relatively
simple to perform and having a quantitative measure of preadipocyte extracellular
matrix turnover in differentiation will be an extremely useful tool in future investigation
of adipose tissue expansion, including whether this can be modified by
pharmaceutically-interesting targets.
Using this assay, I have found that TIMP-3 overexpression reduces hydroxyproline
release in adipogenic differentiation. This may occur through the inhibition of
collagenolytic activity of MMP-14 and other metalloproteinases by TIMP-3. Given that
TIMP-3 has also been implicated in the regulation of Dlk-1 shedding, this TIMP
emerges as a novel node integrating inflammatory signals with networks controlling
adipose remodelling. Dynamic modulation of TIMP-3 expression may be essential for
healthy adipose tissue growth in nutrient excess, regulating the balance between
hypertrophic and hyperplasic modes of expansion. In MUO, however, excess TIMP-3
may increase basal Dlk-1 shedding and reduce matrix turnover in adipogenesis,
restricting preadipocyte differentiation and shifting AT growth towards adipocyte
hypertrophy (Figure 5.10).

117

Metabolically healthy
obesity:

TIMP-3 regulation

MMP-14 activity

Dlk-1 shedding

ECM turnover

Adipogenesis
Adipocyte
hypertrophy
Metabolically unhealthy
obesity:

Adipose
hyperplasia

!TIMP-3

MMP-14 activity

! Dlk-1 shedding

ECM turnover

Chronic
inflammation

Adipogenesis

Adipocyte
hypertrophy

Adipose
hyperplasia

Figure 5.10: TIMP-3 may help regulate the balance between hypertrophy and hyperplasia in
adipose tissue expansion. In metabolically healthy obesity, TIMP-3 expression may be
dynamically regulated, variously inhibiting and allowing MMP-14 activity, and modulating Dlk1 shedding via its complex role in affecting basal and stimulated shedding of this antiadipogenic mediator. In metabolically unhealthy obesity, excess TIMP-3 expression (as seen
in my clinical study (see Chapter 4) may inhibit ECM turnover and lead to increased Dlk-1
shedding, reducing hyperplasia and tipping the balance towards metabolicallydisadvantageous adipocyte hypertrophy. The chronic inflammation typical of metabolically
unhealthy obesity may exacerbate matters by inhibiting adipogenesis further, through
increased Dlk-1 shedding and other pathways (ECM: extracellular matrix).

Further experiments are suggested by the results of this study. A timecourse of
mRNA expression (using quantitative RT-PCR) of TnfrI and Dlk1, over the first 48
hours following transduction with TIMP-3-overexpressing adenovirus, would help
determine whether TIMP-3 overexpression results in any early changes in TNFR-I
and Dlk-1 expression. Moreover, given the conflicting evidence regarding whether
expression of TNF-α by human preadipocytes and adipocytes is of functional
significance in human adipose tissue [245-247], expression analysis of TNF-α mRNA
and protein by human primary in vitro-differentiated adipocytes and adipose-derived
mesenchymal stem cells (that is, our preferred culture model) would be useful to
unpick the effects of exogenously applied TNF-α in my experiments versus that
which is endogenously expressed.
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Little is known about the downstream signalling pathways triggered by Dlk-1 (indeed,
its ‘receptor’ is a matter of contention, as outlined in Chapter 1). However, it is
thought that MAPK/ERK signalling is central to Dlk-1’s antiadipogenic effect (see
Chapter 1, section 1.3.3.3). Analysis of MAPK/ERK phosphorylation, for example, as
well as activation of other members of the Ras-Raf-MEK-ERK pathway would be
helpful to elucidate whether exogenously-added recombinant human soluble Dlk-1 is
having any effect in human preadipocyte cultures.
TIMP-3 overexpression is known to trigger apoptosis in certain cell types [235-238]. It
has not been described in human adipocytes or preadipocytes, but attempting to
track differentiation over a prolonged timecourse was unsuccessful, largely due to
cell death. The use of cell viability assays (such as propidium iodide staining and
quantification by flow cytometry) and apoptosis assays (such as fluorescent antiannexin V antibodies) would help determine whether TIMP-3 overexpression does
indeed trigger apoptosis in human preadipocytes and in in vitro-differentiated
adipocytes, and if so, the timecourse over which this happens.

119

Chapter 6:
Discussion
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6.1: Introduction
Human beings in developed economies, and increasingly in the developing world,
largely live in an energy-rich environment, with progressively easier access to cheap,
high-energy foods. Indeed, there is evidence that the major global nutrition issue has
shifted from undernutrition to overnutrition – the World Health Organisation (WHO)
now speaks of a ‘double burden’ of nutrition, and its own 2015 figures indicated that
more than 1.9 billion adults worldwide were overweight while 462 million were
underweight [248]. Given its role in the ‘safe’ storage of excess ingested energy in
the form of triglycerides, overnutrition constitutes a major ‘stressor’ on white adipose
tissue (WAT) and the associated metabolic pathways that allow it to perform this
function. Greater understanding of the metabolic stress placed on WAT by
overnutrition allows us distinguish ‘healthy’ from ‘unhealthy’ subcutaneous adipose
tissue (SAT) expansion. The former, which may underpin the existence of
metabolically healthy obesity (MHO) estimated to constitute between 10% and 34%
of all obesity depending on the criteria used [249], is thought to occur via a balanced
combination of hyperplasia (that is, adipogenic differentiation of adipocyte precursors
or preadipocytes) and hypertrophy of existing mature adipocytes [171]. In
metabolically unhealthy obesity (MUO), on the other hand, hypertrophy is thought to
constitute the main mode of unhealthy adipose expansion [156, 171, 250].
Hypertrophied adipocytes are implicated in metabolic dysfunction leading to insulin
resistance, type 2 diabetes and increased cardiovascular risk, as these adipocytes
release more free fatty acids (FFAs) into the circulation than smaller adipocytes,
leading to more ‘ectopic’ lipids [129, 216, 251]. The presence of lipids in sites other
than SAT, such as visceral adipose tissue (VAT), the liver and pancreas is
independently associated with insulin resistance [240, 242, 252]. Furthermore, WAT
characterized by a high proportion of hypertrophied adipocytes demonstrates greater
markers of tissue inflammation, such as crown-like structures and inflammatory
cytokine expression [251].
Whether the main mode of WAT expansion is hypertrophy or hyperplasia, both
processes require extracellular matrix (ECM) remodelling in order to occur. It is
important to acknowledge the central role that the ECM plays in all tissue function,
and WAT is no exception. Indeed, given its remarkable capacity to change volume
markedly in times of nutrient excess or deficiency, WAT perhaps has more in
common with other tissues that are mainly composed of ECM, such as bone or
cartilage. In these tissues, dysfunctional remodelling is implicated in well-recognised
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clinical outcomes, such as osteoporosis in the case of bone [253, 254] or
osteoarthritis in the case of cartilage [255, 256]. Similarly, I hypothesise that
regulated, physiologically-appropriate ECM remodelling is crucial for normal WAT
function, and that adipocyte-expressed metalloproteinases (MPs) and their tissue
inhibitors (TIMPs), are important effectors of this metabolically-important WAT ECM
turnover.
Figure 6.1 summarises the main points made in Chapter 1 (Introduction). Briefly,
adipocytes and preadipocytes express MPs and TIMPs, and expression levels are
related to body mass index (BMI), diet and WAT inflammatory status. Manipulation of
MP/TIMP

expression

can

have

metabolic

sequelae

in

rodent

models.

