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Abstract

Acquired resistance to the action of insulin to stimulate glucose transport in skeletal muscle is
associated with obesity and promotes the development of type 2 diabetes. In skeletal muscle, insulin
resistance can result from high levels of circulating fatty acids that disrupt insulin signalling
pathways. However, the severity of insulin resistance varies greatly among obese people. Here we
postulate that this variability might reflect differences in levels of lipid-droplet proteins that promote
the sequestration of fatty acids within adipocytes in the form of triglycerides, thereby lowering
exposure of skeletal muscle to the inhibitory effects of fatty acids.

A perplexing byproduct of contemporary human behaviour related to feeding and physical
activity is an increasing accumulation of body fat compared with lean mass. The incidence of
obesity (defined as having a body mass index (BMI) of greater than 30 kg per m2) is increasing
dramatically in virtually all societies of the world, and with it come important pathological
consequences such as type 2 diabetes mellitus and cardiovascular diseasel. The global
incidence of type 2 diabetes is projected to double to 350 million cases by the year 2030, with
expenditure attributed to diabetes estimated to reach $132 billion in the United States alone?:
3, Clearly, there would be great benefits if research could achieve effective prevention and
therapies for obesity and associated type 2 diabetes. Hampering these efforts are many
complexities in studying metabolic disease, including a strong social influence on the incidence
of obesity. This is reflected in the United States by the striking inverse correlation between
obesity and income. Furthermore, it is difficult to determine the molecular mechanisms that
underlie metabolic disease from studies on human subjects, and it is difficult to extrapolate
data from studies on rodent metabolism, which differs substantially from human metabolism.

Although progression to type 2 diabetes occurs more frequently in obese rodents and humans
compared with lean individuals, this association is highly dependent on genetic background.
Inbred mouse strains vary widely in their metabolic response to high-fat diets and to the impact
of obesity on insulin sensitivity and development of diabetes?®. Likewise, despite an increased
risk, many obese human subjects do not progress to the diabetic state, which suggests that
genetic and/or environmental factors also play a part. Nonetheless, it is generally accepted that
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two features are particularly critical for obesity to elicit type 2 diabetes. First, impaired
responsiveness of skeletal muscle to insulin isa primary condition in obesity and a precondition
for the onset of type 2 diabetes. The association between obesity and skeletal muscle insulin
resistance is probably a causal relationship, as studies in humans and animals indicate that
weight loss and gain correlate with increasing and decreasing insulin sensitivity,
respectively®8. In insulin-resistant individuals that are not diabetic, glycaemic control can be
maintained by compensatory increases in insulin secretion by pancreatic 3-cells. Thus, a second
defect required for progression from insulin resistance to type 2 diabetes is the failure of p-
cells to secrete the required levels of insulin that maintain normal fasting blood glucose
levels’=®,

Remarkably, work over the past several years has revealed that adipose tissue (BOX 1) has an
important role in controlling whole-body glucose homeostasis in both normal and disease
states. This Review focuses on our current understanding of the cellular and molecular
mechanisms through which adipose tissue metabolism, which is altered by obesity, causes
primary insulin resistance in skeletal muscle. The contribution of lipid overload and
lipotoxicity in promoting obesity by perturbing insulin signalling pathways through fatty acids
in the skeletal muscle10:11 have recently been highlighted. We emphasize the main role of the
adipose tissue as a master regulatory tissue in controlling whole-body lipid flux, thereby
modulating both glucose and lipid homeostasis in humans. We focus on specific molecules
and pathways in human adipose tissue that are key switches that favour lipid storage in
adipocytes over fatty acid release into the circulation. These metabolic pathways confer on
adipocytes the role of gatekeepers for fatty acids that can circulate in the blood and enter skeletal
muscle. High levels of circulating fatty acids are thought to cause insulin resistance in skeletal
muscle. Thus discovery of new targets that regulate fatty acids in adipocytes might ultimately
lead to therapeutic modalities that can prevent insulin resistance and type 2 diabetes mellitus.

Box 1
Functions of adipose tissue

White adipose tissue has long been recognized as the main site of storage of excess energy
derived from food intake3°. White adipocytes (the predominant cell type in white adipose
tissue) store dietary energy in a highly concentrated form as triglyceride, mostly in a single
large lipid droplet. These structures are associated with a unique complement of proteins,
which enable the sequestration or mobilization of lipids. In times of caloric need, these
triglycerides can be rapidly hydrolysed by lipases (a process known as lipolysis) and the
resulting fatty acids are transported to other tissues to be oxidized in mitochondria as an
energy source.

By contrast, brown fat is specialized primarily for non-shivering thermogenesis, a cold
climate adaptation in many homeotherms27. Brown adipocytes are characterized by
multiple, smaller droplets of triglyceride, which are accessible for rapid hydrolysis and rapid
oxidation of the fatty acids. A high content of mitochondria (which produce the brown
colour) and the presence of the uncoupling protein-1 (UCP-1) allow the use of the energy
derived from fatty acid oxidation for the generation of heat. Significant depots of brown fat
are found in rodents and other animals throughout life. Brown fat depots are present in
human infants and recent evidence suggests that dispersed brown adipocytes might persist
in adults128,

The discovery of leptin production by adipocytes marked the first indication that adipose
tissue also functions as an endocrine organ. Adipose tissue secretes a large number of
peptide hormones and cytokines (known as adipokines) as well as non-peptide biologically
active molecules such as activated lipids3®. These molecules affect energy metabolism in
other tissues such as the liver and muscle, as well as behaviours related to feeding through
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effects on neuroendocrine pathways. Direct neural connections between adipose tissue and

the brain have also been implicated in the integration of whole-body energy control12%:
130

Adipocytes and insulin resistance

Circulating fatty acids mediate insulin resistance

Progression

The key question of which factor or factors actually mediate insulin resistance in skeletal
muscle has been difficult to solve, but at least one such important mediator is now identified
— free fatty acids (FFAS). The hypothesis that FFAs mediate insulin resistance is consistent
with data that show a strong association of obesity and insulin resistance with high circulating
FFA levels'2. This hypothesis was further supported by the demonstration that elevated levels
of circulating FFAs can cause peripheral insulin resistance in both animals and humans13:14,
By contrast, acute lowering of FFAs with the antilipolytic drug acipimox enhances insulin
action on glucose uptake in the periphery®. In addition to the effects of circulating FFAs,
deposition of fatty acids into non-adipose fat stores, including muscle, might contribute to
insulin resistance in obesity; however, a similar increase in muscle triglyceride during exercise
correlates with high insulin sensitivityl6=20, These studies underscore the hypothesis that
mobilization of FFAs into the circulation and high uptake into skeletal muscle promote insulin
resistance rather than excess body fat per se.

