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Abstract

Dyslipidemia and insulin resistance are commonly associated with catabolic or lipodystrophic
conditions (such as cancer and sepsis) and with pathological states of nutritional overload (such as
obesity-related type 2 diabetes). Two common features of these metabolic disorders are adipose
tissue dysfunction and elevated levels of tumour necrosis factor-alpha (TNF-a). Herein, we review
the multiple actions of this pro-inflammatory adipokine on adipose tissue biology. These include
inhibition of carbohydrate metabolism, lipogenesis, adipogenesis and thermogenesis and
stimulation of lipolysis. TNF-a can also impact the endocrine functions of adipose tissue. Taken
together, TNF-a contributes to metabolic dysregulation by impairing both adipose tissue function
and its ability to store excess fuel. The molecular mechanisms that underlie these actions are
discussed.
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1. Adipose tissue-derived TNF-a in metabolic disease

Tumour necrosis factor-alpha (TNF-a) is a multi-functional cytokine that can regulate many
cellular and biological processes such as immune function, cell differentiation, proliferation,
apoptosis and energy metabolism. It is synthesised as a 26-kDa transmembrane monomer
(mTNF-a) [1] that undergoes proteolytic cleavage by the TNF-a converting enzyme
(TACE) to yield a 17-kDa soluble TNF-a molecule (STNF-a) [2]. Both STNF-a and mTNF-
a can effect biological and metabolic responses [3,4] suggesting that mTNF-a may mediate
paracrine and autocrine signals, leaving STNF-a to mediate endocrine effects [5]. However,
more recent indications are that the endocrine actions of STNF-a depend on the maintenance
of high circulating levels, which are more likely to occur in catabolic disease states such as
the cachectic conditions associated with sepsis and cancer. In contrast, in obesity-related
type 2 diabetes (T2D) the levels of both mTNF-a and sSTNF-a are increased in adipose
tissue [6,7] but circulating levels of STNF-a are lower than in the catabolic diseases.
Therefore whether adipose-derived sTNF-a exerts endocrine effects in systemic insulin
resistance has been debated. Initially, circulating levels were often found to be low and
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sometimes not significantly elevated, prompting the conclusion that adipose tissue does not
release TNF-a systemically. However, with the improved sensitivity and specificity of
detection reagents, circulating STNF-a now seems well correlated to BMI [8] and
impairment in TNF-a processing can improve systemic insulin sensitivity [9,10]. Moreover,
the diffuse nature of adipose tissue and its close association with metabolically relevant
tissues such as muscle and pancreas suggests that the local but chronic production of adipose
tissue-derived sTNF-a may still target non-adipose tissues during obesity. The confirmation
that cytokine-producing macrophages are present in adipose tissue of obese diabetics further
supports this notion [11]. Whether this also implicates TNF-a produced by resident
macrophages (e.g. Kupffer cells) in the physiological regulation of energy metabolism in
other tissues such as liver remains to be established. Importantly, as outlined in this review,
adipose tissue-derived TNF-a can also affect systemic energy homeostasis indirectly by
regulating both adipose function and expandability. This is pertinent to our understanding of
the mechanisms of TNF-a action in obesity-associated metabolic dysregulation.

Evidence that TNF-a can itself impact on cellular metabolism in catabolic disease states
dates back to the early 1980s when it was first purified and confirmed to be the long sought-
after cancer toxin and also the cachexia-inducing factor, cachectin. More recently, TNF-a
was shown to be relevant to adipocyte metabolism. In vitro studies initially suggested that
TNF-a affects glucose homeostasis in adipocytes [12], promotes lipolysis in cultured
adipocytes [13] and potently inhibits adipocyte differentiation and lipogenesis [14,15].
However, the first demonstration that TNF-a may be relevant to metabolic diseases
associated with overnutrition (such as obesity-related T2D) was made by Hotamisligil and
colleagues, who showed that TNF-a is elevated in adipose tissue from obese diabetic
rodents and is a mediator of obesity-related insulin resistance and T2D [6].

The most compelling evidence of this subsequently came from studies showing that genetic
blockade of TNF-a action can restore insulin sensitivity in vitro and in vivo [16,17]. Thus,
TNF-a production appears to contribute to the pathogenesis of rodent obesity-induced
insulin resistance. Evidence that this is also true for humans has been less well established
and complicated by inconsistent early correlations of circulating STNF-a with obesity.
Additionally, several studies found that short-term treatment with an anti-TNF-a antibody
[18,19] or with a STNFR1-1gG1 chimera [20,21] failed to improve insulin sensitivity in
obese type 2 diabetics or subjects with visceral obesity. One problem with interpreting these
negative findings comes with the difficulty in determining whether local TNF-a activity
(both mTNF-a and sTNF-a) is completely neutralised by such acute treatment. They also
contrast with recent reports that find more chronic treatment with anti-TNF-a antibodies
improves insulin sensitivity in both lean [22-24] and obese patients [25]. Furthermore,
mounting evidence suggests that human obesity promotes a state of chronic, low-grade
inflammation that contributes to insulin resistance and T2D. Taken together, TNF-a and/or
its mechanisms of action might serve as a therapeutic targets to treat disorders associated
with chronic inflammation, impaired glucose tolerance and dyslipidaemia.
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1.1. What is the cellular source of adipose tissue-derived sTNF-a.?

The vast majority of adipose tissue volume is comprised of lipid-laden adipocytes, and both
isolated or differentiated adipocytes can produce TNF-a. Hence, it was initially assumed
that adipocytes were the predominant source of the elevated adipose tissue TNF-a in
obesity. However, adipose tissue also contains a significant stromovascular fraction (SVF),
which contains numerous metabolically relevant cell types. These include preadipocytes,
endothelial cells, smooth muscle cells, fibroblasts, leukocytes and macrophages, and more
recent studies have demonstrated that these SVF cells can produce substantially more TNF-
a than adipocytes [11,26-28]. Indeed, obesity is associated with an increased infiltration of
macrophages into adipose tissue [11,27,29,30], and it is likely that these adipose tissue
macrophages (ATMs) are predominantly responsible for the elevated production of TNF-a
during obesity [11]. Furthermore, recent mouse models have demonstrated that both the
recruitment and classical activation of ATMs are required for the development of insulin
resistance that is associated with obesity. Intriguingly, a recent study reports that, although
macrophage-derived TNF-a can impair insulin sensitivity in TNF-a KO mice, the absence
of TNF-a in macrophages only does not protect otherwise wild-type mice from the
development of obesity-related insulin resistance [31]. Hence the relative contribution of
macrophage and non-macrophage-derived TNF-a to obesity-induced insulin resistance
remains incompletely understood.

