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Abstract
We have proposed that hypoxia develops in adipose tissue (white) as tissue mass ex-
pands in obesity, this leading to the inflammatory response which is considered to un-
derpin the development of obesity-associated diseases. Direct evidence for hypoxia in 
adipose tissue in obesity has now been obtained in mice and in humans. Studies on 
adipocytes, both human and murine, in cell culture have shown that the expression 
and release of several inflammation-related adipokines, such as IL-6, leptin and VEGF 
are stimulated by low pO2. The production of adiponectin, which has anti-inflammatory 
and insulin-sensitising actions, is, however, inhibited. Glucose uptake and the release 
of lactate are increased in adipocytes by hypoxia, with a corresponding increase in the 
level of the GLUT1 and MCT1 transporters, consistent with a switch to glycolytic me-
tabolism. In preadipocytes, which do not normally synthesise leptin, low pO2 leads to 
induction of the expression and secretion of this key hormone. Recent studies suggest 
that there are important interactions between hypoxia and specific long-chain fatty ac-
ids in the production of inflammation-related adipokines. It is suggested that hypoxia 
has a pervasive effect on adipocyte physiology and is central to the dysregulation of 
adipose tissue function that occurs in obesity.  
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Introduction 
Hypoxia has traditionally been viewed 
as a phenomenon associated with high 
altitude and deep sea diving. Animals 
that live at altitude, or undergo deep 
dives, have evolved a series of physi�
ological adaptations in order to adjust 
to the challenge of a lack of oxygen. 
In the case of altitude, these adapta�
tions may be chronic for those spe�
cies that live at high elevations. Hy�
poxia has also been associated with 
certain pathological conditions, such 
as wound healing, ischaemic damage 
and the interior of tumours (1,2). Sol�
id tumours may be extremely hypoxic, 
and so much so that in their centre 
there may be minimal O2 and the local 
environment can be essentially anoxic 
(1,2). 
	H ypoxia is now increasingly un�
derstood to be a challenge to which 
specific cells are exposed in animals 
that live under conditions of nor�
mal environmental O2 pressure. In a 
number of tissues, the O2 tension has 
been shown to be well below that of 
arterial blood or of the general level 
of tissue oxygenation (2). Thus, while 
the pO2 of arterial blood is around 104 
mmHg and general tissue oxygenation 
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is 40-50 mmHg, pO2 values well below this have been reported 
for tissues such as the brain, spleen and retina (2). In the case of 
solid tumours, the pO2 can be as little as 1 mmHg, or even lower. 
	 The possibility that hypoxia occurs in adipose tissue in obes�
ity was first raised by our group in 2004 (3). It was suggested that 
as adipose tissue mass expands clusters of large adipocytes be�
come distant from the vasculature, resulting in relative hypoxia 
because of the reduced availability of O2. The normal diffusion 
distance of O2 across tissues is of the order of 100-200 µm, and 
in some instances the O2 tension has been reported to be close 
to zero at 100 µM from the vasculature (2). Since adipocytes are 
large cells, reaching up to 150 µm, or even 200 µm, in diameter in 
obesity (4), it is clearly probable that they can become hypoxic. 
The ‘hypoxia hypothesis’ proposes that localised O2-deprivation 
in large fat cells leads to an inflammatory response in order to 
increase blood flow and to stimulate angiogenesis (3,5). 
	In  this article, we consider the multiple effects of hypoxia on 
the function of adipocytes as the dominant and characteristic 
cell type within adipose tissue. We focus on our studies of hu�
man adipocytes since the most extensive investigations so far 
have been done on the fat cells of man.