The importance of adipose tissue in controlling whole-body metabolism by sequestering fat is
reinforced by the observation that a lack of adipose tissue leads to elevated circulating
concentrations of triglycerides and fatty acids and leads to insulin resistance in mice and
humans?1=24, The presence of adipose tissue is also required for normal secretion of adipokines
such as leptin and adiponectin, which enhance insulin sensitivity. Human and mouse
lipodystrophies cause impaired adipokine secretion2:26, Together, these observations are
consistent with the notion that normal insulin sensitivity and glucose homeostasis require
functional adipose tissue in proper proportion to body size. Two crucial roles of adipose tissue
seem to contribute to this function: the secretion of appropriate levels of adipokines, which
influence both whole-body metabolism and neuroendocrine control of behaviours that are
related to feeding?”+28; and the sequestration of lipids as adipose triglyceride stores, which

attenuates the deleterious effects of both circulating FFAs and ectopic triglyceride stores!0:
11,29

of adipose tissue dysfunction in obesity

Adipocytes have a particularly large capacity to synthesize and store triglycerides during
feeding, as well as to hydrolyse and release triglycerides as FFAs and glycerol during
fasting39:31, In fasting states, there is a dynamic equilibrium between the release of fatty acids
into the circulation and their uptake and oxidation by the peripheral tissues, mainly the skeletal
muscle. Based on studies by many laboratories on rodents and humans with high caloric
intakes, alterations in adipose tissue change the dynamics between fatty acid release and use
(FIG. 1). In the lean state, fasting fatty acid concentrations in the circulation are approximately
0.4-0.8 mM. Inside cells, fatty acids are esterified with coenzyme A in order to reduce their
detergent properties and toxicity. In the lean state, fatty acyl-CoA levels within muscle cells
are low owing to their rapid oxidation in mitochondria (FIG. 1a). In most lean individuals,
insulin sensitivity of skeletal muscle and glucose uptake is normal. In hyperphagia-induced
obesity, as caloric intake increases, adipocytes enlarge (FIG. 1b) because of increased
triglyceride deposition within these cells. At early stages of high caloric intake, adipocytes
continue to actively store additional triglycerides and maintain near normal lipolytic rates
during fasting. Humans and mice under these conditions show increased expression of enzymes
that are involved in triglyceride synthesis in adipocytes, in keeping with a higher capacity to
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store triglyceride loads32:33, Fatty acid levels can rise slightly, but skeletal muscle maintains
high insulin sensitivity in this early stage of high caloric intake (FIG. 1b).

As adiposity increases, the ability of adipocytes to function as endocrine cells and secrete
multiple biologically active proteins is affected (for reviews on adipokines and their roles in
appetite control, obesity and insulin sensitivity see REFS 34736). In this section, we focus on
peptides that are secreted by adipocytes and either directly or indirectly regulate metabolism
of triglycerides and fatty acids within adipocytes themselves. Examples of such adipokines are
monocyte chemoattractant protein-1/chemokine (C-C motif) ligand-2 (MCP-1/CCL2) and
tumour-necrosis factor-o. (TNFa), which modulates an inflammatory response in adipose
tissue. Adipokine-mediated inflammatory response regulates adipocyte metabolism and the
ability of adipocytes to store triglycerides. Specifically, hypertrophied adipocytes have been
found to secrete large amounts of MCP-1 (REF. 37), which functions as a chemoattractant that
enhances macrophage infiltration into adipose tissue in obese mice38 and humans3® (FIG. 1c).
Consistent with this role of MCP-1, adipose tissue of lean subjects usually consists of
approximately 5-10% macrophages, whereas in obese patients, macrophage content in adipose
tissue can be as high as 50% of the total number of cells# (FIG. 1d). Thus, the increased
production of MCP-1 by larger adipocytes might contribute to a pro-inflammatory state (FIG.
1c). However, recent studies of a mouse MCP-1-knockout model suggest that other
chemoattractant peptides can also promote macrophage infiltration®!.

The development of the inflammatory state in adipose tissue is associated with insulin
resistance in skeletal muscle (FIG. 1d). Adipocytes and macrophages secrete MCP-1 and other
attractants for inflammatory cells, as well as large amounts of TNFa and other cytokines such
as interleukin-1p (1L1B)*2. The action of such cytokines has two dramatic effects on adipocyte
function — an increase in lipolysis and a decrease in triglyceride synthesis. These actions in
turn result in increased levels of circulating FFAs and in the availability of triglycerides to be
taken up directly by skeletal muscle through the action of lipoprotein lipase, an enzyme that
catalyses the hydrolysis of triglycerides in circulating lipoproteins, which carry fat through the
blood. The excess circulating FFAs cause accumulation of triglycerides and activated lipids in
the form of long-chain fatty acyl-CoA esters in the skeletal muscle (FIG. 1d), the liver and p-
cells. Long-chain fatty acyl-CoA esters and other fatty acid derivatives seem to disrupt normal
metabolic and secretory functions of these tissues1%:11, Taken together, the scenario that is
depicted in FIG. 1 suggests that adipocyte function during prolonged caloric overload causes
an inflammatory response, which in turn causes adipocyte dysfunction through the actions of
cytokines such as TNFa on adipocyte metabolism. Hyperphagia also leads to increased fatty
acid synthesis, very-low-density lipoprotein synthesis in the liver and increased activity of
lipoprotein lipase in skeletal muscle. These also contribute to lipid overload and the flow of
fatty acids into the muscle.