1.2. What induces TNF-a expression in adipose tissue?

An important question that remains incompletely addressed is the nature of the original
trigger that induces TNF-a production in adipose tissue. The regulation of TNF-a gene
transcription clearly is cell type-specific, however since the vast majority of TNF-a
production comes from classically activated macrophages, much interest is focused on
identifying the initial trigger(s) that stimulate recruitment and activation of these immune
cells into adipose tissue. One hypothesis is that increased adipocyte death in expanding
adipose tissue may induce chemoattractant signals that recruit monocytes. Indeed, obesity in
both rodents and humans is associated with increased numbers of apoptotic and necrotic
adipocytes in white and brown adipose tissue (WAT and BAT, respectively)[32-34], and
one study finds that the majority of macrophages in WAT of obese mice and humans are
localised to dead adipocytes [34]. That obesity is associated with increased adipocyte death
is consistent with the notion that adipose tissue may have a limited capacity for expansion
that is reached during chronic over-nutrition. However, since secreted cytokines can also
stimulate further cytokine production from and promote apoptosis of target cells, it is not
currently apparent which is cause or consequence.

Nonetheless, it is clear that proper immune function is closely linked to nutritional status
[35], and this may be due to the fact that dietary fatty acids (FA) can alter cytokine
production [36]. This has prompted the alternative but not mutually exclusive suggestion
that dietary components, in particular specific fats, may play a significant role in regulating
the inflammatory profile of adipose tissue, at least in diet-induced obesity. Indeed, n-6 FA
appear to be pro-inflammatory whereas long-chain, marine-derived n-3 FA elicit anti-
atherogenic and anti-inflammatory effects. Intriguingly, calorie restriction and weight loss
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are associated with decreased cytokine production [37], providing a rational basis for
nutritional strategies that target immune modulation.

With respect to TNF-a production specifically, levels of this cytokine are known to be
nutritionally regulated but, importantly, can be enhanced by hyperinsulinaemia alone [38].
However, it is currently unclear whether the elevated production of TNF-a in obesity-related
diabetes occurs secondarily to hyperinsulinaemia. Furthermore, in vivo cytokine action
results from a complex interplay between networks of pro- and anti-inflammatory cytokines.
It is therefore likely that a co-ordinate regulation of anti-inflammatory cytokines such as
IL-10 may play a role in both TNF-a production and action in vivo.

1.3. Molecular mechanisms of TNF-a action in adipocytes

TNF-a mediates its biological effects on adipose tissue via two distinct cell surface
receptors: tumour necrosis factor-alpha receptor 1 (TNFR1) (a 55- or 60-kDa peptide in
rodents and humans, respectively); and tumour necrosis factor-alpha receptor 2 (TNFR2) (a
75- or 80-kDa peptide in rodents and humans, respectively). Both receptors are ubiquitously
expressed transmembrane glycoproteins that trimerise upon ligand binding. Like TNF-q,
both TNFRs can be proteolytically cleaved to release soluble forms (STNFR). These may be
involved in the neutralisation and excretion of TNF-a and thereby may modulate TNF-a
activity both temporally and spatially [39]. These soluble receptors may also be more
accessible biomarkers for elevated TNF-a activity. The circulating levels of both soluble
TNFRs can be nutritionally regulated [8] and have been reported to increase in both obesity
and in non-obese adults with pro-atherogenic lipid profiles [40,41].

Although TNFR1 and TNFR2 are highly homologous in their ligand-binding extracellular
domains, their intracellular domains exhibit no sequence homology and they activate
divergent signalling pathways [42]. Results from numerous investigations suggest that the
signals transduced by TNFR1 mediate the majority of effects of TNF-a on adipose tissue
function. Human and murine TNF-a are equally effective at impairing insulin signalling in
murine adipocytes [43]. This suggests that signals transduced via TNFR1 are sufficient for
this effect, because human TNF-a can only activate murine TNFR1 [44]. Furthermore, lack
of TNFR1, but not lack of TNFR2, significantly improves insulin sensitivity in ob/ob mice
and cultured adipocytes [45,46]. Finally, studies using TNFR1 and/or TNFR2-deficient
preadipocytes show that it is TNFR1 that is required for the inhibition of adipogenesis by
both soluble and transmembrane TNF-a [4,47]. Thus, TNF-a modulates adipose tissue
function predominantly through TNFR1. Nevertheless, other studies suggest that TNF-a
may also mediate some effects on adipocytes through TNFR2 [40,48-50]. However,
knowledge of the exact role of TNFR2 in TNF-a-mediated adipose tissue dysfunction is
limited. In contrast, many of the signalling pathways activated via TNFR1 have been
implicated in mediating the actions of TNF-a on adipose tissue (Fig. 1). Herein, we will
limit our discussion to the pathways that have been shown to effect aspects of adipocyte
biology specifically.

Neither TNFR has intrinsic catalytic activity. Instead, they can transmit signals by recruiting
intracellular adapter proteins, which interact with distinct domains of the cytoplasmic
portions of the receptors to activate specific downstream signals. For example, several
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adapter complexes are recruited to the trimeric death domain of TNFR1 (TNFR1-DD),
which has been implicated in mediating many of the effects of TNF-a on adipocyte biology
[47,51] (Fig. 1). As its name indicates the TNFR1-DD is responsible for the cytotoxic
signals induced by TNF-a. However, as with many TNF-a actions, these can be cell type-
specific; although preadipocytes are more sensitive to TNF-a-induced cell death, TNF-a can
also induce apoptosis in adipocytes [52,53]. This is likely to be mediated by TNFR1, at least
in brown adipocytes [53].

The TNFR1-DD can also activate cell survival and pro-inflammatory signalling pathways
that lead to the activation of nuclear factor-kappa B (NF«B) and of mitogen-activated
protein kinase (MAPK) cascades, such as those involving extracellular signal-regulated
protein kinase (ERK), p38 MAPK and c-Jun N-terminal kinase (JNK) (Fig. 1). These
signalling pathways have been reported to be activated by TNF-a in adipose tissue and
remain good candidates for mediating metabolic dysregulation [54-58]. However, TNFR1
and its DD can activate a number of additional signalling pathways with metabolic relevance
to adipocyte biology, such as acidic sphingomyelinase (aSMase), nuclear factor of activated
T-cells (NFAT), protein kinase A (PKA), CREB, protein kinase C (PKC), PI13K and calcium
release (Fig. 1). However, the receptor-proximal events that lead to these remain to be
completely elucidated, as do the mechanisms that facilitate sustained TNF-a-induced
signalling.