Metalloproteinases such as MMPs-2 and -14, and ADAM-12 may all be involved in
remodeling of pericellular matrix during changes in adipocyte size and in adipogenic
differentiation. Therefore, chronic low-grade maladaptive inflammation, MP/TIMPs
expression, ECM turnover, adipogenic differentiation and metabolic sequelae may all
be interrelated in obesity.
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Figure 6.1: Human and murine adipocytes (and preadipocytes) express (solid arrows) a range
of MPs and TIMPs that have important roles in WAT inflammation and ECM turnover. As
outlined in Chapters 1 and 3, MMPs-1, -2, -3 and -14 are constitutively or inducibly expressed
by these cells, with inflammation being a major positive regulator. TIMPs-1 to -4 are also
expressed at high levels, with TIMP-3 and TIMP-4 being downregulated in chronically
‘inflamed’ WAT. TIMP-3 downregulation may have a ‘disinhibitory’ effect on ADAM-17 activity
(dashed arrows), leading to increased TNF-α and Dlk-1 shedding, with consequences that
include increased WAT inflammation and reduced adipogenic differentiation.
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The research questions laid out in Chapter 1, section 1.5 (page 29) map to the
Results chapters. I discuss how these studies have addressed these questions
below.

6.2: Which are the key MPs and TIMPs expressed by human adipocytes and
preadipocytes, and how is this expression modulated by inflammatory or proadipogenic stimuli? (addressed in experiments detailed in Chapter 3)
The results laid out in Chapter 3 are consistent with the majority of the literature on
adipose MP and TIMP expression in cell culture. 3T3-L1 and 3T3-F442A
preadipocytes have long been known to express MMP-2 and MMP-14 mRNA and
protein [80, 81] – these were amongst the highest expressed transcripts in my
Taqman Low-Density Array (TLDA). Interestingly, although MMP-9 has also been
extensively studied in these murine adipocyte models (3T3-L1 and 3T3-F442A cells),
it was not one of the most highly expressed MMPs in my TLDA. In keeping with
experiments in SGBS adipocytes, human primary preadipocytes and primary
adipocytes [84, 88], Mmp1 and Mmp3 were upregulated with inflammatory stimuli
(TNF-α and LPS) in my study. Likewise, in keeping with experiments in 3T3-L1
preadipocytes and human primary preadipocytes, Timp3 was downregulated by
adipogenic differentiation in my experiments [96].
The expression pattern of metalloproteinases and their inhibitors in murine models of
obesity is summarized in Chapter 1, Table 1.1 (page 14). The mRNA and protein
expression of certain metalloproteinases and TIMPs is consistently upregulated
across several mouse models. For example, MMP-2, MMP-14 and TIMP-1 were
expressed at higher levels in obese models as compared to lean controls. In my
expression analysis, MMP-2, MMP-14 and TIMP-1 were amongst the highest
expressed metalloproteinases and TIMPs. Other MMPs with consistent upregulation
in various mouse models of obesity include MMPs-3, -12 and -19. In my TLDA-based
expression analysis, MMP-3 was not highly expressed by primary human in vitrodifferentiated adipocytes, but its mRNA expression was upregulated approximately
threefold by stimulation with lipopolysaccharide (LPS) (Figure 3.2, page 65). Both
MMP-12 and MMP-19 were poorly expressed by cells in my culture model, and this
expression was not regulated to any significant degree by inflammatory stimulation
(Figure 3.2, page 65).
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mRNA expression of MMP-7 and TIMP-3 appear consistently downregulated in
various murine models of obesity. In my TLDA-based expression analysis, MMP-7 is
not significantly expressed by cells in my culture model, and its expression is not
regulated to any significant degree by inflammatory stimulation. On the other hand,
TIMP-3 is one of the most highly expressed transcripts assayed, and downregulation
of mRNA and protein expression in inflammatory conditions forms the basis of
subsequent experiments looking at its role in human adipose biology (Chapter 5).
Therefore, the results from my expression analysis show some important similarities
with the expression of metalloproteinases and their inhibitors in murine models, as
well as some differences.
What my study adds is that it is, to my knowledge, the first description of the mRNA
expression of all 66 human MPs and TIMPs in primary human in vitro-differentiated
adipocytes. Thus, it provides a resource for other researchers in the field of human
adipose tissue remodelling. However, there are some limitations to my approach that
can be addressed in future studies.
Firstly, these experiments were carried out in human in vitro-differentiated primary
adipocyte culture. As outlined in Chapter 2, this culture model is well-described and
has been used extensively in our group. However, cultures are established by
isolating the stromo-vascular fraction of human abdominal adipose tissue by
collagenase digestion and centrifugal separation. The population of cells that is
initially plated (passage 0) contains various cell types, including true preadipocytes,
mesenchymal stem cells, fibroblasts, endothelial cells, macrophages, monocytes,
lymphocytes and others. Previous work in our lab has shown that subcutaneous
adipose tissue-derived primary human preadipocyte cultures are CD45-negative after
one passage, suggesting that the cells in this cell culture model are not contaminated
by hematopoietic cells [257]. However, this remains far from a homogeneous
population of cells. There is an advantage in continuing to use this cell culture model
in spite of this limitation in that it can be said to reflect the mix of cell types found in
adipose tissue more accurately than using, for example, preadipocyte models. Given
the intercellular communication that occurs between different cell types in all tissues,
having a number of different cells in vitro may be deemed to more accurately reflect
the situation in vivo. Nevertheless, it is desirable for the purposes of in vitro
experimentation to have a clearer understanding of the exact cell composition of the
cultures being used, in order to be able to attribute results, including changes in
expression of genes or proteins of interest, to one cell type or another. In turn, this
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improved understanding will translate into more targeted approaches – that focus on
the correct cell type – when designing and conducting investigational studies
including clinical trials of novel pharmacological agents. Future studies may benefit
from a better characterization of the cellular composition of human in vitrodifferentiated adipocyte cultures, through the use of techniques such as flow
cytometry and immunohistochemical staining. Attempts to isolate ‘true’ preadipocytes
– that is, cells that are committed to differentiate into adipocytes – are currently
limited by the lack of good preadipocyte markers, surface or otherwise. Further
research that identifies such markers should be rapidly applied to studies of this
nature in order to better characterize and validate the cell culture model currently
being used in the majority of human adipose research.
Secondly, these cultures were grown on tissue culture flasks, plates and dishes, and
represent ‘two dimensional’ (2D) culture models. It is well known that culture in three
dimensions (3D), or indeed in contact with extracellular matrix constituents such as
collagen or fibrinogen, significantly changes the behaviour of cultured cells, including
expression

of

genes/proteins

of

interest,

differentiation,

and

viability,

and

preadipocytes/adipocytes are no exception [109, 189, 233, 258-260]. The seminal
studies by Chun et al bear highlighting, as they showed that murine preadipocytes
lacking MMP-14 differentiated normally in 2D but failed to differentiate in 3D [109,
110]. Thus, my studies should be repeated in a three-dimensional culture model, in
which mesenchymal stromal cells are grown and differentiated in collagen gels, in
order to assess the expression of the genes and proteins of interest I have identified
in this more physiologically-representative model.