In agreement with the scheme depicted in FIG. 1, high MCP-1 and TNFa levels are observed
during obesity, and their genetic disruption ameliorates insulin resistance in mice that are fed
a high-fat diet*3:44, The TNFa produced by macrophages within adipose tissue of obese
subjects probably requires both the IKKB-NF-kB (inhibitor of nuclear factor (NF)-«xB (1xB)
kinase-B—NF-xB) and the INK-MAP4K4-AP1 (Jun N-terminal kinase—-mitogen-activated
protein kinase kinase kinase kinase-4— activator protein-1) signalling pathways (FIG. 2).
Deletion of JINK1 from macrophages and other haematopoietic cells confers protection against
high-fat, diet-induced insulin resistance by decreasing obesity-induced inflammation®°.
Furthermore, JNK1 is required for FFA-mediated induction of proinflammatory cytokines in
macrophages®®. These studies, and those reporting that human omental adipose tissue from
obese patients shows extensive macrophage infiltration46=48, support the hypothesis that the
inflammatory response contributes to metabolic dysfunction in obesity.
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Inflammation could also cause insulin resistance by a direct action of TNFa on muscle insulin
signalling. Similar to FFA, exogenously administered TNFa in humans attenuates both insulin
signalling and glucose transport in skeletal muscle, at least in part by triggering Ser/Thr
phosphorylation of insulin receptor substrate (IRS) proteins®?, key mediators of the metabolic
actions of insulin (FIG. 2). This effect of TNFa requires the protein kinases JNK1 and
MAP4K4 to cause insulin resistance in muscle®. Small interfering (si)RNA-mediated
silencing of MAP4K4 completely restores insulin sensitivity in isolated skeletal-muscle tissue
from diabetics*, in part by downregulating TNFa-mediated activation of JINK1/2 and
extracellular signal-regulated kinase (ERK)1/2. Based on results by our group®%:51 and
others*®, MAP4K4 seems to function in the signalling pathways that mediate some inhibitory
effects of TNFa on insulin-regulated glucose transport in adipose tissue and skeletal muscle.
Insulin resistance in type 2 diabetes might therefore occur in part through these direct actions
of TNFa2:53, However, this hypothesis is tenuous because administration of anti-TNFa
antibody to humans, which ameliorates arthritis>*, or treatment with a TNFa antagonist®®, had
little or no effect on insulin resistance. Thus, in humans it is not clear whether TNFa exerts
significant actions directly on skeletal muscle cells to inhibit insulin signalling.

Impaired insulin signalling in muscle

The activities of several protein Ser/Thr kinases have been implicated as mediators of fatty
acid-induced insulin insensitivity in skeletal muscle. FFAs inhibit proximal insulin signalling
steps, such as Tyr phosphorylation of insulin receptor and IRS proteins®®. Several protein
kinases, including JNK, IKK, protein kinase C6 (PKCB8), mammalian target of rapamycin
complex-1 (mTORC1) and p70 ribosomal S6 kinase (p70S6K), phosphorylate various Ser
residues of IRS proteins®’—60 and, in general, Ser phosphorylation negatively regulates IRS
function.

Consistent with the hypothesis that these Ser/Thr kinases mediate the deleterious effects of
fatty acids, increases in intracellular lipid metabolites, such as fatty acyl-CoA and
diacylglycerol, activate PKC, which in turn phosphorylates and inhibits IRS signalling in the
skeletal muscle of rodents and humans89=63. Conversely, insulin resistance induced by high-
fat feeding is ameliorated by pharmacological inhibitors of these protein kinases. For example,
high doses of salicylates, which inhibit IKKf activity, promote insulin sensitivity and improve
glucose tolerance in obese mice® and in diabetic human patients®®. Furthermore, mouse
knockout models of PKCH, JINK, IKKp and p70S6K1 have resistance to high-fat diet-induced
defects in insulin signalling®®:62:64.66 Excess circulating fatty acids might also contribute to
insulin resistance through the activation of Toll-like receptors (TLRs). Both TLR2 and
TLR4 are required for FFA-induced insulin resistance in myotubes and in adipocytes87—69, |t
has been suggested that FFAs function through TLR4 on adipose cells and macrophages to
induce inflammatory signalling and suppress insulin signalling’®. A loss-of-function point
mutation in TLR4 prevents diet-induced obesity and insulin resistance in mice fed on a high-
fat diet, as well as saturated fatty acidinduced insulin resistance in isolated muscle from those
mice’L. Together these results suggest that activation of TLRs by FFAs and stimulation of
protein Ser/Thr protein kinase cascades by derivatives, such as fatty acyl-CoA and
diacylglycerol, lead to attenuation of insulin signalling and glucose transport in skeletal muscle
(FIG. 2). Several studies have focused on skeletal muscle mitochondria defects as a potential
cause of insulin resistance, perhaps through decreased elimination of intracellular fatty acids
or their derivatives (BOX 2).
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Box 2
Mitochondrial dysfunction and muscle insulin resistance

As the site of the machinery for f-oxidation of fatty acids as well as the complete oxidation
of fat and carbohydrate metabolites in the tricarboxylic acid (TCA) cycle and respiratory
chain, mitochondria have a central role in fuel use. Impairment of the expression of genes
that are required for mitochondrial function and reduced oxidative phosphorylation in pre-
diabetic and age-related insulin resistance indicates a connection between mitochondrial
dysfunction and metabolic diseasel317133, Existence of such defects in healthy relatives of
type 2 diabetics suggests that such defects might precede development of disease and could
signal susceptibility34. In addition, some reports have suggested downregulation of
mitochondrial function and decreased expression of genes, which encode proteins that
catalyse oxidative phosphorylation, in response to high-fat feeding or lipid infusion135:
136 and conversely, improvement in these parameters by decreased intracellular lipids37.
138 One consequence of reduced mitochondrial function would be an impaired capacity to
consume fatty acids through oxidative metabolism, which could in turn further exacerbate
lipotoxicity and accumulation of intramuscular triglyceridel3%. However, several recent
studies have indicated increased rather than reduced fatty acid oxidation capacity in rodent
models of lipid-induced insulin resistancel4%:141, Sych observations have led to the
suggestion that lipid overload of mitochondria and increased fatty acid oxidation, rather
than excess intracellular lipid per se, mediates insulin resistance in musclel41. Thus,
although the precise role of mitochondrial function in lipid-induced insulin resistance
remains unresolved, the importance of mitochondrial fuel use in muscle and its impact on
metabolic disease is assured, and will probably be a fertile area of future investigation.