2. TNF-a and adipocyte insulin resistance

Adipose tissue is a key regulator of systemic carbohydrate metabolism and may play an
important role in glucose sensing. This is supported by the fact that mice engineered to
selectively lack the glucose transporter GLUT4 in their adipose tissue develop insulin
resistance in liver and skeletal muscle, resulting in systemic glucose intolerance and
hyperinsulinaemia [59]. It is now well established that TNF-a can induce a state of insulin
resistance in adipocytes [60]. Indeed, the mechanisms underlying this effect have been the
subject of intense research. Early reports identified that TNFR1-induced signals are required
and sufficient to impair insulin action [43,46,48], and a recent report suggests that these can
be narrowed down to those induced by the TNFR1-DD [51]. However, several downstream
mechanisms have been proposed by which TNF-a might cause insulin resistance in adipose
tissue. These are discussed next.

2.1. Transcriptional mechanisms of TNF-a-induced insulin resistance

TNF-a suppresses the expression of many proteins that are required for insulin-stimulated
glucose uptake in adipocytes, such as the insulin receptor (IR), insulin receptor substrate-1
(IRS-1) and GLUT4 [61-63]. Although mechanisms such as accelerated proteasomal
degradation (e.g. IRS-1) and impaired translation may be important, more is known about
how TNF alters their expression at the transcriptional level.

Amongst the first transcription factors shown to be targeted by TNF-a signalling in
adipocytes was the ‘adipogenic master regulator’, peroxisome proliferator-activated receptor
gamma (PPARY) [64-66]. TNF-a can target PPARY by inhibiting the expression of PPARy
mMRNA and also through suppression of its transcriptional activity. The latter can occur by
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promoting serine phosphorylation of key regulatory residues in the N-terminal domain of
PPARY (e.g. S112 in murine PPARY2 or S84 in human PPARY1) [67,68]. This
phosphorylation event can be mediated by JNK and extracellular signal-regulated kinase
(ERK1/2) [67,68] and has been implicated in TNF-a-induced suppression of PPARY in
hepatic stellate cells [69]. Furthermore, in vitro over expression of PPARy S112A in 3T3-L1
adipocytes prevents the TNF-a-mediated downregulation of IRS-1 [70], and mice with a
homozygous S112A mutation in PPARy remain insulin-sensitive on a high fat diet [71].
Hence, TNF-a may suppress PPARYy activity in adipocytes by promoting its
phosphorylation. TNF-a may also inhibit PPARY activity through activation of the classic
TNF-a-induced transcription factor, NFkxB. Specifically, p65/RelA has been suggested to
directly bind to PPARYy in complex with its co-activator, PGC1, thereby preventing binding
to PPARY response elements [57]. This is consistent with the observation that p65 can
suppresses PPARY activity in the absence of any NFkB DNA-binding sites [66].

Suppression of PPARy mRNA levels is also observed following treatment with TNF-a.
How this is achieved remains incompletely understood. One mechanism stems from the
suggestion that PPARy expression is itself upregulated by PPARYy activity. Hence, in TNF-
a-treated adipocytes, downregulation of PPARY activity is likely to also result in reduced
mRNA levels. This would also be true for another adipogenic transcription factor and
PPARYy target gene, CCAAT/enhancer binding protein (C/EBPa). TNF-a also suppresses C/
EBPa mRNA expression. Since the GLUT4 promoter contains response elements for, and is
regulated by, both PPARYy and C/EBPa [54], it is likely that TNF-a can suppress GLUT4
expression via a PPARy and C/EBPa-dependent mechanism. Whether this is true for all
genes that are downregulated in insulin-resistant adipose tissue is unclear.

Recently, the protein kinase mitogen activated protein kinase kinase kinase kinase 4
(MAP4K4), an activator of the INK signalling pathway, has also been implicated in TNF-a-
induced suppression of PPARy and GLUT4 mRNA in adipocytes [72]. TNF-a upregulates
MAP4K4 expression in mature adipocytes in a TNFR1-dependent manner, and knockdown
of MAP4K4 attenuates TNF-a-induced suppression of GLUT4 expression [72,73]. Hence
MAP4K4 may contribute to the suppression of PPARy and GLUT4 by TNF-a (Fig. 1).
However, how MAP4K4 activation leads to the suppression of PPARY is currently
unknown, as is the role (if any) of MAP4K4 in the pathogenesis of metabolic complications
invivo.

The transcriptional events required for TNF-a-induced insulin resistance may also involve
the transcriptional activity of NFxB itself, and hence NF«kB target gene expression.
However, this has yet to be formally demonstrated with respect to TNF-a-induced insulin
resistance in adipocytes. Despite this, there is ample evidence to support the requirement for
the upstream signals that lead to NFkB activation in TNF-a-induced insulin resistance in
vitro and in vivo [63,74-76]. Furthermore, several potential NFkB target genes that are
upregulated by TNF-a in adipocytes have been implicated in adipocyte insulin resistance.
One example is suppressor of cytokine signalling-3 (SOCS-3), which inhibits IR-dependent
IRS-1 tyrosine phosphorylation and thereby suppresses insulin-stimulated glucose uptake
[77-79] (Fig. 2). Overexpression of SOCS-3 in adipose tissue causes local insulin resistance
[80], whereas knockdown of SOCS-3 in adipocytes attenuates the TNF-a-mediated
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suppression of tyrosine phosphorylation of IRS-1 and IRS-2 [79]. Hence, the upregulation of
SOCS-3 may contribute to TNF-a-mediated suppression of IR-proximal signalling (Fig. 2).

Finally, TNF-a may induce insulin resistance through the upregulation of PP2C gene
expression, resulting in suppression of AMP-activated protein kinase (AMPK) activity. This
has recently been implicated in skeletal muscle insulin resistance [81]. Whether this occurs
in adipose tissue remains to be determined. However, given that metformin may be able to
reverse some actions of TNF-a in adipose tissue [82], this seems an intriguing possibility

(Fig. 2).