White adipose tissue and inflammation 
Mature adipocytes amount to about 50% of the total cell content 
of the major white adipose tissue depots, but this can vary ac�
cording to site, age, and other factors. The adipocyte is a major 
secretory cell, releasing not only fatty acids as a fuel for other or�
gans during periods of negative energy balance, but also a mul�
tiplicity of other substances. These include lipid moieties such 
as prostaglandins and endocannabinoids, and a rapidly grow�
ing number (up to 100 to date) of protein factors and signals 
– the adipokines (3,6,7). The various protein factors and signals 
constitute the ‘adipokinome’. Since several adipokines, notably 
leptin and adiponectin, are hormones, adipocytes have become 
recognised as major endocrine cells. The adipokines are highly 
diverse in terms of function, being involved in appetite and en�
ergy balance, vascular haemostasis, blood pressure regulation, 
angiogenesis, lipid metabolism and insulin sensitivity (3, 6-9). 
	 Adipocytes secrete a number of cytokines, chemokines and 
acute phase proteins and other proteins related to inflammation 
and the inflammatory response (3,6-9). Indeed, in obesity there 
is a state of inflammation in the tissue which is reflected in an 
increased circulating level of several inflammatory markers, in�
cluding C-reactive protein, interleukin-6 (IL-6), plasminogen 
activator inhibitor-1 (PAI-1) and haptoglobin (10,11). The ex�
pression and secretion of a number of inflammation-related adi�
pokines is markedly elevated in adipose tissue in obesity; these 
include IL-6, tumor necrosis factor-alpha (TNF-α), monocyte 

chemoattractant protein-1 (MCP1), PAI-1, visfatin and apelin 
(3,10,11). However, in contrast to these factors the production 
and circulating level of the adipocyte-derived hormone adi�
ponectin declines with increased adipose tissue mass (12). 
	 The inflammatory response in adipose tissue in obesity and 
the major changes in the production of inflammation-related 
adipokines have been widely linked to the development of sever�
al obesity-associated diseases, particularly insulin resistance and 
the metabolic syndrome (8,9,11,13). Indeed, the link between 
inflammatory adipokines, insulin resistance and the metabolic 
syndrome is a crucial concept in obesity. However, the basis for 
the inflammatory response in adipose tissue as obesity develops 
has not been clear and the hypoxia hypothesis (3) is a direct at�
tempt to address the issue. 
	 The main pathway by which a low pO2 is signalled within 
cells involves the recruitment of hypoxia-sensitive transcrip�
tion factors. Several such factors have been described, including 
CREB and NFκB (14). However, the most important pathway 
is through the HIF-1 (hypoxia-inducible factor 1) transcription 
factor. HIF-1 consists of 1α and 1β subunits, HIF-1β being con�
stitutively expressed (1,2,15). There are three different forms of 
the HIF-α subunit, namely -1α, -2α and -3α (forming the cor�
responding transcription factors, HIF-1, HIF-2 and HIF-3), the 
breakdown of which occurs in the presence of O2 (15). The most 
important appears to be HIF-1α, which is stabilised when O2 
tension is low, enabling the functional transcription factor to be 
recruited (see Fig. 1), which binds to hypoxia response elements 
on a number (>70) of genes. 