6.3: In human adipose tissue, what role does TIMP-3 play in regulating i) ECM
turnover and ii) expression and shedding of the anti-adipogenic mediator Dlk-1, and
ultimately adipogenic differentiation and hyperplastic adipose expansion? (addressed
in experiments detailed in Chapter 5)
As a broad-spectrum inhibitor of many metalloproteinases including collagenases
and sheddases, TIMP-3 emerges as a potentially key node in the remodelling protein
interaction network (Figure 6.2).
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Figure 6.2: TIMP-3 is implicated in many processes that are involved in dysfunctional adipose
remodelling leading to metabolically unhealthy obesity. In this figure, processes are in orange
boxes, and proteins of interest are in blue boxes. Inflammation has been shown to directly
inhibit adipogenesis, and my and others’ work has shown that TIMP-3 expression is
modulated by inflammatory stimuli. TIMP-3, in turn, has direct and indirect (via inhibition of
ADAM-17 activity) effects on TNF-alpha, Dlk-1 and TNFR-I solubilisation and therefore
activity. TIMP-3 has been shown by others to reduce angiogenesis. When adipose tissue
expands as a result of a positive energy balance, the combination of reduced adipogenesis
and reduced angiogenesis leads to increased hypertrophy, reduced hyperplasia and
increased hypoxia, all of which are features of dysfunctional adipose tissue in metabolically
unhealthy obesity.

TIMP-3 knockout mice demonstrate an interesting phenotype when challenged with a
high-fat diet (HFD), including higher circulating insulin (denoting insulin resistance)
and MUO [136]. Conversely, in mice where macrophages overexpress TIMP-3, HFD
feeding results in improved metabolic and lipid overspill parameters as compared to
wild-type counterparts [244]. TIMP-3 also appears to regulate sheddases in a
complex manner, with increased basal shedding and decreased induced shedding of
shed receptors (e.g. VCAM-1 [210]). The ADAM-17/TIMP-3 axis has been found to
have a metabolic role in human skeletal muscle [152], but remains poorly understood
in human adipose tissue.
In Chapter 5, my data on the effects of manipulation of TIMP-3 expression are
presented. TIMP-3 overexpression significantly enhances the effect of TNF-α on IL-8
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expression by human preadipocytes, This may be because, under non-inflammatory
conditions, TIMP-3 overexpression increases TNFR-I expression by these cells, and
increases the concentration of soluble TNFR-I shed into the culture medium.
Therefore, in conditions of high TIMP-3 expression, more TNFR-I on the cell surface
may lead to increased TNF-α-stimulated signalling.
TIMP-3 overexpression in non-inflammatory conditions increases soluble Dlk-1
shedding into the culture medium. I did not observe a corresponding increase in
membrane-bound Dlk-1 expression by preadipocytes, which is in contrast to the
situation with TNFR-I. However, Timp3 gene silencing reduces sDlk-1 shedding,
providing further evidence that TIMP-3 does indeed regulate constitutive Dlk-1
shedding.
When incubated with an inflammatory mediator (TNF-α), adipocyte and preadipocyte
expression of TIMP-3 is repressed, which would be expected to lead to increased
Dlk-1 shedding. This is indeed what I observed when sDlk-1 shedding was assessed
following TNF-α stimulation of preadipocytes (Figure 5.4A).
Figure 6.3 demonstrates how TIMP-3 regulation may be central to the switch
between hyperplastic and hypertrophic modes of WAT expansion. Hyperplastic
expansion relies on the existence of a persistent, self-perpetuating pool of
preadipocytes, to be called on to undergo adipogenic differentiation when required.
Extreme examples of the effect of inhibited or absent preadipocyte differentiation
include patients with the various types of lipodystrophy, who have little/no
subcutaneous adipose tissue but large ectopic lipid reserves in visceral adipose, liver
and other sites [33, 243]. The Pref1-null mouse phenotype is reminiscent of this, with
adipocyte hypertrophy, increased hepatic fat, and increased circulating free fatty
acids [125]. By allowing unrestricted adipogenic differentiation, the absence of Pref-1
in development may conceivably lead to the consumption of preadipocytes earlier on
in life, with a switch to predominantly hypertrophic adipose expansion occurring
sooner and thus the development of adverse metabolic outcomes. Similarly, young
adults who have undergone total body irradiation (TBI) in the treatment of cancer as
children represent a less extreme phenotype. This cohort exhibits a characteristic
metabolic phenotype, consisting of metabolic dysfunction and central obesity [261263]. It is thought that spinal and truncal irradiation may have affected preadipocyte
reserves, leaving them with a smaller functional preadipocyte pool in adulthood [264,
265].
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Figure 6.3: TIMP-3 may be a crucial regulator of the balance between hyperplastic and
hypertrophic modes of adipose tissue expansion. (a) In metabolically healthy adipose, TIMP-3
expression exerts a tonic inhibitory effect on Dlk-1 shedding, allowing maintenance of the
preadipocyte pool and some recruitment into adipogenic differentiation. (b) In inflamed
adipose TIMP-3 downregulation leads to adipocyte hypertrophy via inhibition of differentiation.