2.2. Crosstalk between TNF-a and proximal insulin signalling

TNF-a can also compromise IR/IRS-1 signalling independently of transcriptional regulation
[83]. This is thought to occur by direct signalling events that mediate a crosstalk between
TNFR1-induced pathways and proximal insulin signals (Figs. 1 and 2). Indeed, TNF-a
inhibits insulin-stimulated tyrosine phosphorylation of both the IR and IRS proteins. The
latter has been best studied and occurs by induction of serine phosphorylation of IRS-1
[43,84,85]. Over 20 IRS-1 serine kinases and an even greater number of putative serine
phosphorylation sites have been implicated in the negative regulation of insulin signalling.
In vitro studies have established that some sites can be phosphorylated by multiple serine
kinases and numerous sites can be phosphorylated by the same kinase [85]. Whether these
kinases are also relevant in vivo has begun to be substantiated by investigations of their
genetic ablation, at least for INK, PKCO and IxB kinase beta (IKKp) (liver-specific), in
rodent models of obesity and insulin resistance. The use of site-specific antibodies has also
been instrumental in dissecting the involvement of site-specific kinase activities in stimulus-
induced phosphorylation. However, very few of these serine phosphorylation sites have been
studied with respect to TNF-a action in adipocytes. One site that has been well characterised
is serine 307 in rIRS1 (corresponding to S312 in human IRS-1). Phosphorylation of this
residue impairs IR-IRS interactions and promotes IRS-1 degradation (Fig. 2) [86-88].
Studies with pharmacological inhibitors and/or activators have implicated numerous
upstream kinases in IRS-S307 phosphorylation, including ERK1/2 [83,86], INK [87,89],
IKKp [90], and mTOR [91]. Although each of these can be activated by TNF-a, not all of
these have been demonstrated to directly interact with endogenous IRS-1 in adipocytes and
the sequential nature of the signalling cascade(s) remains to be delineated. Furthermore
additional kinases such as PKC isoforms have also been implicated in TNF-a-induced
insulin resistance in non-adipose cells and these may also be involved in Ser307
phosphorylation in adipocytes.

In addition to impairing protein-protein interactions, TNF-a-induced serine phosphorylation
can also disrupt protein—phospholipid interactions. Recently, our laboratory and others have
independently identified S24 of IRS-1 as a substrate site for PKC and IRAK [92,93]. This
single modification is sufficient to impair lipid binding, intracellular localisation of the
IRS1-PH domain and reduce IR-IRS1 interactions and signalling. This ultimately reduces
insulin-stimulated signalling and glucose uptake. TNF-a, IL-1 or the diacylglycerol
mimetic, phorbol 12-myristate 13-acetate (PMA), can all induce phosphorylation of S24.
However, unlike S307 or S612, this site is not phosphorylated following chronic insulin
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treatment or by C-2 ceramides [93]. Hence, this represents a modification of IRS-1 that is
regulated by a limited range of pathological stimuli and that may not play a role in
physiological negative feedback regulation of insulin signalling.

In addition to altering cellular serine kinase activity, TNF-a action can alter membrane lipid
composition and increase the availability of reactive lipids such as diacylglycerols and
ceramides (Figs. 1 and 2). These can lead to insulin resistance through several means,
including activating serine kinase signalling cascades and altered membrane fluidity, which
impairs receptor internalisation, cycling and function. TNF-a-induced generation of
ceramides has previously been linked to insulin resistance via IRS-1 serine kinases
[43,94-97] (Fig. 2) and ceramide biosynthesis has recently been suggested to be required for
rodent obesity-induced insulin resistance in vivo [98]. Furthermore, ceramides can be
metabolised to glycosphingolipids and gangliosides such as GM3, which have also been
shown to alter IR tyrosine kinase signal transduction [99] (Fig. 2). Indeed, we have shown
that TNF-a raises GM3 levels in adipocytes and both obesity- and TNF-a-induced insulin
resistance can be reversed by inhibiting the activity of glucosylceramide synthase, a key
enzyme in the synthesis of glycosphingolipids and gangliosides [100]. Hence, TNF-a-
induced insulin resistance can be mediated through TNFR1-dependent signals that activate
SMase and thereby increase the levels of ceramides and gangliosides (Figs. 1 and 2).

2.3. Role of TNF-a. in obesity-associated ER stress, oxidative stress and mitochondrial

dysfunction

Obesity-related insulin resistance has recently been linked to oxidative stress and organelle
dysfunction, i.e. mitochondrial dysfunction and endoplasmic reticulum (ER) stress [35].
These are all features that can also be induced by TNF-a and which have been linked to
activation of the JINK or NF«B pathways (Figs. 1 and 2). Indeed, it has been suggested that
production of reactive oxygen species (ROS) contributes to both TNF-a-induced NF«xB
activation [101] and TNF-a-induced insulin resistance [102] (Fig. 2). Additionally,
oxidative stress may promote increased production of TNF-a under adverse metabolic
conditions [103]. Interestingly, in adipose tissue TNF-a upregulates the expression of many
genes that encode proteins involved in responses to ER stress or oxidative stress [62] (Figs.
1 and 2). Furthermore, TNF-a downregulates the expression of genes that encode
components of the electron transport chain [104] and may thereby induce mitochondrial
dysfunction. Indeed, TNF-a has recently been shown to inhibit FA oxidation in
differentiated human adipocytes [104].

3. TNF-a and adipocyte endocrinology

Adipose tissue is now also recognised as an endocrine organ that secretes many products
that can impact on numerous aspects of whole organism biology, including energy
homeostasis, immune function and reproduction [105]. Several of these adipose tissue-
derived secreted proteins, termed “‘adipokines’, are also involved in obesity-related
metabolic complications. Interestingly, TNF-a action on adipose tissue can alter the
production of many adipokines and this is relevant to the systemic effects of TNF-a on
insulin sensitivity and whole body energy homeostasis (Fig. 2).
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3.1. Insulin-sensitising adipokines

The principle insulin-sensitising adipokines are adiponectin and leptin [105]. Adiponectin
enhances insulin sensitivity and improves the serum lipid profile through AMPK activation
and increased FA oxidation [106,107]. Conversely, disruption of adiponectin expression
causes insulin resistance [108]. TNF-a may therefore induce systemic insulin resistance and
dyslipidaemia by suppressing the production of adiponectin [63,109-111]; indeed,
circulating levels of adiponectin inversely correlate with plasma levels of TNF-a [112,113].
The mechanism by which this is mediated is likely to involve suppression of PPARy [114],
C/EBPJ [115] and/or through JNK activation[58,88].