Hypoxia in adipose tissue 
The occurrence of hypoxia in white fat depots in obesity has 
now been directly observed in obese mice. Hypoxia has been 
shown in mice made obese through the consumption of a high 
fat diet, and in obese ob/ob and KKAy mice (16-18). Two dif�
ferent approaches have been used to examine adipose tissue for 
hypoxia in obese mice – staining with pimonidazole (‘Hypoxy�
probe’), a chemical marker of hypoxia, and measurements with 
an O2 electrode. While the pimonidazole method is essentially a 
qualitative procedure (although relative quantitation is possible 
by western blotting), the studies with an O2 electrode have indi�
cated that the pO2 in the adipose tissue of obese mice is around 
15 mmHg, as compared with 45-50 mmHg in the lean (17). 
	 The studies showing hypoxia in adipose tissue in obese mice 
have recently been followed by similar results in humans for the 
abdominal subcutaneous fat depot (19). An inverse correlation 
between percent body fat and pO2 in adipose tissue was dem�
onstrated. However, the degree of hypoxia with increasing fat�
ness was relatively small in the human study and did not lead 
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Figure 1.  Overview of the recruitment of the HIF-1 transcription factor (and HIF-2 and -3) in response to hypoxia. HIF-1 binds 
to hypoxia response elements in a number of genes. HIF-1a, hypoxic inducible factor-1a; HIF-2a, hypoxic inducible factor-2a; 
HIF-3a, hypoxic inducible factor-3a; PHD, propyl hydrogenase domain proteins; VHL, von Hippel Lindau protein; Ub, ubiquitin; 
HIF-1b, hypoxic inducible factor-1b subunit; CBP/p300, cAMP binding protein binding protein/p300 subunit. 
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to the activation of the classical target genes of low O2 tension 
(19). Further work is clearly needed on humans, and in explor�
ing both in man and in animals whether there is a link between 
the degree of obesity and the extent of hypoxia. 
	 Analysis of adipose tissue of obese animals has demonstrated 
that the level of HIF-1α protein is increased (17), indicative of 
hypoxia. It is important to note, as we have done previously, that 
HIF-1α mRNA level is not a suitable marker of hypoxia; it is 
essential to measure HIF-1α protein since the mRNA level is re�
duced, rather than raised, under low O2 tension (20). GLUT1 
mRNA levels are increased in adipose tissue in obese mice (17), 
consistent with a state of hypoxia since GLUT1 is well-recog�
nised as a hypoxia-sensitive gene. Lactate levels are also raised, 
which is suggestive of a switch to glycolytic metabolism, and this 
is selective to adipose tissue with no increase in muscle lactate 
(16). Blood flow measurements with radioactively-labelled mi�
crospheres show reduced perfusion of adipose tissue in obese 
mice, and again this is specific to the tissue since the number of 
microspheres in muscle, kidney, lung and heart were unchanged 
(16). 
	 The expression of several genes encoding inflammation-relat�
ed adipokines is increased in adipose tissue in obesity, including 
IL-6, leptin, PAI-1 and macrophage migration inhibitory factor 
(MIF) (16,17). On the other hand, the expression of adiponec�
tin, with its anti-inflammatory and insulin-sensitising actions, 
is reduced. Although these changes in inflammatory adipokine 
expression are consistent with hypoxia, they are not necessarily 

a direct response to low O2 tension and other factors may be 
involved. 
 
Hypoxia in human adipocytes
In vitro studies using cell culture have been employed to explore 
the extent to which various adipokine genes are modulated by 
low O2 tension. This has been investigated in several studies, 
including in relation to angiogenesis (21) prior to the develop�
ment of the hypoxia hypothesis. Although the effects of hypoxia 
on fat cells have been examined in rodent adipocyte systems 
(16,17,21,22), such as the 3T3-L1 clonal cell line, studies have 
also been conducted on human adipocytes (23-25). In our own 
work on human adipocytes, we have used both adipocytes dif�
ferentiated from fibroblastic preadipocytes in primary culture 
(from Zen-Bio) and SGBS (Simpson-Golabi-Behmel Syndrome) 
cells (26). The latter are a cell strain in which preadipocytes have 
a high capacity for differentiation into mature adipocytes.
	 The basic protocol that we have employed in our studies, 
which is broadly similar to that of other groups, is to take adi�
pocytes at 10-15 days after the induction of differentiation, and 
to incubate them under either normoxic (21% O2) or hypoxic 
(1% O2) conditions for up to 24/48 h. The level of hypoxia cho�
sen is relatively standard in in vitro studies investigating the ef�
fects of low O2 tension, and the measurements in adipose tissue 
of obese animals suggest that it is equivalent to 2% O2 (1% O2 
equates to a pO2 of 7.6 mmHg). Furthermore, it appears that the 
cellular responses to hypoxia, at least in terms of the recruitment 
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of HIF-1, occurs at and below 5% O2 (2). Although most stud�
ies of adipocytes in culture have used 1% O2, there is a need to 
examine the response to differing levels of O2 (5% and below) to 
determine the extent to which the expression of various hypox�
ia-sensitive genes is modulated by different degrees of hypoxia.