However, modulation of Dlk-1 shedding is one mechanism by which TIMP-3 can
regulate adipogenesis. I also found that TIMP-3 overexpression reduces collagen I
turnover by differentiating preadipocytes, as quantified by hydroxyproline release into
culture media. This suggests that the effect of TIMP-3 on adipogenesis is complex,
and indeed, I was unable to determine the overall effect of TIMP-3 overexpression on
preadipocyte differentiation (Appendix B).
The discussion section of Chapter 5 (Section 5.4, page 111) outlines the major
strengths and limitations of the experiments contained within this chapter. It is worth
highlighting that my study represents the first attempt, to my knowledge, to develop a
method for quantifying the degree of collagen turnover by human primary
preadipocytes in culture, which in turn can be used as a model for extracellular
matrix turnover. Such a tool may be used by other researchers in the field of adipose
tissue remodelling to better understand the factors that contribute to increased or
decreased extracellular matrix turnover by adipose-resident cells, and potentially to
test pharmacological agents that could modulate this process.
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6.4: In human adipose tissue, does altered MP/TIMP expression contribute to
maladaptive adipose tissue remodelling, whole-body lipid maldistribution and
metabolic dysfunction? (addressed in experiments detailed in Chapter 4)
This study is, to my knowledge, the first of its kind in attempting to study the
relationship between human adipose MP and TIMP expression and human adipose
tissue remodelling, human whole-body lipid distribution, and markers of human
metabolic dysfunction. I identified Timp3, Dlk1, Mmp2, Mmp14, and Mmp1 as genes
of interest whose mRNA expression in whole subcutaneous and visceral adipose
tissue samples varied with measures of adipose tissue dysfunction and metabolic
dysfunction, such as mean adipocyte cross-sectional area, subcutaneous and
visceral adipose tissue volume, fasting glucose and fasting triglycerides.
The major results regarding Timp3 are summarised in Table 4.5. Briefly, SAT Timp3
expression is positively correlated with mean subcutaneous adipocyte area – a
correlation that becomes significantly stronger when controlling for total adipose
tissue volume. This implies that in subjects with the same total adipose tissue volume
(a proxy for adiposity), higher TIMP-3 levels are associated with larger adipocytes, in
keeping with the in vitro results that high TIMP-3 levels increase basal Dlk-1
shedding and inhibit collagenolysis, potentially reducing hyperplastic expansion and
increasing the degree of hypertrophy in the tissue. On the other hand, SAT Timp3
steady-state mRNA levels are negatively correlated with both HOMA-IR and VAT
volume, implying that high levels of TIMP-3 are metabolically advantageous. This
apparent paradox may be resolved if high TIMP-3 levels are hypothesised to limit
uncontrolled adipogenesis when faced with the adipose stressor of overnutrition,
TIMP-3 excess is beneficial as it moderates preadipocyte recruitment, allowing
sufficient undifferentiated preadipocytes to persist in a self-sustaining pool. However,
when faced with persistent energy excess, this preadipocyte pool is exhausted,
leading to adipocyte hypertrophy and metabolic dysfunction.
This hypothesis for TIMP-3’s role in adipose biology appears to be at least in part
supported by the phenotype of the Timp3-/- (knockout) mouse [136, 138, 266]. As
outlined in Chapter 1 (section 1.3.4.3) and in Appendix A, Table A.2, the offspring of
Timp3 null mice crossed with insulin receptor haploinsufficient (Insr+/-) mice fed a
HFD demonstrate a metabolically unfavourable phenotype (which is consistent with
my result that lower SAT Timp3 levels are associated with higher HOMA-IR, implying
insulin resistance). In spite of the fact that they gain less weight than controls, they
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have hypertrophied white adipocytes, suggesting that a lack of TIMP-3 leads to rapid
preadipocyte pool depletion when faced with caloric excess (in the form of a HFD),
leading to metabolically unfavourable adipose expansion by hypertrophy. It is worth
noting, however, that given TIMP-3’s myriad roles in normal tissue function, adipose
tissue dysfunction in Timp3 knockout mice is almost certainly due to further
mechanisms other than modulation of adipogenesis. For example, Timp3-/- mice
have higher circulating TNF-alpha levels [266], and increased tissue inflammation in
organs other than adipose tissue, such as the liver; the latter is associated with
hepatic steatosis and liver failure [267, 268]. Both adipose tissue inflammation and
hepatic steatosis have been independently associated with the development of
insulin resistance [269] [8, 9], meaning that the adverse metabolic phenotype in
TIMP-3 deficient mice has a complex aetiology.
An analysis of how Dlk1 mRNA expression in subcutaneous and visceral adipose
tissue relates to various measures of adipose tissue remodeling and whole-body lipid
distribution is found in section 4.3.2 (page 88). Briefly, donors with no SAT mRNA
expression of Dlk1 had higher VAT volumes (as a proportion of total adipose tissue
volume). In donors where SAT Dlk1 mRNA expression was detectable, this
correlated negatively with mean subcutaneous adipocyte cross-sectional area. These
results can be explained if Dlk1 mRNA expression is taken to be a surrogate marker
for the number of preadipocytes in the tissue sample. In individuals with few
subcutaneous preadipocytes (perhaps as a result of depletion of the preadipocyte
pool), there is low Dlk1 mRNA expression, and a relative inability of the SAT to
expand by hyperplasia. Thus, the SAT is characterised by larger, hypertrophied
adipocytes, and diversion of lipids to the visceral compartment, resulting in a
relatively larger visceral adipose depot.
The expression of Dlk1 mRNA by whole VAT samples (and thus, using the previous
assumption, the presence of visceral preadipocytes) is negatively correlated with
percentage VAT volume, and is associated with higher fasting triglycerides. These
results do not fit neatly in with the previous hypothesis, indicating that the function of
Dlk-1 in adipose tissue is likely to be complex. Indeed, the phenotypes of mutant
rodent strains where the Pref1 gene (the mouse ortholog of Dlk1) is manipulated are
complex, with both Pref1 overexpression and knockout resulting in adverse
metabolic phenotypes (Table 1.4, page 20). The decreased adipose tissue mass,
hyperlipidaemia and insulin resistance described in Pref1-overexpressing mice is
reminiscent of human lipodystrophy, and may result from excessive Pref-1 inhibiting
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adipogenesis and thus adipose expansion by hyperplasia. On the other hand, Pref1
knockout results in larger fat depots, hypertrophied adipocytes and hyperlipidaemia,
suggesting that the lack of an inhibitor of adipogenesis results in relative depletion of
preadipocytes, and once again a metabolically-adverse phenotype [123, 125, 270].
MMP-14 has been previously described as a regulator of adipogenesis in murine
preadipocytes, with preadipocytes lacking MMP-14 failing to differentiate in threedimensional culture [109]. In humans, a single-nucleotide polymorphism close to the
catalytic domain of MMP-14 was found to be associated with higher body mass index
and waist-to-hip ratio in a Japanese cohort consisting of 3,647 subjects [110]. In my
study, Mmp14 mRNA expression by VAT samples is positively correlated with
abdominal subcutaneous adipose tissue volume (section 4.3.3, page 91). This may
reflect increased adipogenesis in visceral adipose tissue in subjects with increased
abdominal subcutaneous adipose tissue, perhaps as a result of the abdominal SAT
compartment approaching its expansion limit and more lipids being diverted to the
VAT compartment. I also observed a negative correlation between subcutaneous
Mmp14 mRNA expression and VAT volume in the subset of subjects who were
postmenopausal. This finding was unexpected, and to my knowledge has not been
described elsewhere, and certainly deserves further investigation given the fact that
postmenopausal women have increased cardiometabolic risk and demonstrate a
shift towards visceral fat distribution [271, 272].
As stated earlier, my study differs from other human work in that, to my knowledge, it
is