The regulation of leptin production by TNF-a is less clear. Instead of reducing the
production of this insulin-sensitiser, TNF-a promotes leptin release from adipocytes,
[116,117] and circulating TNF-a levels positively correlate with serum leptin concentrations
in obese patients with T2D [118,119]. In the absence of TNF-a, obesity-induced
hyperleptinaemia is significantly reduced. However, the mechanism by which this is
mediated is currently unclear as the transcriptional upregulation is context-dependent
[116,120,121].

Visfatin (also called PBEF/Nampt) has recently been identified as a putative adipokine that
is secreted by visceral fat and that stimulates insulin signalling [122]. However, the debate
regarding its role as an adipokine continues [123], and studies investigating the effects of
TNF-a on visfatin expression have yielded conflicting results; whereas TNF-a can suppress
expression of visfatin in 3T3-L1 adipocytes [124], one recent study suggests that TNF-a
markedly upregulates visfatin expression in human adipose tissue [125]. Hence the exact
role of visfatin and its regulation by TNF-a requires further investigation.

3.2. Pro-inflammatory adipokines and resistin

In non-obese healthy subjects, the cytokine-mediated interplay between the immune system
and adipose tissue maybe the means of releasing surplus fuel for utilisation by activated
immune cells during infection and/or inflammation. TNF-a can regulate the production of
other pro-inflammatory cytokines (e.g. IL-6 and 1L-1) and thereby further mediate and/ or
amplify its effects on peripheral organs.

Resistin was originally implicated in the pathogenesis of obesity-associated insulin
resistance in mice [126], whereas such a role in humans is still debated. This is due in part to
species-specific differences in its cellular source [127]. Nonetheless, in humans, resistin has
many features of a pro-inflammatory cytokine and may play a role in inflammatory diseases.
Some studies suggest that regulatory interactions exist between TNF-a and resistin, but
these may also be cell type-specific. TNF-a suppresses expression of resistin in 3T3-L1
adipocytes[128], whereas it promotes expression of resistin from human peripheral blood
mononuclear cells (PBMC) [129]. The latter may be a major source of resistin in humans.
Conversely, human resistin promotes the expression of TNF-a and other cytokines by
various cell types via an NFxB-dependent pathway [129,130]. Therefore, in the context of
the metabolic syndrome, it is possible that increased expression of resistin could contribute
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to the elevated levels of adipose tissue TNF-a during obesity. This possibility has yet to be
investigated.

Although plasminogen activator inhibitor-1 (PAI-1) has traditionally been linked to the
pathogenesis of atherosclerosis, recent evidence suggests that it is also involved in the
development of obesity and insulin resistance [131]. TNF-a upregulates PAI-1 expression in
adipocytes and adipose tissue via a pathway that involves activation of p42/p44, PKC, p38,
P13-K, NFxB and ROS production [50,63,132-135] (Fig. 2). Interestingly, TNFR2-derived
signals may actually attenuate the induction of PAI-1 expression by TNF-a [50] (Fig. 1).
Nevertheless, TNF-a is likely to contribute to obesity-associated increases in PAI-1 and may
thereby promote the cardiovascular complications of metabolic syndrome.

4. TNF-a and adipocyte lipid metabolism

The most distinguishing aspect of adipocytes is their ability to store (through lipogenesis)
and release (through lipolysis and/or thermogenesis) surplus energy appropriately. Hence
proper adipocyte function plays a pivotal role in the regulation of whole-body lipid
metabolism. These functions can be regulated by numerous extracellular stimuli, such as
insulin, cortisol, catecholamines, growth hormone, testosterone, free fatty acids (FFA) and
cytokines [136]. TNF-a action on adipocytes can directly alter lipid metabolism through
inhibition of FFA uptake and lipogenesis and stimulation of FFA release via lipolysis. In this
way, adipose tissue-derived TNF-a can contribute to the development of dyslipidaemia and
resultant metabolic complications.

4.1. Inhibition of fatty acid uptake and lipogenesis by TNF-a

In adipocytes excess energy is stored in the form of lipid droplets rich in neutral
triacylglycerols (TAG). TAG synthesis (or lipogenesis) results from the esterification of FA-
derived Acyl CoA and Gycerol-3-P. FA are derived from three sources: (a) from the
circulation, (b) from lipolysis of intracellular TAG or (c) de novo FA synthesis from
glucose. Similarly, Glycerol-3-P can be sourced from glycerol, glucose, and amino acids
(Fig. 3A). Hence, the overall metabolic flux of lipids into TAG is dependent on the
availability of relevant substrates and the regulation of several enzymatic pathways, which
may include those that are not classically thought of as lipogenic.

By inducing adipocyte insulin resistance, TNF-a can impair glucose uptake into adipocytes.
TNF-a also inhibits the uptake of FFA. Although the mechanism of FFA uptake is being
debated, TNF-a does downregulate the expression of FA transport protein (FATP) and
translocase (FAT) in adipose tissue[137], as well as the FA-binding protein FABP4/aP2.
FFA uptake into adipocytes is also facilitated by the extracellular expression and activity of
lipoprotein lipase (LPL) [136]. TNF-a has been shown to downregulate LPL expression in
both murine adipose tissue and in 3T3-L1 adipocytes [62,66], likely via a TNFR1-dependent
pathway [138]. However, studies investigating the effect of TNF-a on LPL expression in
human adipose tissue have reported conflicting results [139,140].

FEBS Lett. Author manuscript; available in PMC 2015 January 23.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Cawthorn and Sethi

Page 11

In addition to suppressing gene expression of key proteins of FA uptake, TNF-a reduces the
transcript levels and expression of many proteins involved in glyceroneogenesis, de novo FA
synthesis and esterification (Fig. 3A). This leads to impaired triglyceride storage in adipose
tissue. Notably, most of these genes are regulated by PPARY activity. Thus TNF-a may
mediate these effects primarily through the inhibition of PPARY activity and expression.

4.2. TNF-a-induced lipolysis

The primary mechanism by which surplus fuel is made available from adipocytes is through
stimulated lipolysis. This process liberates FA and glycerol from stored lipid and is
physiologically activated by hormones such as catecholamines that stimulate cCAMP
production and PKA-dependent phosphorylation of hormone-sensitive lipase (HSL) and
perilipins (Fig. 3B). TNF-a also potently stimulates lipolysis and this may contribute to
hyperlipidaemic conditions. The increased availability of FFA may be shuttled into de novo
ceramide production in adipose tissue (Fig. 3A) but can also cause lipotoxicity-induced
insulin resistance in more distal organs.