Adipokines
Incubation of human adipocytes under hypoxic conditions up�
regulates the expression of several inflammation-related adipok�
ines. Thus the mRNA level of leptin, angiopoietin-like protein 
4 (Angplt4 – also known as fasting-induced adipose factor) IL-
6, MIF, PAI-1 and vascular endothelial growth factor (VEGF) 
were increased over 24 h (23). In the case of leptin, Angptl4 and 
VEGF the increases were substantial (>10-fold rise in mRNA). 
In contrast, adiponectin mRNA was decreased (23). Similar re�
sults have been reported for murine fat cells in most cases, in�
cluding particularly leptin, PAI-1 and adiponectin (16,17,21,22). 
Importantly, the alterations in gene expression in response to 
hypoxia are mirrored by parallel changes in the release of the ad�
ipokines themselves into the medium of the cultured adipocytes 
(22,23). Studies with the hypoxia mimetic CoCl2, which leads to 
the stabilisation of HIF-1α with the recruitment of functional 
HIF-1, indicate that in most cases the transcription of inflamma�
tory adipokine genes is HIF-1 dependent (23). 
	 The hypoxia-induced changes in adipokine production and 
release are consistent with the concept that O2-deprivation un�
derpins the development of inflammation in white adipose tis�
sue in obesity. However, there are no changes in the expression 
of some key inflammatory adipokines such as TNF-α and MCP-
1, at least in human adipocytes (23). Furthermore, subsequent 
studies have shown that IL-1β expression is reduced rather than 
increased in these adipocytes by hypoxia (27). Overall, it is evi�
dent that some, but by no means all, major inflammation-related 
genes are modulated in adipocytes by hypoxia.

PCR arrays and microarrays
A ‘candidate gene’ approach has been the most widely used strat�
egy for examining the effects of hypoxia on gene expression in 
adipocytes. However, we have also employed PCR arrays for the 
hypoxia signalling pathway in which the expression of a panel of 
85 hypoxia-sensitive genes was probed simultaneously by real-
time PCR (28). Application of these arrays to human adipocytes 
in culture has confirmed the hypoxia-sensitivity of several key 
genes in fat cells, including GLUT1, leptin, Angptl4 and VEGF. 
Several other genes were also identified as being sensitive to low 
O2 tension in adipocytes, including UCP2 and catalase (28). The 
expression of one particular gene, MT3 - a member of the metal�
lothionein family - was found to be dramatically induced by hy�

poxia, a >600-fold increase in MT3 mRNA level being observed 
over 24 h (28). 
	 The induction of MT3 gene expression in response to hypoxia 
was rapid (~100-fold increase in mRNA level in 60 min), selec�
tive to MT3 rather than other metallothioneins (MT2A mRNA 
level changed <2-fold) and HIF-1 dependent (28). However, 
MT3 itself was not detected in the adipocytes, but this may have 
been a reflection of the lack of sensitivity of the antibodies used 
to detect the protein. MT3 is suggested to be protective against 
toxic challenge, and a rapid and substantial induction of MT3 
expression has been described in astrocytes in culture where it 
is suggested that the protein plays a role in the protection of the 
brain against hypoxic damage (29). A similar protective func�
tion against hypoxic stress, including oxidative damage, may 
also underlie MT3 induction in adipocytes.
	In  a recent collaborative study, Agilent microarrays were used 
to screen the effects of hypoxia on global gene expression in hu�
man adipocytes (Trayhurn et al, unpublished results). These ar�
rays contain 44,000 probes and the expression of >1200 genes 
was found to be modulated by hypoxia using the stringent crite�
ria of a >2.0-fold difference in mRNA level (at P<0.01). Of these, 
>650 were up-regulated and >600 down-regulated. The genes 
that were upregulated included two members of the aquaporin 
(AQP) family of water transporters, aquaporin-3 and -5, while 
among those down-regulated were the peroxisome proliferative 
activated receptor γ coactivator-1α (PPARGC1A) and fatty acid 
binding protein 5 (FABP5). Overall, the full array studies dem�
onstrate that hypoxia has a profound effect on gene expression 
in human adipocytes. Full analysis of the microarray data is cur�
rently underway.