Another class of lipid metabolite that might exacerbate insulin resistance observed in obesity
and type 2 diabetes is the sphingolipid ceramide. Ceramide biosynthesis is dependent on the
availability of long-chain saturated fats, which participate in the initial and rate-limiting
reaction that involves the condensation of palmitoyl-CoA and serine’2:73, Increased ceramide
biosynthesis induced by TNFa, glucocorticoids or saturated FFAS (FIG. 2) seems to impair
insulin action on glucose uptake and glycogen synthesis through inhibition of insulin-
stimulated AKT/protein kinase B (PKB) activation’4~/6. Pharmacological inhibitors and
genetic changes that inhibit ceramide biosynthesis in rodents showed that decreased levels of
ceramide ameliorate insulin resistance induced by glucocorticoids, saturated fat and
obesity’’. However, the increases in the levels of ceramide observed in obese rodents and
humans are quite small, raising the question of whether the intracellular accumulation of this
sphingolipid significantly contributes to insulin resistance that is associated with adiposity’8:
79

Inflammation and adipocyte function

PPARy downregulation by TNFa at multiple levels

What might be the main target of the inflammatory process observed in adipose tissue that
drives adipose dysfunction? The chronic inflammatory state in adipose tissue is accompanied
by the overproduction of cytokines such as TNFa, mostly by macrophages but also by
adipocytes (FIG. 1). Many studies have established that TNFa affects adipocytes profoundly
and results in the attenuation of insulin signalling and inhibition of adipogenesis. Thus,
TNFa functions to compromise normal adipocyte functions, including optimal storage of
triglycerides. We emphasize here the negative regulation of the nuclear hormone receptor
peroxisome proliferator-activated receptor-y (PPARY) as a key element in mediating these
effects of inflammatory cytokines. Given that PPARY is an essential transcriptional regulator
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of adipogenesis and is required for maintenance of mature adipocyte function80:81 including
triglyceride synthesis and storage, we propose that downregulation of PPARy could strongly
contribute to the effects of inflammatory cytokines on adipocytes.

Emerging evidence suggests that TNFa can affect PPARy at multiple levels, including the
transcription, translation and turnover of PPARy mRNA and protein (see sites of TNFa action
in FIG. 3). At the transcriptional level, TNFa influences cellular responses by altering gene
expression through activation of the NF-xB and AP1 transcription factors; TNFa treatment of
adipocytes activates these transcription factors through stimulation of IKKf (for NF-xB) and
MAP4K4 (for AP1) cascades (FIG. 3). Early studies revealed that TNFo potently decreases
expression of numerous adipocyte specific genes and adipogenic transcription factors
including C/EBPa and PPARY82:83, Evidence in cultured adipocytes suggests that NF-kB
signalling is required for transcriptional downregulation of PPARY84. Although the details of
transcriptional control of PPARY have yet to be fully worked out, the rapid decrease in
PPARy mRNA following TNFa addition to adipocytes is striking.

Recent studies have indicated that TNFa also exerts post-transcriptional regulation of
PPARYy. We found that PPARy mRNA is rapidly degraded in adipocytes3? and that this turnover
rate can be further enhanced by TNFa treatment. TNFa-mediated signalling pathways can also
influence PPARYy levels at the level of protein translation. Our group recently discovered that
MAP4K4 is a negative regulator of PPARYy protein expression and adipogenesis®?. RNA
interference (RNAi)-mediated silencing of MAP4K4 resulted in a twofold to threefold increase
in the levels of both PPARy1 and PPARY2 proteins in 3T3-L1 adipocytes, without affecting
mRNA levels8®, which suggests that MAP4K4 regulates PPARYy at a post-transcriptional
stage8®. Although the degradation rates of PPARYy are remarkably rapid (t;/; = 2 hours)32:86,
abrogation of MAP4K4 had no effect on PPARYy protein degradation8. MAP4K4 expression
itself is upregulated by TNFa treatment of adipocytes, through TNFa receptor-1 (TNFR1)%0:
51 Based on these preliminary results, we speculate that TNFa signals through MAP4K4 to
downregulate PPARy function by inhibiting PPARy protein translation in cultured adipocytes
(FIG. 3). Thus, the overall data suggest concerted actions of TNFa on transcription, mRNA
stability and translation that control PPARYy protein levels (FIG. 3).

It is also noteworthy that activation of the caspase cascade by TNFa might downregulate
PPARYy protein levels in adipose cells (FIG. 3, dashed arrow 4), as TNFa triggers a caspase-
dependent signalling protein cleavage in cultured adipocytes8’. Confirmation of this caspase-
dependent pathway in adipocytes under physiological conditions is required to determine if
this mechanism operates in vivo. PPARYy controls genes that encode enzymes involved in fatty
acid esterification and triglyceride synthesis and sequestration, (FIG. 3), and therefore its
disruption decreases triglyceride storage in adipocytes and increases lipid distribution to
skeletal muscle and liver, which in turn leads to insulin resistance and type 2 diabetes.

TNFa-activated protein kinases might also directly target PPARYy protein, influencing
PPARYy activity and/or stability by phosphorylation (reviewed in REF. 88). It has been proposed
that phosphorylation of PPARy promotes its degradation through a ubiquitin/proteasome
dependent pathway®? (FIG. 3, arrow 5). PPARy phosphorylation has also been proposed to
decrease ligand-binding affinity of PPARYy, controlling its interaction with its coregulators®.
Growth factors, such as epidermal growth factor (EGF) and platelet-derived growth factor
(PDGF), decrease ligand-dependent transcriptional activity of PPARy via increased
phosphorylation through MAPK signalling in adipocytes®1:92, Regulation of PPARY function
through phosphorylation might be functionally relevant in human subjects. A polymorphism
observed in morbidly obese humans (GIn115-Pro115) prevents Ser112 phosphorylation of
PPARYy and increases its activity?3. These subjects seem to have greater than expected insulin
sensitivity, consistent with the hypothesis that PPARy-mediated increases in adipogenesis or
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adipocyte function sequester fatty acids away from skeletal muscle. Mice homozygous for the
non-phosphorylated PPARYy protein with the Ser112 mutation maintained insulin sensitivity
when fed a high-fat diet. This was associated with decreased adipocyte size, reduced plasma
FFAs and increased secretion of adiponectins®4. Together, these observations demonstrate that
post-translational modification of PPARYy activity, through kinase-mediated phosphorylation,
is physiologically active in the regulation of human metabolism.