Mechanistically, TNF-a can stimulate lipolysis in the absence of insulin, suggesting that
TNF-a does not simply antagonise insulin’s anti-lipolytic actions. In addition, extracellular
glucose is required for TNF-a-mediated adipocyte lipolysis[141], suggesting that a
nutritional status or substrate availability is required (e.g. provision of ATP). However, the
mechanism by which TNF-a induces adipocyte lipolysis has yet to be completely
elucidated. Nevertheless, some information is available. Activation of a TNFR1-dependent
pathway is both necessary and sufficient [13,46,138,142] and the downstream signals
involve activation of ERK1/2, INK, AMPK, IKK and PKA, since inhibitors of these kinases
can prevent TNF-a-induced lipolysis [55,143,144]. Furthermore, a recent study suggests
that, in adipocytes, TNF-a signals via a trimeric G protein, Gag1, and an adapter protein,
[-arrestin-1, to mediate ERK activation and lipolysis [145]. However, TNF-a-induced
activation of ERK1/2, INK and IKK in adipocytes is rapid and transient [54,55], whereas
detection of TNF-a-induced lipolysis takes >6 h. This suggests that more distal TNF-a-
induced events remain to be identified, which are likely to be controlled by transcriptional
regulation (Fig. 3B). This is consistent with the observations that TNF-a-induced lipolysis is
sensitive to inhibition by TZD and NFxB inhibitors [146]. Furthermore, TNF-a treatment
decreases the expression of many genes involved in preventing lipolysis, such as Gja,
PDE3B, and perilipin [55,143,146-148] (Fig. 3B). Again, TNF-a-mediated suppression of
PPARY is likely to play an important role since inhibition of PPARY results in decreased
perilipin expression [149], and adenoviral expression of PPARy S112A in 3T3-L1
adipocytes attenuates TNF-a-induced decreases in TG content [70]. Nevertheless, a less-
intuitive aspect that remains unresolved is that TNF-a also decreases the expression of key
lipolytic genes e.g. HSL, ATGL, B1-AR and 3-AR [62,150]. In contrast, very few reports
have identified upregulation of lipolytic genes (e.g. p2-AR upregulation in murine
adipocytes) [151] (Fig. 3B).

5. TNF-a and adipocyte differentiation

In addition to its effects on lipid metabolism in mature adipocytes, TNF-a may impair the
lipid storage capacity of adipose tissue by suppressing the recruitment and differentiation of
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new adipocytes from precursor cells. The transcriptional regulation of adipocyte
differentiation has been extensively studied, at least in vitro (for reviews see, [152,153]). In
brief, adipogenesis is driven by a transcriptional cascade, which is characterised by the
early, transient expression of C/EBPp and C/EBPS. This precedes the induction of C/EBPa
and PPARYy, the master regulators of adipogenesis. TNF-a inhibits adipogenesis by
preventing the induction of PPARy and C/EBPa expression [47], thereby also preventing the
induction of genes that are responsible for the mature adipocyte phenotype (e.g. aP2, Glut4,
ATGL) [62].

5.1. Transcriptional targets of TNF-a in preadipocytes

Although TNF-a does not prevent the early expression of C/EBPp or C/EBPS, it is likely
that it inhibits the PPARy-mediated expression of PPARy and C/EBPa, as has been
discussed above (see Section 2.1). This is proposed to be mediated via the TAK1/
TAB1/NIK kinase cascade to activate the p65/RelA subunit of NF«xB, which acts to
sequester and prevent PGC/PPARYy complex function [57]. Currently, it is not clear whether
this is the primary target of TNF-a in preadipocytes, as these cells tend to have very low
levels of PPARY protein (compared to mature adipocytes) and basal PPARy transcript levels
are not downregulated during TNF-a-induced anti-adipogenesis [47]. Nonetheless, TZD
treatment can antagonise TNF-a-induced anti-adipogenesis [154], confirming that PPARYy
function is an important factor. Additionally, MAP4K4 has been proposed to be a negative
regulator of PPARY and adipogenesis and its expression can be induced by TNF-a (at least
in adipocytes) [72]; however its role and mechanism of action in TNF-a-induced anti-
adipogenesis in preadipocytes remains to be defined.

Another negative regulator of adipogenesis that acts early and suppresses PPARy and C/
EBPa expression is Wnt10b[155]. This is an important physiological factor involved in
lineage commitment and determination. The canonical Wnt signalling pathway regulates the
expression of Wnt target genes via stabilisation of B-catenin, a co-activator of the T-cell
factor (TCF) family of transcription factors. Activation of this pathway has been shown to
inhibit PPARY expression and lipid accumulation both in vitro and in vivo. Conversely,
PPARY can negatively regulate canonical Wnt signalling [156]. Recently, we noticed that
TNF-a-induced suppression of PPARy and C/EBPa coincides with enhanced expression of
several reported mediators of anti-adipogenesis that are also targets of the Wnt/p-catenin/
TCF4 pathway. These include c-myc, cyclin D1, and PPARdelta [157-160]. By abrogating p-
catenin/TCF signalling in 3T3-L1 cells, either via stable knockdown of 3-catenin or by
overexpressing dominant-negative TCF4 (dnTCF4), we demonstrated that TNF-a-induced
anti-adipogenesis is dependent on -catenin/TCF4 activity [47]. Therefore both TNF-a and
canonical Wnt signalling pathways seem to converge to inhibit adipogenesis at the level of
TCF4-dependent transcription. Intriguingly, TCF4 is also called transcription factor 7 like-2
(TCF7L2), and recent studies have identified a strong association between at least 2 SNPS in
the TCF7L2 gene and type 2 diabetes [161,162]. These risk-conferring genotypes are also
strongly associated with impaired B-cell function, development and possibly survival
[163,164], while their adipose tissue expression may be associated with susceptibility of
obese individuals to developing diabetes [165].
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In addition to transcriptional events, TNFR-proximal events required for TNF-a-induced
anti-adipogenesis have been elucidated. Here, both secreted and transmembrane TNF-a can
inhibit adipogenesis via TNFR1 and a functional TNFR1-DD [4,47,166]. We have also
shown that TNF-a-induced maintenance of -catenin during anti-adipogenesis requires a
functional TNFR1-DD [47]. A number of signals downstream of this domain have been
linked to suppression of C/EBPa and PPARY. These include activation of ERK, JNK, IKKJ
and ceramide synthesis via aSMase [56,167], each of which has been suggested to exert
anti-adipogenic effects[57,68,88,167,168]. However, this contrasts with other reports
suggesting that inhibition of INK activation does not reverse TNF-a-mediated suppression
of PPARY expression [56,72]. Furthermore, ERK activation may stimulate PPARy
expression during the early stages of adipogenesis, possibly by enhancing C/EBPS activity
[169,170], and NFkB activity reportedly increases during adipogenesis without TNF-a
[171]. In contrast, exogenous ceramides do appear to mimic TNF-a actions to inhibit
adipogenesis by blocking the transcriptional activity of C/EBPp, resulting in suppression of
C/EBPa and PPARy mRNA [172]. However, the identities of the mediators in ceramide-
induced anti-adipogenesis remain unknown.