the

first

one

that

focused

on

adipose

tissue-specific

expression

of

metalloproteinases and their tissue inhibitors, and the association between this
expression and markers of dysregulated adipose tissue remodelling, whole-body lipid
distribution, and metabolic dysfunction. Other human studies have largely focused on
circulating MMP levels, such as MMP-2 and MMP-9 [143, 145, 146], or when they
have focused on adipose expression of these metalloproteinases, have not
investigated whole-body adipose distribution, for example by assessing the relative
sizes of adipose depots [142, 143]. Another subset of human studies investigating
the role of metalloproteinases and their inhibitors in obesity and type 2 diabetes has
focused on single nucleotide polymorphisms and other sequence variants in genes of
interest, including Mmp3 [150], Mmp14 [110], and Adamts9 [155]. In the case of
investigations in humans on the role of ADAM-17/TACE and TIMP-3 in obesity and
metabolic dysfunction, these have focused on their role in skeletal muscle, rather
than in adipose tissue [152, 153]. The closest study to mine is that by O’Connell et al
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[154], which found that visceral Dlk1 mRNA expression is significantly correlated with
visceral adipocyte hypertrophy, hepatic steatosis, and increased fasting glucose and
triglycerides. However, this study did not look at the role of MPs and TIMPs such as
ADAM-17 and TIMP-3 in regulating Dlk-1 function.
A number of limitations and plans for future work are described in the Discussion
section of Chapter 4 (Section 4.4, page 92). Briefly, future work will focus on using
adipose tissue from male subjects, as tissue from female subjects only was used in
view of the use of adipose tissue from female donors to establish primary human
cultures in the initial phases of this research (see Chapters 2 and 3). Interesting work
that can then be carried out is a comparison between the results from males and
from females.
Expression analysis of MP/TIMP targets of interest was limited to mRNA expression
as detected by qRT-PCR. Increased expression of this type does not necessarily
mean increased MP/TIMP activity, and thus increased contribution to adipose tissue
function. In order to determine MP and TIMP protein levels in donated tissue
biopsies, future studies will need to use techniques such as immunohistochemistry
for proteins of interest.
A significant limitation of the analyses of adipocyte cross-sectional area in relation to
MP/TIMP expression and other metabolic markers was the use of only two nonconsecutive slides for each depot. As outlined previously, a further section of each
adipose sample has already been prepared and stained, and the fixed/embedded
samples are stored in the Norfolk and Norwich University Hospital Tissue Bank,
meaning that further sections can be cut, mounted and stained. Thus, it should be
relatively straightforward for researchers interested in pursuing this line of
investigation further to obtain more photomicrographs of these samples, thus
increasing the number of unique slides tested per donor.
Lastly, it is important to note that expression was assessed in whole adipose tissue
biopsies, meaning that it is impossible to attribute any changes in expression of a
target MP/TIMP to any one particular cell type. It is well-known that the stromovascular fraction of adipose tissue contains multiple cells types that are highly active
in adipose tissue remodelling, such as adipose tissue macrophages and fibroblasts
[47, 273, 274]. Future work could use immunohistochemistry or whole mount in situ
hybridisation to associate increases or decreases in expression or particular
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MPs/TIMPs of interest with particular cell types, thus better understanding the
contribution that these cells make to the adipose tissue remodeling process.
Clearly, there are many outstanding questions that are raised by these studies.
Firstly, why should a hypothesized shift towards adipocyte hypertrophy in high
Timp3-expressing subjects lead to reduced insulin resistance? It is known that
adipocyte hypertrophy does not necessarily lead to adverse metabolic parameters,
such as in the collagen VI/leptin-deficient mouse which has larger adipocyte than
ob/ob and wild-type controls, but improved metabolic status [45]. That said, TIMP-3
excess likely inhibits remodelling required for adipocyte hypertrophy by inhibiting
metalloproteases responsible for basal lamina (that is, its collagen IV, collagen VI
and laminin) turnover.
It also remains to be established how the adipocyte-preadipocyte ratio varies with
Timp3 expression. If the above reasoning is applied, Timp3 expression would be
expected to be negatively correlated with this ratio – that is, high Timp3 would lead to
more preadipocytes being maintained in the undifferentiated state. Sections of
adipose tissue in our study could be stained for, for example, Dlk-1 to count the
number of preadipocytes, and the adipocyte/preadipocyte ratio could be assessed in
terms of its value as a marker of adipose tissue expansibility.
Work in mouse models may also contribute to these investigations. It would be
interesting to study what happens to the adipocyte/preadipocyte ratio in Timp3-null
mice fed a HFD over time, as compared to wild-type/haploinsufficient littermates. I
would hypothesise that Timp3 knockout mice would have a higher adipocytepreadipocyte ratio due to preadipocyte pool exhaustion.
To further understand the role of TIMP-3 in human adipose function, a longitudinal
cohort study could be designed to classify, at recruitment, study subjects into high
Timp3-expressing or low Timp3-expressing groups. Subjects could then be followed
up over a long period of time to track adipose distribution, development of adverse
metabolic parameters and possibly adipocyte size. Obesity and T2DM are ideal
diseases to be studied in this way, as the outcome rate is very high. Similarly, a
case-control design could be used wherein high and low Timp3-expressing subject
groups could undergo a period of overfeeding, and the effects on WAT remodelling,
lipid distribution, and metabolic parameters could be compared.
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Such studies will allow a better understanding, and rejection or refinement of the
model outlined at the end of Chapter 5 (Figure 5.10). In this model, TIMP-3 acts as a
central node that integrates adipogenesis and adipose inflammation by virtue of its
roles in regulating collagenolysis and sDlk-1 shedding. If TIMP-3 proves to be such
an important mediator of adipose dysfunction in nutrient excess, it may yet turn out to
be an attractive therapeutic target. Given that it is ubiquitously expressed in various
human tissues, ways of targeting adipose-specific TIMP-3 would need to be
identified. Ultimately, however, the general, population-focused advice to limit
overnutrition and undertake activities that tip energy balance towards increased
expenditure remain the best methods to reduce WAT stressors and maintain
metabolic health.
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Increase adipogenesis
Inhibitor

Cell type or

Dose and spectrum of

organism

inhibition (if applicable)

3T3-L1

10µM, Inhibits MMPs-1,

Decrease adipogenesis
Ref.
[98]

Inhibitor

Dose and spectrum of

organism

inhibition (if applicable)

3T3-L1

25 µM, Inhibits MMPs-1, -

1.

1.

Pharmacological

GM6001/

-2, -3, -7, -8, -9, -12, -

GM6001/

2, -3, -7, -8, -9, -12, -14,

inhibitor

Ilomastat/

14, and -26

Ilomastat

and -26

Galardin
2. MMP-3

1.

Cell type or

Ref.
[80]

/Galardin
3T3-L1

20 µM, MMP-3

[99]

2.

Inhibitor

MMP-2

II/CAS

Inhibitor

161314-

I/CAS

17-6

10335-

(Merck)

69-0

3T3-L1

20 µM, MMP-2

[80]

3T3-F442A

10 µM, Hydroxamic acid

[92]

(Merck)
3.
Tolylsam

3T3-F442A

25-100 µM, inhibits
MMPs-2, -9 and -12

[275]

3.
CT1746

MMP inhibitor with
specificity for gelatinases

4.

3T3-L1

Batimast

10 µM, Broad-spectrum

[7]

MMP inhibitor

at/BB-94
5.