Coregulators of PPARy and other nuclear receptors

Yet another means whereby PPARy function might be modulated by inflammatory signalling
is through its interactions with co-activators and corepressors. Numerous such activities have
been found in association with PPARy and other nuclear receptors (reviewed in REF. 9°). The
net effect of PPARYy on energy storage (as triglyceride) compared with energy use (through
oxidative pathways) depends in part on the balance among coregulators, which favour distinct
pathways. Co-activators of PPARYy include steroid receptor co-activator-2 (SRC-2) and C-
terminal-binding protein (CBP), which promote adipogenesis and energy storage®. The
nuclear hormone corepressor receptor-interacting protein-140 (RIP140), however, negatively
regulates oxidative pathways in adipocytes at least in part through interaction with PPARy%6:
97 The importance of such coregulators in regulating energy balance is illustrated by the
observation that a mouse knockout of the corepressor RIP140 was found to be resistant to diet-
induced obesity and diabetes®6. Conversely, PPARYy activity can be enhanced by the PPARy
co-activator-1lo (PGC-1a), initially identified through its interaction with PPARy in brown
fat98:99, An important role for PGC-1 family members in regulating mitochondrial biogenesis
and fatty acid oxidation in brown fat adaptive thermogenesis has been demonstrated, but their
functions in white fat are less clear®.

Adipocyte lipolysis is enhanced by TNFa

Hormonal regulation of lipolysis in adipocytes provides a main switch between lipid storage
versus lipid mobilization in response to dietary needs. In the fed state, insulin receptor
stimulation in adipose cells results in activation of the phosphatidylinositol 3-kinase (PI3K)-
AKT/PKB-phosphodiesterase-3 (PDE3) pathway with a consequent decrease in intracellular
cyclic AMP (cAMP) (FIG. 4a). Conversely, in fasting conditions, activation of adrenoreceptors
by catecholamines activates adenyl cyclase, thereby increasing cAMP levels. Increases in
CAMP regulate the protein kinase A (PKA)-dependent phosphorylation of hormone-sensitive
lipase (HSL)100-103 The phosphorylated, active HSL hydrolyses triglycerides in adipocyte fat
droplets, which results in the release of fatty acids and glycerol. A second enzyme, adipose
triglyceride lipase (ATGL), also participates in fat mobilization1%4. However, recent studies
in human adipocytes suggest that ATGL is important for basal but not catecholamine-
stimulated lipolysis that occurs during fasting9°. The perilipin family of lipid-droplet proteins
is involved in packaging of fat droplets and control of lipolysis106:107,

Among the factors that contribute to enhanced lipolysis associated with obesity, TNFa and
adipocyte size seem to be the most relevant. Secreted TNFa by macrophages and adipocytes
within the adipose tissue of obese humans and animalst® chronically stimulates lipolysis199,
TNFa has also been implicated in mediating insulin resistance in adipocytes through the
suppression of insulin signalling!1?. It has been proposed that the mechanisms by which
TNFa stimulates lipolysis in adipocytes involve attenuation of the antilipolytic action of insulin
by reducing insulin signalling; enhancement of cAMP levels by downregulation of inhibitory
G-proteincoupled receptors; and downregulation of function and expression of perilipin (FIG.
4b) (reviewed in REF. 199). Suppression of perilipin function by TNFa might facilitate
association of HSL with triglyceride in the lipid droplet, thus increasing the basal lipolytic rate
and enhancing fatty acid concentrations in the circulation.
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Increased adipocyte size associated with obesity might also contribute to increased lipolytic
activityl91, based on a correlation between the rate of lipolysis and the size of adipocytes!1L.,
Levels of CAMP are elevated in larger adipocytes, resulting in increased PKA-HSL activation
and lipolysis191. Larger adipocytes are known to be less insulin-sensitivell2, enhancing the
lipolytic rate through the impaired antilipolytic action of insulin. There is also a greater
correlation between excess visceral fat and insulin resistance, compared with excess
subcutaneous fat. Consistent with this, the lipolytic effect of catecholamines is enhanced in
visceral fat tissuel91. Mobilization of visceral fat increases the transport of FFAs to the liver
through the portal vein and inhibits insulin signalling. Thus dysfunction of this adipose depot
might be a particularly strong cause of hepatic insulin resistance and increased glucose output
by the liver, as well as insulin resistance in skeletal muscle. In summary, TNFa-stimulated
lipolysis, combined with TNFa-mediated inhibition of FFA esterification to triglyceride,
caused by the downregulation of PPARY noted above, further enhances circulating FFA levels
(FIG. 4b).

Lipid droplets: targets in dysfunction?

In addition to triglyceride synthesis through PPARy-mediated regulation of proteins (such as
lipoprotein lipase (LPL)), phosphoenolpyruvate carboxykinase (PEPCK) and fatty acid
synthase (FAS) enzymes promote the synthesis and deposition of adipocyte triglyceride8%:84,
113 PPARYy regulates a subset of proteins of the lipid droplet, a specialized organelle of
adipocytes. Perilipin, the best-studied member of the PAT (perilipin, ADRP and TI1P47-related
protein)-domain family has well-characterized roles in both lipid-droplet formation and lipid-
droplet-regulated lipolysis'98. Overexpression and knockout studies suggest that perilipin
stabilizes lipid droplets and shields triglyceride from active lipases. Like perilipin, the lipid-
droplet protein S3-12 is adipocyte-specific and regulated by PPARy14, although its functions
are not well established. Another PAT family member, myocardial lipid-droplet protein
(MLDP; also known as OXPAT or LSDPS5), which is expressed in highly oxidative tissues, is
a target of PPARY in mouse and human white adipose tissuel1®. Fat-inducing transcript-1
(FIT1) and FIT2, members of an evolutionarily conserved family that is distinct from the PAT-
domain group, are also required for the formation of lipid droplets!16,