The dissection of upstream signals has been complicated by the fact that, unlike adipocytes,
preadipocytes can be particularly sensitive to TNF-a-induced cell death during anti-
adipogenesis. This is often enhanced when preadipocytes are pre-treated with inhibitors of
pro-survival signals, including NFkB. Indeed, ceramides are well known inducers of
apoptosis and this is entirely consistent with TNF-a-induced toxic signals emanating from
the TNFR1-DD. However pharmacological attempts to separate apoptotic signals from anti-
adipogenic signals have been notoriously difficult. Nonetheless, we and others have
demonstrated that picomolar concentrations of TNF-a can inhibit adipogenesis without
inducing cell death [47,56]. Furthermore, in our recent study we observed that knock down
of p-catenin in 3T3-L1 preadipocytes enhanced their sensitivity to TNF-a-induced cell
death. Taken together we speculate that the signals induced by TNFR1-DD that lead to anti-
adipogenesis in vitro are intricately involved in cell survival as well as differentiation.
Future investigations should shed light on the nature of these events and whether this is
relevant to adipose tissue plasticity and/or expansion in vivo.

6. TNF-a, brown adipose tissue and thermogenesis

Whereas white adipose tissue (WAT) is primarily responsible for storage and release of
surplus fuel and generation of endocrine signals, brown adipose tissue (BAT) specialises in
energy expenditure via beta-oxidation that is coupled to thermogenesis [173]. The
thermogenic capacity of BAT is an important factor that contributes to the development of
obesity-associated metabolic dysregulation. Indeed, obesity is associated with reductions in
thermogenically active BAT [32,53,174] and transgenic mice lacking BAT become obese
[173]. Conversely, increased UCP-1 expression in BAT is associated with protection against
metabolic syndrome in mice [175]. Numerous studies suggest that TNF-a can modulate the
thermogenic capacity of BAT. However, these studies have yielded conflicting results. For
example, some reports suggest that administration of TNF-a increases BAT thermogenic
activity, possibly by upregulating UCP expression [176,177]. This is consistent with the role
of TNF-a in mediating increased energy expenditure in catabolic states (e.g during
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cachexia). However, TNF-a may mediate these effects by targeting the central nervous
system, rather than BAT per se [178]. In contrast, some studies suggest that TNF-a impairs
BAT thermogenesis via downregulation of UCP-1 and $3-AR expression [53,151,179,180].
These discrepancies may result from differences in the experimental models used.
Nevertheless, compelling evidence for the role of TNF-a in obesity-associated alterations in
BAT thermogenesis comes from studies in obese mice that lack TNF-a function. Indeed, the
obesity-associated decreases in UCP-1 and B3-AR expression are attenuated in these mice
[53]. Accordingly, the lack of TNFRs significantly improves the thermoadaptive capacity of
obese animals [53].

TNF-a may also compromise BAT thermogenesis by promoting BAT atrophy or by
impairing BAT differentiation. Obesity is associated with increased apoptosis of brown
adipocytes [32], and several studies demonstrate that TNF-a can induce apoptosis of brown
adipocytes [32,53,181]. Similarly, TNF-a may prevent the differentiation of brown
adipocytes[180,182]. Several studies suggest that adrenergic stimulation promotes the
transdifferentiation of white adipocytes into brown adipocytes (reviewed in [173]). Indeed,
this phenomenon is significantly impaired in mice lacking the B3-AR [183]. Hence, by
downregulating B3-AR expression in WAT, TNF-a might indirectly attenuate the
transdifferentiation of white adipocytes into brown adipocytes and thereby impair
thermogenesis.

7. Summary

Although the oncolytic and cachectic properties of TNF-a have been studied for over a
century, the last decade alone has unveiled many new aspects of TNF-a action on adipocyte
biology. In addition to its role in inducing insulin resistance in adipose tissue, its local
actions can impact on whole body insulin sensitivity through increased FFA and altered
adipokine production. Furthermore, TNF-a can also significantly alter the lipid storage and
oxidative capacity of adipose tissues. Hence, adipose tissue-derived TNF-a can contribute to
the metabolic complications associated with obesity by altering both adipose tissue function
and expandability.

This multi-faceted nature of TNF-a is entirely in keeping with its multifunctional
classification and so it should come as no surprise that this potent cytokine is capable of
stimulating a variety of signalling pathways in a context-dependent manner. While the exact
components of these signals remain to be elucidated, it is becoming increasingly clear that a
complex network of signals emanating from the TNFR1 death domain converge with other
signalling pathways to influence cell fate determination and metabolism. It is likely that
these signals will vary significantly depending upon the amount and duration of exposure, as
well nutritional status and the extracellular milieu. However, as new ‘omic’ technologies
become available, it should be possible to investigate the influence of these additional
factors and better our understanding at a more global, systems level.
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STNF-a soluble tumour necrosis factor-alpha
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Fig. 1. Signalling pathways induced by TNF-a in adipose tissue
Upon TNFR1 activation the adapter molecule TRADD (TNFR-associated death domain