Glucose metabolism
The discussion so far has centred on adipokine production and 
this has been the main focus of studies on adipocytes in culture. 
The facilitative glucose transporter, GLUT1, is a hypoxia-sensi�
tive marker gene and is up-regulated, as noted above, in adipose 
tissue in obesity and in adipocytes in response to low O2 ten�
sion. A study on the effects of hypoxia on the panel of facilitative 
glucose transporters expressed by human adipocytes found no 
effects over 24 h on GLUT4, GLUT10 and GLUT12 mRNA level, 
but GLUT1, GLUT3 and GLUT5 expression was increased (24). 
GLUT1 protein was also markedly increased (approximately 10-
fold), suggesting that the capacity for glucose transport is raised 
by exposure to low O2 tension. That this is indeed the case was 
demonstrated by studies with 2-deoxy-D-glucose, the uptake of 
which was 3-fold higher in human adipocytes in hypoxia than 
in normoxia (24). Such a response reflects the reduction in oxi�
dative metabolism in conditions of low pO2 and the consequent 
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increased need to generate ATP by glycolysis.
	On e of the implications of increased glucose utilisation in 
hypoxia is that the production of lactate would be expected to 
increase. In a recent study, we have found that lactate release by 
human adipocytes in cell culture is indeed raised (30). We also 
found that human adipocytes express three of the proton-linked 
monocarboxylate transporters (MCTs) responsible for the trans�
port of lactate and similar metabolites across the plasma mem�
brane (31), namely MCT1, MCT2 and MCT4. Both MCT1 and 
MCT4 are up-regulated by hypoxia in adipocytes, and MCT1, 
but not MCT4, protein is increased and this is HIF-1 dependent 
(30). In other cell types, MCT4 protein as well as gene expres�
sion has been shown to be augmented by hypoxia (32). Overall, 
hypoxia in adipocytes at the nutrient level leads to an increase 
in glucose uptake through the recruitment of additional GLUT1 
transporters and this followed by increased lactate production 
which is removed from the cells by (in all probability) the re�
cruitment of MCT1 transporters. 
	 The fall in ATP production by oxidative metabolism that oc�
curs in hypoxia involves adaptations at the mitochondrial level 
with improvements in the efficiency of oxidative phosphoryla�
tion (33). The main site of O2 consumption is at complex IV, 
which comprises cytochrome c oxidase subunit 4 (COX4). How�
ever, this is not a maximally efficient process and some leakage 
can occur at complex III, resulting in the generation of reactive 
oxygen species. Recent studies in several cell types have shown 
that under conditions of low pO2, the mitochondrial protease, 
LON, is up-regulated and that this leads to the degradation of the 
COX4-1 subunit (33, 34). This subunit is then replaced through 
the up-regulation of COX4-2, which increases the efficiency of 
respiration. We have now found that similar events occur in hu�
man adipocytes, there being an up-regulation of COX4-2 and 
LON expression in response to hypoxia, with an accompanying 
fall in the expression of COX4-1 (Wang et al, unpublished re�
sults).