3T3-F442A

10 µM,

Batimast

Broad-spectrum MMP

at/BB-94

inhibitor

6.

[81]

3T3-F442A

1mM, gelatinase inhibitor

[81]

7.

Male WT

100mg/kg/day, inhibits

[130]

Tolylsam

mice

MMPs-2, -9 and -12

Captopril

(C57Bl/6)
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8.

Male ob/ob

100mg/kg/day, inhibits

Tolylsam

mice

MMPs-2, -9 and -12

9.

Male WT

100mg/kg/day, Inhibits

GM6001/

mice (mixed

MMPs-1, -2, -3, -7, -8, -9, -

Ilomastat

75%

12, -14, and -26

/Galardin

C57/Bl6

[276]
[277]

and 25%
129SVj)
10. Bay

Male ob/ob

100mg/kg/day, Inhibits

12-9566

mice

MMPs-2, -3, -9 and -13,

(Bayer)

[278]

but not MMP-1

11. Ro

Male WT

30mg/kg/day, Inhibits

28-2653

mice

MMPs-2, -9 and -14

[279]

(C57Bl/6)
fed a HFD
12.

Male WT

100mg/kd/day, inhibits

Tolylsam

(C57Bl/6) or

MMPs-2, -9 and -12

[275]

Mmp2-/mice fed a
HFD
B. TIMP

1. rhTIMP1

3T3-L1

250µM, Most MMPs

112664

1.

3T3-L1

All MMPs, ADAMs-10, -12,

and ADAM-10, but

61

hTIMP-3

-17, -28 and -33;

weak for MMPs-14, -

(transfect

ADAMTSs-1, -4, and -5,

16, -19 and -24

ion with

ADAMTS-2 (weak)

[96]

expressi
on
vector)
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2.

3T3-L1

25-100µg/ml, Most MMPs

rmTIMP-

and ADAM-10, but weak

1

for MMPs-14, -16, -19 and

[93]

-24
C. Antibody

1. Anti-

3T3-F442A

10-100ng/ml

[81]

3T3-L1

1ug/ml

[80]

MMP-2 &
antiMMP-9
2. AntiMMP-2 &
antiMMP-9
D. Gene

1. MMP-3

3T3-L1

/

[99]

knockdown
(Ref.: reference; rh: recombinant human; rm: recombinant murine)

Table A.1: The effects of manipulation of metalloproteinase function, using different strategies, on adipogenesis.
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Gene
Mmp2

Manipulation/experiment
Knockout (Mmp2-/-) fed HFD for 15
weeks

Mmp3

Knockout (Mmp3-/-) fed HFD for 15
weeks

Mmp9
Mmp11

Knockout (Mmp9-/-) fed HFD
Knockout (Mmp11-/-) fed HFD

Mmp11

Transgenic mice overexpressing MMP-11
(Mmp11-Tg) fed HFD

Mmp14

Knockout (Mmp14-/-)

Mmp14

Haploinsufficient (Mmp14+/-) fed HFD

Mmp12

Knockout (Mmp12-/-) fed HFD

Mmp19

Knockout (Mmp19-/-) fed HFD

Adam12

Knockout (Adam12-/-) fed HFD

Adam12

Knockout (Adam12-/-) fed SFD

Adam12

Transgenic mice overexpressing the
soluble form of ADAM-12 under a muscle
creatinine kinase promoter
Knockout (Adam17-/-)
Haploinsufficient (Adam17+/-) crossed

Adam17
Adam17

Phenotype vs. control
1. Gain less weight
2. Smaller adipose depots
3. Larger adipocytes
1. Hyperphagic
2. Larger adipose depots
3. Perigonadal adipose tissue has larger adipocytes
4. Mammary adipose has larger adipocytes
No difference
1. Gain more weight
2. Larger adipose depots
3. Larger adipocytes
4. Fasting glucose/triglyceride/total cholesterol levels – no difference
1. Gain less weight
2. Lower glucose on glucose tolerance test
3. Lower glucose on insulin tolerance test
4. Smaller adipocytes
1. Preadipocytes do not differentiate in 3D collagen gel
2. Mice have undetectable serum leptin and increased hepatic triglyceride
1. Gain less weight
2. Smaller inguinal and perigonadal adipose depots
3. No differences in food intake or metabolic rates
1. Gain weight at same rate
2. Smaller subcutaneous adipocytes
3. Higher plasma glucose
4. Lower number of crown-like structures in adipose tissue
1. Gain more weight
2. Larger adipocytes in inguinal and perigonadal adipose depots
1. Gain less weight
2. Smaller adipose depots with fewer adipocytes of same size as controls
3. Smaller brown adipose tissue depots
4. Smaller liver
1. More insulin sensitive on insulin tolerance test
2. Lower circulating triglycerides
3. Lower circulating non-esterified fatty acids
1. Larger adipose depots
2. Greater number of similarly sized adipocytes in all depots
3. Large numbers of adipocytes in skeletal muscle
Lethal in perinatal period
Do not become hyperinsulinaemic

References
[130]
[98]

[131]
[132]

[280]

[109]
[110]
[134]

[133]
[135]

[135]
[107]
[139]
[136]
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Adam17

Timp1
Timp1
Timp3

with insulin receptor haploinsufficient
strain (Insr+/-), offspring fed HFD
Haploinsufficient (Adam17+/-) fed HFD

Timp1-overexpressing transgenic mouse
strain
Knockout (Timp1-/-) fed HFD
Knockout (Timp3-/-) crossed with insulin
receptor haploinsufficient strain (Insr+/-),
offspring fed HFD

1. Gain less weight
2. Lower fed glucose
3. Lower fasting and fed insulin
4. Lower fasting and fed non-esterified fatty acid levels
Accelerated mammary gland involution and replacement by adipose tissue

[122]

1. Gain less weight
2. Lower fasting glucose
3. Lower total cholesterol
1. Gain less weight
2. Larger adipocytes
3. Hyperglycaemic
4. Hyperinsulinaemic
5. Increased mRNA expression of inflammatory mediators (CCL2, MCP-1, IL-6)
by adipose tissue
6. Increased hepatic fat, with increased liver transaminases

[141]

[98]

[136, 266]

Table A.2: Phenotypes of mutant rodent strain where MP/TIMP genes are manipulated. (HFD: high-fat diet; SFD: standard fat diet; 3D: three-dimensional)

140

MP or TIMP
MMP-1

Alternative

Involvement in obesity and

name

metabolism

Collagenase 1

1. mRNA/protein expressed by

Gelatinase A

•

Microarray study in SBGS

adipocyte models and

pre/adipocytes, with ELISA

primary adipocytes

confirmation

2. mRNA/protein expression

MMP-2

Evidence

•

(ELISA) expression in human

inflammatory conditions

primary pre/adipocytes
•

epididymal adipose tissue
2. mRNA expression increased

mRNA expression analysis in

•

mRNA expression and
histological analysis of human

nutritional models of obesity

adipose tissue and primary

3. Protein expression increased

human adipocyte cultures
•

mRNA and protein expression

tissue of human patients with

analysis, and gelatin

T2DM

zymography analysis, in murine

4. Larger subcutaneous
adipocytes in T2DM patients

[7, 81, 143]

mouse epididymal WAT

in rodent genetic and

in subcutaneous adipose

[84], [88]

mRNA (qRT-PCR) and protein

increased by exposure to
1. mRNA expressed by murine

Reference(s)