protein) interacts with the TNFR1-DD. TRADD recruits downstream adapter molecules
such as Fas-associated death domain protein (FADD), TNFR-associated factor 2 (TRAF2),
receptor-interacting protein 1 (RIP1) and mitogen-activated protein kinase (MAPK)-
activating death domain protein (MADD). These adapters then mediate the activation of
divergent downstream signalling pathways. Apoptosis. FADD recruits caspases such as
caspase 8 to TNFR1, thereby forming the TNFR1 death-inducing signalling complex
(DISC). This complex activates downstream caspases, leading to apoptosis. Ceramide
production: the TNFR1-DD activates acidic sphingomyelinase (aSMase), which hydrolyses
sphingolipids to produce ceramide. Ceramides can be converted into toxic lipids, such as the
ganglioside GM3. Ceramides and gangliosides may then mediate transcriptional effects,
possibly by activation of NFkB. Ceramides can also stimulate apoptosis and impair insulin
signalling, and both ceramide and caspases may inhibit AKT. NFkB activation: TRAF2
and RIP1 mediate NFxB activation by recruiting the IKK (inhibitor of NFkB (I1xB) kinase)
complex to TNFR1. TRAF2 interacts with IKKB and IKKa, and also promotes the K63-
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linked polyubiquitination of RIP1 (Ub, ubiquitin); Ubiquitinated RIP1 binds to IKKYy.
TRAF2 also recruits TAK1 (TGFB-activated kinase 1) to TNFR1 via an interaction with
TAB1 (TAK1 binding protein 1), which may result in activation of TAKZ1. This also brings
TAKT1 into close proximity of the IKK complex. TAK1 may activate IKKp either by
phosphorylating it directly, or by activating NIK (NFxB-inducing kinase), which then
phosphorylates IKKp. Active IKKf phosphorylates IxBa on conserved serines, leading to its
polyubiquitination and proteasomal degradation. This liberates the bound NF«B dimers (e.g.
the prototypical p65/p50 heterodimer), which translocate into the nucleus to mediate
transcriptional effects. MAPK activation: TNF-a activates various MAPKSs in adipocytes,
including ERK1/2, p38 MAPK and JNK, possibly via the adapter MADD. ERK1/2 and JINK
can each regulate transcription by suppressing the activity of PPARy. JNK may also exert
transcriptional effects via c-jun. JINK, ERK1/2, IKKf and other kinases have also been
implicated in TNF-a-induced serine phosphorylation of IRS-1, which suppresses insulin
signalling. Other effects: TNF-a can activate PKA (protein kinase A) by increasing cAMP
levels, possibly via transcriptional effects. TNF-a can activate the transcription factor NFAT
via Ca2*, however this has not been established in adipocytes. In preadipocytes TNF-a, can
stimulate transcription by TCF7L2 (transcription factor 7-like 2). The transcriptional effects
of TNF-a promote ER stress, oxidative stress and mitochondrial dysfunction, lipolysis and
altered adipokine expression, thereby compromising insulin signalling and adipocyte lipid
metabolism. TNFR2 may also mediate some effects of TNF-a in adipose tissue, albeit by
unknown mechanisms. Factors that have not been directly established in TNF-a-induced
signals in adipocytes are faded. Dashed lines indicate effects that are mediated by indirect or
unestablished mechanisms. Question marks indicate effects that remain to be fully
established. Genes written in red or green are upregulated or downregulated by TNF-a,
respectively.
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Fig. 2. Mechanisms of TNF-a-induced insulin resistance in adipose tissue
Insulin mediates metabolic effects by binding to the insulin receptor (IR). The IR has

intrinsic tyrosine kinase activity, and insulin binding promotes autophosphorylation of the
IR on key intracellular tyrosines. This allows the recruitment of insulin receptor substrates
(IRS) such as IRS-1. IR-bound IRS proteins are themselves phosphorylated on tyrosine
residues, allowing the activation of signalling pathways such as phosphatidylinositol 3-
kinase (PI3K) and AKT. These exert downstream effects such as translocation of GLUT4
from intracellular storage vesicles to the plasma membrane. Protein tyrosine phosphatases
(PTPases) can abrogate IR-proximal signalling. TNF-a also impairs IR-proximal signalling
through the activation of IRS serine kinases and the production of toxic lipids, as described
in Figure 1. TNF-a further compromises insulin action through transcriptional effects,
possibly mediated via NFkB activation. These cause downregulation of components
required for insulin responsiveness and upregulation of factors that may further impair both
local and systemic insulin sensitivity, such as SOCS-3. Transcriptional effects may also
promote cellular stresses that can impair insulin signalling. Thiazolidinediones (TZD) impair
TNF-a-induced insulin resistance. Black arrows indicate effects that promote insulin
signalling. Red arrows indicate effects that antagonise insulin signalling. Effects on gene
expression are indicated as described in Fig. 1.
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Fig. 3. Effects of TNF-a on adipocyte lipid metabolism and lipolysis

(A) Pathways involved in adipocyte lipogenesis and their modulation by TNF-a. Adipocytes
take up glucose, glycerol and FFA from serum and convert these to triglycerides via
numerous biochemical pathways. White boxes indicate the nature of the pathways involved.
TNF-a modulates the expression of many of the enzymes and other proteins that regulate
these pathways, thereby compromising adipocyte triglyceride storage. (B) Mechanisms of
TNF-a-induced lipolysis in adipocytes. During lipolysis triglycerides are hydrolysed into
FFA and glycerol. Stimulus-induced lipolysis is mediated by hormone-sensitive lipase
(HSL), whereas basal lipolysis may be regulated by adipose triglyceride lipase (ATGL).
Lipolysis is further regulated by the perilipins, a family of phosphoproteins that are localised
at the surface of lipid droplets in adipocytes. Perilipins normally inhibit lipolysis by
preventing access of lipases to the lipid droplets. PKA stimulates lipolysis by
phosphorylating HSL and the perilipins. This activates HSL and enables it to access
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substrates in the lipid droplets. Downregulation of cAMP by phosphodiesterases (PDE) or
stimulation of Gja-coupled receptors abrogates PKA activation and thereby inhibits
lipolysis. TNF-a stimulates lipolysis via a glucose-dependent mechanism that likely
involves transcriptional effects. These may be mediated via INK, ERK1/2 and NFkB,
resulting in upregulation of cCAMP and downregulation of perilipins. Some of these effects,
such as downregulation of Gja subtypes, are specific to rodent adipocytes. Arrows and gene
names in red and green indicate upregulation and downregulation, respectively. PEPCK,
phosphoenolpyruvate carboxykinase; ACC, acetyl-CoA carboxylase; FAS, fatty acid
synthase; FABP, fatty acid-binding protein; FAT, fatty acid translocase; ACS, aceyl-CoA
synthetase long chain; DGATL, diacylglycerol acyltransferase 1; AQP7, aquaporin 7; GK,
glycerol kinase; G3PDH, glyceraldehyde-3-phosphate dehydrogenase; PFK,
phosphofructokinase; PGK, phosphoglycerate kinase; PK, pyruvate kinase; PC, pyruvate
carboxylase; PDH, pyruvate dehydrogenase; TCA, tri-carboxylic acid; CPT1 carnitine
palmitoyltransferase 1; OXA, oxaloacetate; PEP, phosphoenol pyruvate; TG, triglyceride;
VLDL, very low-density lipoprotein.
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