CIDE-domain-containing proteins

We have recently identified two members of a newly characterized family of lipid-droplet-
associated proteins, which promote enlargement of adipocyte lipid droplets. Using siRNA
screening techniques followed by functional analysis, we found that a highly expressed protein
in adipocytes, FSP27 (also known as CIDEC), is localized with lipid storage droplets in
cultured adipocytes!l’. FSP27 belongs to a family of proteins that contain CIDE domains,
previously associated with regulating apoptosist18:119. Three CIDE family proteins are known
in mammals (CIDEA, CIDEB and FSP27 in mice and CIDEA, CIDEB and CIDEC in humans)
118 Analysis of CIDEA and FSP27 protein sequences revealed regions of low, but significant,
similarity to the fat-droplet targeting and anchoring domains of perilipin120. A previous study
noted the presence of FSP27 among many proteins that were co-isolated with lipid droplets
from adipocytes!?L. Taken together, these observations suggested a novel role for CIDEA and
FSP27 in lipid-droplet structure or function. Indeed, we found that these proteins greatly
enhance lipid-droplet size when expressed in non-adipose cells!17:120, By contrast, sSiRNA-
based depletion of FSP27 causes fragmentation of lipid droplets and increases lipolysis in
adipocytes17:120 similar to what is observed upon loss of perilipin122, A role of CIDEA in
restraining lipolysis in human and mouse adipocytes has also been previously noted123. Thus,
these CIDE-domain-containing proteins join a growing list of lipid droplet-associated proteins
that function in the biogenesis, maturation or regulation of the triglyceride storage organelles
and influence the ability of adipocytes to sequester lipids24.
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Of special importance with respect to CIDEA and FSP27 is their expression in adipocytes
under the influence of PPARYy. FSP27 expression increases over 50-fold during adipogenesis
in cultured mouse 3T3-L1 cells, and is highly expressed in primary adipocytes from white
adipose tissuell?. Although Cidea mRNA levels are low in mouse white adipocytes, they rise
almost an order of magnitude in response to rosiglitazone in these cells. Furthermore, Fsp27
mRNA measured by micro-arrays decreases more than fourfold following RNAi-mediated
depletion of PPARY in differentiated 3T3-L1 adipocytes32. Thus, based on their ability to
markedly enhance triglyceride content and lipid-droplet size when overexpressed in
adipocytes, CIDEA and FSP27 are potential important mediators of PPARy to promote
triglyceride deposition.

The role of lipid-droplet proteins in diabetes

New results have revealed a potential key role for lipid-droplet proteins in the development of
insulin resistance and human diabetes. In these studies, lipid-droplet proteins in the adipose
tissue of obese humans were analysed as a function of insulin sensitivity independent of BMI.
Recent studies have shown that patients with high BMI values undergoing gastric bypass
operations segregate into high and low insulin sensitivity, based on homeostatic model of
insulin resistance (HOMA-IR) calculations'2®. Surprisingly, a significant population of these
patients exhibit HOMA-IR values that are within the range of insulin-sensitive lean patients.
This allowed us to compare CIDEA, FSP27 and perilipin expression levels in human
subcutaneous and omental adipose tissues from obese subjects that are matched for BMI, but
differ in HOMA-IR values. These experiments revealed that the levels of mMRNAS that encode
these lipid droplet-associated proteins inversely correlate with insulin sensitivity in the BMI-
matched subjects120,

CIDEA in particular shows a highly significant sixfold increase in its expression in both
omental and subcutaneous adipose tissues in obese patients with a low HOMA-IR index (<2.3;
high insulin sensitivity) compared with the insulin resistant group. Perilipin expression is also
elevated in omental and subcutaneous adipose tissue from the low HOMA-IR group, whereas
FSP27 was elevated in omental adipose tissue from this group20. Consistent with these
findings, an inverse correlation between CIDEA expression in adipose tissue samples and
whole-body insulin resistance was observed in lean insulin-sensitive compared with obese
insulin-resistant human subjects'23. Although further studies will be required to rigorously test
whether these proteins directly influence insulin sensitivity in humans, the data suggest
important roles for CIDEA, FSP27 and potentially other lipid-droplet proteins in maintaining
triglyceride stores in lean and obese individuals.

Based on the above considerations, we propose the hypothesis that elevated expression of
CIDEA and other lipid-droplet proteins in adipose cells of a subset of obese individuals
improves their ability to sequester triglyceride and other lipids, and decreases their release of
fatty acids into the circulation (FIG. 5). This in turn hypothetically attenuates the deleterious
consequences of excess circulating FFAS, preserving insulin sensitivity in skeletal muscle.
Furthermore, as targets of PPARY in adipose tissue, decreased lipid-droplet protein expression
might reflect downregulation of PPARy function by inflammatory cytokines such as TNFa,
causing excess mobilization of fatty acids from adipocyte stores. Upregulation of FSP27 and
perilipin expression by rosiglitazone might also be associated with fat sequestration and the
insulin-sensitizing effects of the drug in humans. Indeed, a recent study shows increased
perilipin expression in subcutaneous fat of rosiglitazone-treated fatty rats'26, consistent with
this hypothesis and our data from mice.
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Concluding remarks

Work over the past decade has provided a framework for our understanding of the functions
of adipose tissue in metabolic disease. The role of adipose tissue as a dominant regulator of
whole-body lipid and glucose homeostasis is now well established, based on extensive
experimental evidence, which shows that dysfunctions in adipose tissue metabolism have a
direct impact on lipid and glucose homeostasis. Indeed, the combination of hyperphagia and
adipose dysfunction seems to underlie important metabolic pathologies, such as insulin
resistance, type 2 diabetes and cardiovascular diseases. Many observations reinforce the
concept that normal lipid and glucose homeostasis as well as normal insulin sensitivity requires
fully functional adipose tissue. Adipose dysfunctions in obesity include secretions of abnormal
levels of cytokines linked to insulin resistance, impairments in triglyceride storage and
increases in lipolysis. These abnormalities in turn can contribute to increased fatty acids in the
circulation and lead to an overload of fatty acids in the skeletal muscle and the liver. Such
increases in fatty acids in these compartments are likely to cause decreased responsiveness to
insulin in these tissues in obesity.