Insulin sensitivity
Although incubation under low O2 tension for 24 h has no effect 
on the expression of the insulin sensitive transporter, GLUT4, 
more prolonged exposure (48 h, or more) leads to a substantial 
fall in the mRNA level (35). This appears to be a specific effect, 
and not a result of cell damage, since GLUT1 mRNA level re�
mains elevated and the alterations in GLUT1 and GLUT4 ex�
pression are reversed on return to normoxia (35). Such a change 
in GLUT4 expression clearly has implications for insulin sen�
sitivity in adipose tissue. However, in two recent studies more 
acute exposure to hypoxia has been shown to lead to insulin 
resistance in adipocytes independent of any change in GLUT4. 

Although the basal transport of glucose may be increased in hy�
poxia, 2-deoxy-D-glucose studies indicate that insulin-stimulat�
ed uptake is inhibited (25,36). Furthermore, there are changes 
in the insulin signalling pathway, with for example a decrease in 
the phosphorylation of the insulin receptor and of components 
of the post-receptor signalling cascade (25, 36). 
	 These are important observations which directly link hypoxia 
in obesity to the associated insulin resistance independently of 
adipokines. As such, factors that are widely implicated in the 
modulation of insulin sensitivity, for instance adiponectin and 
IL-6, may in practise exacerbate insulin resistance rather than 
being critical to its initiation.

Interactions: hypoxia and fatty acids
Studies to date have essentially considered the effects of hypoxia 
independent of other influences on adipocyte function. In re�
cent experiments, we have begun to explore the potential inter�
action between low O2 tension and other factors which affect 
adipocytes, and in particular fatty acids. In these experiments, 
human adipocytes have been incubated with different fatty acids 
in both normoxia and hypoxia. Initial studies suggest that some 
long-chain fatty acids can modulate the effects of hypoxia on the 
expression of certain genes – responses that are both gene and 
fatty acid selective. For example, while neither hypoxia (1% O2) 
nor palmitate (250 μM) alone increase IL-1β mRNA level, to�
gether they have a stimulatory effect on the expression of this 
key inflammatory cytokine (de Oliveira et al., unpublished re�
sults). Similarly, palmitate and hypoxia have an additive effect 
on IL-6 and Angplt4 expression, but this does not occur with 
oleate (González-Muniesa et al., unpublished results). 
	 Apart from demonstrating the principle of selective interac�
tions between low O2 tension and other factors that can influ�
ence fat cell function, these exploratory studies suggest that the 
release of fatty acids from adipocytes following the activation 
of lipolysis could in some cases amplify the effects of hypoxia 
(and vice versa), particularly with respect to the production of 
inflammation-related factors. This could also be the case with 
fatty acids derived from the circulation.

Hypoxia and preadipocytes
Several studies have indicated that hypoxia inhibits the differen�
tiation of preadipocytes into adipocytes (37-39). This appears to 
involve, at least in part, a hypoxia-induced suppression of the ex�
pression of the PPARγ nuclear transcription factor which plays a 
central role in adipocyte differentiation (37). Most studies have 
focused on murine adipocyte systems, but our own studies have 
indicated that the differentiation of human preadipocytes is also 
suppressed by hypoxia (Wang, unpublished results) and PPARγ 
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�e�e express�o� �s ������ted (40).
 We �ave also exam��ed t�e eff e�ts of �ypox�a o� t�e expres�
s�o� a�d release of several key ad�pok��es �y pread�po�ytes. Th e 
most dramat�� o�servat�o�s related to lept�� (40). Th �s �ormo�e 
�s �ot �ormally sy�t�es�sed �y pread�po�ytes, �ts express�o� a�d 
se�ret�o� �e��� d�ff ere�t�at�o��depe�de�t, ��t� lept�� mR�A 
�e��� esse�t�ally ��dete�ta�le. �o�ever, �����at�o� of ��ma� 
pread�po�ytes �� �ypox�a res�lts �� a s��sta�t�al ��d��t�o� of 
lept�� �e�e express�o�. F�rt�ermore, �mm��orea�t�ve lept�� �s 
read�ly dete�ta�le �� t�e med��m of t�e �ells, demo�strat��� t�at 
pread�po�ytes sy�t�es�se a�d se�rete t�e �ormo�e �� respo�se 
to lo� p�2. W�et�er pread�po�yte�der�ved lept�� follo���� �y�
pox�a �� ad�pose t�ss�e �o�ld make a s����fi �a�t �o�tr���t�o� 
to t�e ��r��lat��� level of t�e �ormo�e �s ����ly pro�lemat��. 
�t may, �o�et�eless, �e of �mporta��e lo�ally ��t��� t�e t�ss�e 
t�ro��� a para�r��e role.
 �t�er �ells ��t��� ad�pose t�ss�e may also �e s���e�t to �y�
pox�a. Th e most o�v�o�s are t�e ma�rop�a�es t�at are �o� re��
o���sed to �e re�r��ted ��to t�e t�ss�e �� o�es�ty a�d ����� are 
�o�s�dered to �o�tr���te to t�e developme�t of ��fl ammat�o� 
(41,42). �ypox�a st�m�lates �e�e express�o� �� ma�rop�a�es, 
lead��� to a� a��me�tat�o� of t�e ��fl ammatory respo�se �� t�e 