3T3F442A preadipocyte cell line
•

with increased MMP-2

Plasma protein levels increased
in obese patients

expression
5. Protein expression and
activity increased during
preadipocyte differentiation
MMP-3

Stromelysin 1

1. mRNA expressed by murine

•

Microarray study in adipocyte

epididymal/subcutaneous

model (SBGS adipocytes), with

adipose tissue

ELISA confirmation

2. mRNA and protein
expression increased by

•

[7, 84, 92, 150]

mRNA expression analysis in
mouse epididymal and
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exposure to inflammatory
conditions

subcutaneous WAT
•

3. mRNA expression increased

Genome analysis in human
subjects

in rodent genetic and
nutritional models of obesity
4. Reduced mRNA expression
with increasing BMI in
humans
5. Sequence variants
associated with obesity and
T2DM
MMP-7

Matrilysin

1. mRNA expressed by murine
epididymal and

mRNA expression analysis in mouse

[7, 92]

epididymal and subcutaneous WAT

subcutaneous adipose tissue
2. mRNA expression decreased
in rodent genetic and
nutritional models of obesity
MMP-9

Gelatinase B

1. mRNA expressed by murine

•

epididymal and
subcutaneous adipose tissue

•

subcutaneous WAT
•

conditions

primary human adipocyte

expression decreased in

4. Protein expression and

mRNA expression analysis of
human adipose tissue and

3. mRNA and protein

obesity

mRNA expression analysis in
mouse epididymal and

expression increased by

rodent nutritional model of

[81, 84, 92]

model (SBGS adipocytes)

2. mRNA and protein
exposure to inflammatory

Microarray study in adipocyte

cultures
•

mRNA and protein expression
analysis, and gelatin
zymography analysis, in murine
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activity increased during

3T3F442A preadipocyte cell line

preadipocyte differentiation
MMP-10

Stromelysin 2

1. mRNA expressed by
adipocyte model

Microarray study in adipocyte model

[84]

(SBGS adipocytes)

2. mRNA expression increased
by exposure to inflammatory
conditions
MMP-11

Stromelysin 3

1. mRNA expressed by murine
epididymal and

mRNA expression analysis in mouse

[92, 280]

epididymal and subcutaneous WAT

subcutaneous adipose tissue
2. mRNA expression increased
in rodent nutritional model of
obesity
MMP-12

Macrophage
elastase

1. mRNA expressed by murine

•

epididymal and
subcutaneous adipose tissue
2. mRNA expression increased
by exposure to inflammatory

Microarray study in adipocyte

[7, 84, 92]

model (SBGS adipocytes)
•

mRNA expression analysis in
mouse epididymal and
subcutaneous WAT

conditions
3. mRNA expression increased
in rodent genetic and
nutritional models of obesity
MMP-13

Collagenase 3

1. mRNA expressed by murine
epididymal and

mRNA expression analysis in mouse

[92]

epididymal and subcutaneous WAT

subcutaneous adipose tissue
2. mRNA expression increased
in rodent nutritional model of
obesity
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MMP-14

MT1-MMP

1. mRNA expressed by murine

•

mRNA expression analysis in

epididymal and

mouse epididymal and

subcutaneous adipose tissue

subcutaneous WAT

2. mRNA expression increased

•

in rodent genetic and
nutritional models of obesity

[7, 92, 109]

Metabolic studies of mutant
rodent models

•

3. Mmp14 null mice have

Analysis of primary rodent
adipocyte cultures

smaller adipocytes than wildtype mice
4. Preadipocytes from Mmp14
null mice do not differentiate
normally in 3D culture media
MMP-16

MT3-MMP

1. mRNA expressed by
epididymal and

mRNA expression analysis in mouse

[92]

epididymal and subcutaneous WAT

subcutaneous adipose tissue
2. mRNA expression decreased
in rodent nutritional model of
obesity
MMP-19

1. mRNA expressed by

•

epididymal adipose tissue
2. mRNA expression increased
by exposure to inflammatory

Microarray study in adipocyte

[7, 84]

model (SBGS adipocytes)
•

mRNA expression analysis in
mouse epididymal WAT

conditions
3. mRNA expression increased
in rodent genetic and
nutritional models of obesity
MMP-24

MT5-MMP

1. mRNA expressed by
epididymal and

mRNA expression analysis in mouse

[281]

epididymal and subcutaneous WAT

subcutaneous adipose tissue
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2. mRNA expression decreased
in rodent nutritional model of
obesity
ADAM-12

Meltrin-α

1. Adam12 null mice have
fewer adipocytes than wild-

Metabolic studies of mutant rodent

[61]

models

type mice when fed a HFD
2. Overexpression of Adam12
results in increased
adipogenesis
ADAM-17

TACE

1. Tace+/- mice are protected

•

from the metabolic effects of
Insr haploinsufficiency

•

2. TAPI-1 (a TACE inhibitor)

Metabolic studies of mutant

[119, 122, 124,

rodent models

136, 138, 152]

Studies using 3T3-L1
preadipocyte models (reduced

administration reverses the

TACE expression using siRNA,

hyperglycaemia seen in

reduced TACE activity using

diabetic Insr+/- mice

GM6001, increased TACE

3. Tace+/- mice gain less

expression using Lenti-TACE

weight and are less insulin
resistant than wild-type mice
when fed a HFD
4. Tace

ΔZn/ΔZn

mice display

virus transfection)
•

mRNA and protein expression
analysis in human skeletal
muscle

better glucose tolerance than
wild-type mice
5. WAT from Tace+/- and
TaceΔZn/ΔZn mice has smaller
adipocytes
6. Modulation of TACE
expression affects
preadipocyte differentiation
145

7. Tace+/- mice have reduced
sPref-1 levels when fed a
HFD as compared to wildtype mice
8. T2DM patients have
increased TACE activity in
their skeletal muscle
ADAMTS9

Cluster of SNPs upstream to

Meta-analysis of 3 genome-wide

ADAMTS9 gene is human T2DM

association studies

[155]

susceptibility locus
TIMP-1

1. mRNA expressed by murine
epididymal and

mRNA expression analysis in mouse

[7, 281]

epididymal and subcutaneous WAT

subcutaneous adipose tissue
2. mRNA expression increased
in rodent genetic and
nutritional models of obesity
TIMP-3

1. mRNA expressed by murine

•

epididymal adipose tissue
2. mRNA expression decreased

•

in rodent genetic and
nutritional models of obesity
3. Timp3 null mice become
insulin resistant when fed

mRNA expression analysis in

[7, 136, 138,

mouse epididymal WAT

152]