Research in the field has also established the important concept that obesity can lead to a chronic
inflammatory state within adipose tissue depots, which at least in part causes the adipocyte
dysfunctions described above. Hypertrophied adipocytes in obese subjects secrete large
amounts of the macrophage chemoattractant MCP-1, perhaps contributing to macrophage
infiltration into adipose tissue. Other inflammatory cytokines probably have important roles
and others remain to be discovered. Importantly, significant progress in understanding the
mechanisms whereby cytokines act on adipose tissue to disrupt triglyceride storage and
increase lipolysis has been made. These studies highlight the negative regulation by cytokines
like TNFa of gene products that are crucial for lipid storage, such as the transcriptional factor
PPARYy and its downstream target genes that control fatty acid synthesis, esterification and
sequestration as triglyceride in lipid droplets. Intriguingly, recent data implicate perilipin and
the novel lipid-droplet-associated proteins FSP27 and CIDEA as key regulated proteins in
human obesity. Expression levels of these proteins seem to inversely correlate with insulin
resistance in multiple studies. These new data lead us to present the hypothesis that lipid-droplet
proteins function to strongly sequester triglyceride within lipid droplets of adipocytes, which
might represent a contributing factor in the varying degrees of insulin resistance observed
among obese human subjects.
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Glossary

White adipose
tissue

Free fatty acid

Acipimox

The predominant fat storage tissue in animals, consisting mostly of
adipocytes but also other cell types such as mast cells and
macrophages. It is distributed in a number of subcutaneous and
visceral depots

A carboxylic acid with aliphatic chains of 4-28 carbons, which can
be esterified with glycerol to form triglycerides, the main stored form
of lipid

A nicotinic-acid analogue that reduces plasma and intracellular fatty
acid levels by suppressing lipolysis
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Adipokine
Lipodystrophy

MAP4K4

Omental adipose
tissue

Diacylglycerol

Salicylates

Toll-like receptors

Sphingolipids

Glucocorticoids

C/EBPa

Adrenoreceptors

Catecholamines

Perilipin

Rosiglitazone

HOMA-IR
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A cytokine or hormone that is secreted by adipose tissue

Abnormality of the adipose tissue that is associated with total or partial
loss of body fat. This might have a genetic origin in humans or occur
as a result of other diseases

(Mitogen-activated protein kinase kinase kinase kinase-4). A
mammalian S er/Thr protein kinase related to Saccharomyces
cerevisiae Sterile-20 (STE20)

The fat depot found within the peritoneum, in close association with
the stomach and other internal organs

A molecule that consists of two fatty acid chains esterified with
glycerol, produced by the cleavage of membrane phosphatidylinositol
4,5-bisphosphate. Diacylglycerol functions as a signalling molecule
by activating protein kinase C

A group of derivatives of salicylic acid, including aspirin and
acetylsalicylic acid, which are widely used as analgesics and anti-
inflammatory medications

Cell-surface receptors that recognize a wide variety of molecules,
primarily markers of foreign organisms including bacteria. Main

functions include the activation of the innate immune response in
infection

Lipids that consist of the aliphatic alcohol sphingosine linked to a fatty
acid chain and a variety of head groups. Sphingolipids include
ceramides, sphingomyelin and glycosphingolipids

Steroid hormones, including cortisol, that are produced in the adrenal
gland. These hormones have potent effects on energy metabolism in
the liver, fat and elsewhere

(CCAAT/enhancer-binding protein-a). A transcription factor that has
a key role in the differentiation of adipocytes

A class of G-protein-coupled receptors activated by catecholamines.
Adrenoreceptors in white fat stimulate lipolysis in response to
catecholamines

A group of amine hormones including adrenaline and noradrenaline.
These are produced by the adrenal gland in response to starvation and
other stresses

A main protein component of adipocyte lipid droplets, which
surrounds the lipids and participates in the regulation of lipolysis

An antidiabetic drug, one of several thiazolidinediones (TZDs) used
therapeutically. Many TZDs are known to be high-affinity ligand
activators of PPARy

(Homeostatic model assessment of insulin resistance). An estimation
of the degree of insulin resistance that is calculated from clinical
measurement of fasting blood glucose and insulin levels
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Figure 1. Chronic inflammation in adipose tissue triggers insulin resistance in skeletal muscle

a | In the lean state, small adipocytes efficiently store fatty acids as triglyceride (TG input,
arrow), which can be mobilized and used to generate ATP through the mitochondrial p-
oxidation pathway in muscle during periods of caloric need. Insulin-stimulated glucose uptake
under these conditions is normal. b | Excess caloric intake leads to metabolic overload,
increased TG input and adipocyte enlargement. Nonetheless, in non-diabetic overweight
individuals, TG storage by adipose cells and B-oxidation in muscle can often be maintained to
prevent insulin resistance. ¢ | On further overloading with TG, hypertrophy of adipocytes and
increased secretion of macrophage chemoattractants occurs, including the secretion of
monocyte chemoattractant protein-1 (MCP-1; arrows), which recruits additional macrophages.
d | Macrophage recruitment in turn results in a pro-inflammatory state in obese adipose tissue.
Infiltrating macrophages secrete large amounts of tumour-necrosis factor-o. (TNFa), which
results in a chronic inflammatory state with impaired TG deposition and increased lipolysis
(arrow and plus signal). The excess of circulating TG and free fatty acids results in the
accumulation of activated lipids in the muscle (yellow dots), disrupting functions such as
mitochondrial oxidative phosphorylation and insulin-stimulated glucose transport, thus
triggering insulin resistance.
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Figure 2. Chronic inflammation impairs triglyceride deposition in adipose tissue