�ells (17). �t �s also l�kely t�at t�e e�dot�el�al �ells ��t��� ad�pose 
t�ss�e ��ll �e s���e�t to �ypox�a a�d t�e express�o� of key �e�es 
mod�lated. 

Coda
�t �s ev�de�t t�at �ypox�a �a� �ave a pervas�ve eff e�t o� ad��
po�yte f���t�o� (F��. 2). Th �s ra��es from ��d����� a s��t�� 
to�ards �ly�olyt�� meta�ol�sm for t�e �e�erat�o� of ATP ��t� 
t�e �o�seq�e�t prod��t�o� of ex�ess la�tate, to ���reas��� t�e 
sy�t�es�s of key ad�pok��es s��� as lept�� a�d V��F. Th e ���
d��t�o� of ��s�l�� res�sta��e, ����� may o���r at several levels, 
�s a� �mporta�t example of �o� a lo� �2 te�s�o� �a� d�re�tly 
lead to �ell dysf���t�o�. Alt�o��� ��F�1α appears to �e a key 
fa�tor �� t�e tra�sm�ss�o� of t�e �ell�lar respo�se to �ypox�a �� 
ad�po�ytes, �t �s �mporta�t to �o�s�der t�e poss��le role of t�e 
��F�2α a�d ��F�3α s�����ts of ��F, as �ell as t�at of ot�er tra��
s�r�pt�o� fa�tors. 
 As �oted part���larly �� t�e �ase of pread�po�ytes, �ypox�a 
�as t�e pote�t�al to ��fl �e��e t�e f���t�o� of t�e ot�er �ell types 
��t��� ���te ad�pose t�ss�e a�d �ot ��st ad�po�ytes. Th �s may 
�� t�r� lead to ampl�fi �at�o�, or mod�lat�o�, of t�e �ross�talk 
�et�ee� t�e d�ff ere�t �ells �� t�e fa�e of �2�depr�vat�o�. A� �m�
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Adipokines
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Figure 2.  Summary of the eff ects of hypoxia on adipocyte metabolism. GLUT1, factilitative glucose transporter-1; HIF-1, hypox-
ia-inducible factor 1; MCTs, monocarboxylate transporters; TFs, transcription factors.
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portant issue is the mechanism by which low pO2 is sensed at the 
plasma membrane, and this is likely to involve specific hypoxia-
sensitive ion channels (43). Indeed, we have recently observed 
that expression of the KCNA1 (Kv1.1) ion channel is induced in 
human adipocytes by hypoxia (Wang et al, unpublished results); 
nevertheless, direct modulation of channel activity is of key im�
portance to the acute signalling of low O2 tension.
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