Metabolic studies of mutant
rodent models

•

mRNA and protein expression
analysis in human skeletal
muscle

HFD or crossed with Insr+/mice
4. Reduced skeletal muscle
mRNA and protein
expression and activity in
diabetic Insr+/- mice
146

5. T2DM patients have reduced
TIMP-3 mRNA and protein
levels in their skeletal muscle
TIMP-4

1. mRNA expressed by murine
epididymal and

mRNA expression analysis in mouse

[92]

epididymal and subcutaneous WAT

subcutaneous adipose tissue
2. mRNA expression decreased
in rodent nutritional model of
obesity
Table A.3: Summary of the roles metalloproteinases and their tissue inhibitors may play in obesity and metabolic disease, with sources of evidence.
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Gene
Mmp2
Timp2
Timp1
Mmp14
Timp3
Adam9
Adam12
Adamts2
Timp4
Adam10
Adam15
Adamts1
Mmp19
Adamts5
Mmp3
Adamts4

Mean CT
21.85
22.93
23.38
24.59
24.71
25.03
25.55
26.12
26.44
26.81
27.23
27.30
28.09
28.16
28.20
28.60

SD
0.55
0.31
0.43
0.57
0.32
0.38
0.56
0.65
0.58
0.41
0.43
0.56
0.33
0.63
0.84
0.26

Table A.4: mRNA expression of most highly expressed genes in control medium. The top quartile of
MP and TIMP genes expressed by primary human adipocytes in low glucose culture medium is
shown, ranked by cycling threshold (CT) values. Mean CT values from 3 biological replicates of each
of 3 independent donors are shown. Standard deviations (SD) for CT values demonstrate consistent
expression levels across replicates and donors (n = 3).
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Appendix B:
Functional effects of sDlk-1 and TIMP-3
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B.1: Role of Dlk-1 in human adipogenesis
As outlined in Chapter 1, Pref-1 and its human ortholog Dlk-1 are thought to act as
antiadipogenic mediators that are activated as a result of the sheddase activity of ADAM-17
(see Chapter 1, section 1.3.3.3). In Chapter 5, TIMP-3 was found to positively regulate basal
Dlk-1 shedding (see Chapter 5, section 5.3.1). I therefore proceeded to investigate whether
Dlk-1 added to differentiating preadipocyte cultures inhibited adipogenesis in a dosedependent manner. Primary preadipocytes from one donor were cultured as per standard
protocols (see Chapter 2, section 2.2). At the initiation of differentiation and in all following
media changes over the course of differentiation, recombinant human soluble (rhs)Dlk-1
(R&D Systems, Minneapolis, MN, USA) was added to proadipogenic medium in a series of
concentrations (control [0nM], 5nM, 50nM and 500nM). This concentration curve was
chosen following review of the existing literature on the use of soluble (s)Pref-1 in the
inhibition of adipogenesis and the product’s datasheet. In the only similar study identified,
Smas and colleagues added an E. coli-expressed sPref-1/glutathione S-transferase (GST)
fusion protein to 3T3-L1 culture media at a concentration of 50nM [117]. The datasheet
supplied by R&D Systems advises use of rhsDlk-1 at a concentration of 3.3µg/ml – or, given
a molecular weight of 50kDa, ~66nM. Therefore, a logarithmic concentration curve was
constructed around 50nM.
At the end of differentiation, brightfield light micrographs were obtained (Figure B.1), and the
cells were lysed, RNA extracted, reverse transcribed and used in qRT-PCR for adiponectin
(Adipoq, a marker of adipogenesis [282]) (Figure B.2). Although microscopic examination
suggested that rhsDlk-1 had an inhibitory effect on preadipocyte differentiation, this was not
clearly seen in expression analysis of Adipoq.
Potential further experiments and further analysis that can be performed to better
understand the role, if any, of Dlk-1 in human adipogenesis are described in Chapter 6.
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Well A1 – 0nM

Well A2 – 5nM

Well A3 – 50nM

Well A4 – 500nM

Well B1 – 0nM

Well B2 – 5nM

Well B3 – 50nM

Well B4 – 500nM

Well C1 – 0nM

Well C2 – 5nM

Well C3 – 50nM

Well C4 – 500nM

Figure B.1: Representative view, at 10x magnification, of the centre of each well in which cells
exposed to different concentrations of rhsDlk-1 were cultured. Image acquired using the Zeiss
Axiovert 40 CFL inverted microscope using the AxioVision LE software V4.8 (Carl Zeiss Microscopy,
Cambridge, UK).

Adipoq/Rplp0

2.0
1.5
1.0
0.5

M
0n
50

nM
50

M
5n

0n

M

0.0

Soluble Dlk-1 concentration
Figure B.2: qRT-PCR for adiponectin (Adipoq) expression in adipocytes following addition of rhsDlk-1
does not suggest any antiadipogenic activity. No statistically significant differences were found
between the conditions were different concentrations of rhsDlk-1 were added.
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B.2: TIMP-3 overexpression in human adipogenesis
Given the hypothesis outlined in Chapter 5 (section 5.4) and Chapter 6, I sought to
understand the direct role that TIMP-3 overexpression has in the differentiation of human
primary preadipocytes. Cells isolated from three unique donors were transduced with Ad0
and AdT3 adenovirus as described in Chapters 2 and 5, and stimulated with proadipogenic
medium. Differentiation was carried out as per standard protocols. After 8 days,
differentiation was quantified using the QBT® Fatty Acid Uptake Assay Kit (section 2.3.3)
(Figure B.3). Although significant differences were noted in both qualitative (Figure B.3A)
and quantitative (Figure B.3B) analysis, a high degree of cell death was noted in the AdT3
condition. Therefore, it remains uncertain whether the smaller number of differentiated cells
in this condition reflects decreased adipogenesis or fewer viable cells overall. As discussed
in Chapter 6, viability and apoptosis assays may help distinguish between these two
situations.
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A: 10x photomicrographs (differentiated cells)

No virus

Ad0

5

****

****
Control
Differentiation medium

****

4
3
2
1

Virus

3
dT
A

A

ru
N

o

vi

d0

0
s

Relative fluorescence (A.U.)

B: Relative fluorescence

AdT3

Two-way ANOVA:
Virus: p < 0.0001
Differentiation: p < 0.0001
n=3

Figure B.3: A) 10x photomicrographs of differentiating preadipocytes following treatment with QBT®
lipiphilic fluorescent dye. Image acquired using the Zeiss Axioplan 2ie widefield upright microscope
using the AxioVision LE software V4.8 (Carl Zeiss Microscopy, Cambridge, UK). B) Cells treated with
QBT® dye were subjected to spectrophotometry to quantify the degree of fluorescent dye uptake.
Results are taken from three biological replicates from three unique donors for each condition (mean
+ SD of thee nine conditions), and normalised to the ‘no virus, no differentiation’ control (set at 1).
Cells appear to have been inhibited from differentiating in the AdT3 condition, but no normalisation for
cell viability was performed. (****, p < 0.0001)
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