The chronic inflammatory state induced by lipid overload in adipose cells triggers macrophage
recruitment within the adipose tissue. Secreted cytokines stimulate macrophages to produce
large amounts of tumour-necrosis factor-o. (TNFa) through the IKKB-NF-«B (inhibitor of
nuclear factor (NF)-xB (1xB) kinase-p—NF-xB) and the INK-AP1 (Jun N-terminal kinase—
activator protein-1) signalling pathways. MAP4K4 (mitogen-activated protein kinase kinase
kinase kinase-4) might also be required for TNFa production in activated macrophages. The
macrophage-secreted TNFa enhances lipolysis and downregulates peroxisome proliferator-
activated receptor-y (PPARYy)-mediated triglyceride (TG) biosynthesis and storage in
adipocytes. Hyperphagia, combined with enhanced lipolysis and impaired TG sequestration
triggered by TNFa, results in increased levels of circulating free fatty acids (FFAs) and TG
deposition in the muscle. Ectopic lipid and FFAs (yellow dots) attenuate expresssion of genes
that are involved in mitochondrial function, such as PPARy co-activator-1 (PGC-1); enhance
ceramide (CM) biosynthesis and inhibit insulin-stimulated glucose transport through activation
of the protein kinases protein kinase C (PKC), IKKf and JNK. TNFa can also inhibit insulin-
stimulated glucose transporter type-4 (GLUT4) glucose transport in muscle through activation
of MAP4K4 and JNK Kkinases.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2010 June 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guilherme et al.

Page 22

Transcription

NF-kB |1
TNFo, ———
® AP

TR PPARY MRNA

Lipid droplet
Triglyceride
deposition

Degradation <=

Translation

Cytoplasm MAP4K4
TNFo, —
® 3
Caspases
Degradation <= == P4— ----- PPARY protein C:
5
lubiquitylation

Proteasome
degradation

Figure 3. PPARy downregulation by TNFa impairs triglyceride storage in adipose cells
Peroxisome proliferator-activated receptor-y (PPARY) expression can be regulated at the
transcriptional level by tumour-necrosis factor-a (TNFa) (arrow 1) through the activation of
nuclear factor-kB (NF-kB) and activator protein-1 (AP1), which negatively regulate PPARy
expression8284, Recent data indicate rapid turnover of PPARy mRNA in adipocytes® and
treatment of cultured adipocytes with TNFa might enhance PPARy mRNA degradation
(dashed arrow 2). Translational control of PPARYy that is mediated by MAP4K4 (mitogen-
activated protein kinase kinase kinase kinase-4), a protein kinase that is upregulated by
TNFa, can also occur (arrow 3). Furthermore, activation of caspases by TNFa signalling might
trigger PPARYy protein degradation in adipocytes (dashed arrow 4). Regulation of PPARy
activity and stability are also negatively regulated by kinase-mediated phosphorylation88 and
ubiquitylation8?, which promote PPARY protein degradation through a proteasome-dependent
pathway (arrow 5). TNFa action at multiple levels might therefore result in decreased
PPARYy activity. Precise regulation of PPARy expression and function can contribute to the
control of triglyceride biosynthesis, hydrolysis and deposition in the lipid droplet — the lipid
storage organelle of adipocytes. This can occur through the regulation of the expression of
triglyceride metabolism enzymes such as phosphoenolpyruvate carboxykinase (PEPCK), fatty
acid synthase (FAS), Acyl-CoA synthetase (ACS), lipoprotein lipase (LPL) and lipid-droplet
proteins including CIDEA, FSP27 and perilipin (arrow 6). Dashed arrows that emanate from
PPARy mRNA (step 2) and protein (step 4) indicate hypotheses that await definitive testing.
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Figure 4. TNFa decreases triglyceride deposition and increases lipolysis in adipose cells

a | In small adipocytes (lean condition), insulin promotes free fatty acid (FFA) esterification
into triglycerides (TG, schematically represented as the three-carbon glycerol backbone with
three acyl fatty acid chains (wavy lines)) through stimulation of glucose transporter type-4
(GLUT4)-mediated glucose uptake. Glucose can be converted to a-glycerol phosphate, the
main source of the glycerol backbone of TG. Peroxisome proliferator-activated receptor-y
(PPARY) activates lipoprotein lipase (LPL) expression and the TG biosynthetic pathway.
Secreted LPL hydrolyses TG from circulating very low-density lipoprotein (VLDL), releasing
FFAs to be re-esterified. Several thiazolidinediones (TZDs) can activate PPARy. Insulin
signalling also downregulates TG lipolysis through hormone-sensitive lipase (HSL). Insulin
stimulation of the phosphatidylinositol 3-kinase (PI13K)-AKT/protein kinase B (PKB) pathway
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leads to activation of the enzyme phosphodiesterase-3 (PDE3). This enzyme catalyses the
breakdown of cyclic AMP (cCAMP) which in turn reduces activation of HSL. b | In enlarged
adipocytes from inflamed fat tissue, high levels of tumour necrosis factor-a (TNFa) result in
decreased fatty acid esterification and enhanced lipolysis. GLUT4, LPL and PPARYy protein
levels are attenuated by TNFa, resulting in decreased glucose transport and fatty acid
esterification. TNFa also has a stimulatory effect on lipolysis by increasing the levels of cAMP
and activation (plus signal) of HSL, combined with the downregulation of perilipin through
activation of the mitogen-activated protein kinase (MAPK) pathway.
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Figure 5. TNFa downregulates lipid-droplet proteins and enhances lipolysis in adipose cells

a | In the normal state, peroxisome proliferator-activated receptor-y (PPARY) function drives
the expression of lipid-droplet proteins, such as FSP27, CIDEA, perilipin, ADRP and S3-12
in adipose cells. Their presence on lipid droplets inhibits basal lipolysis and free fatty acid
(FFA) release, thereby promoting net triglyceride (TG) storage. b | We propose that in chronic
inflammatory states, tumour-necrosis factor-o. (TNFo) downregulates PPARy function,
attenuating the expression of these lipid-droplet proteins. With reduced levels of these proteins,
their ability to shield and protect the lipid droplet from active lipases might contribute to
enhanced TG lipolysis and circulating FFAs. Additionally, post-transcriptional regulation of
lipid-droplet proteins by TNFa can occur (dashed inhibitory red line).
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