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Background: A previous study has demonstrated that endurance training under hypoxia results in a
greater reduction in body fat mass compared to exercise under normoxia. However, the cellular and
molecular mechanisms that underlie this hypoxia-mediated reduction in fat mass remain uncertain.
Here, we examine the effects of modest hypoxia on adipocyte function.

Methods: Differentiated 3T3-L1 adipocytes were incubated at 5% O, for 1 week (long-term hypoxia, HL)
or one day (short-term hypoxia, HS) and compared with a normoxia control (NC).

Results: HL, but not HS, resulted in a significant reduction in lipid droplet size and triglyceride content (by
50%) compared to NC (p < 0.01). As estimated by glycerol release, isoproterenol-induced lipolysis was sig-
nificantly lowered by hypoxia, whereas the release of free fatty acids under the basal condition was
prominently enhanced with HL compared to NC or HS (p < 0.01). Lipolysis-associated proteins, such as
perilipin 1 and hormone-sensitive lipase, were unchanged, whereas adipose triglyceride lipase and its
activator protein CGI-58 were decreased with HL in comparison to NC. Interestingly, such lipogenic pro-
teins as fatty acid synthase, lipin-1, and peroxisome proliferator-activated receptor gamma were
decreased. Furthermore, the uptake of glucose, the major precursor of 3-glycerol phosphate for triglycer-
ide synthesis, was significantly reduced in HL compared to NC or HS (p < 0.01).

Conclusion: We conclude that hypoxia has a direct impact on reducing the triglyceride content and lipid
droplet size via decreased glucose uptake and lipogenic protein expression and increased basal lipolysis.
Such an hypoxia-induced decrease in lipogenesis may be an attractive therapeutic target against lipid-
associated metabolic diseases.
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1. Introduction

Excessive lipid accumulation in adipocytes is a central feature
of obesity and metabolic syndrome. The excess energy is primarily
stored as triacylglycerol (TAG) in the lipid droplets (LDs) of mam-
malian adipose tissue; when the stored energy is required, such as
during starvation and exercise, the TAG reserves are hydrolyzed to
supply fatty acids (FAs) to various tissues by a process called lipol-
ysis. Thus, physiological strategies, such as exercise training aimed
at fat loss through active lipolysis in adipocytes (i.e., fat mobiliza-
tion) and FA oxidation in muscles (i.e., fat utilization), have become
the preferred therapy against metabolic disorders.

Wiesner et al. previously demonstrated that endurance training
under a hypoxic condition resulted in a greater reduction in body
fat mass in comparison to exercise under a normoxic condition
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[1]. However, the cellular and molecular mechanisms that underlie
this reduced fat mass by hypoxia remain uncertain.

By interacting with one another, LD-associated proteins, such as
perilipin, hormone-sensitive lipase (HSL), adipose triglyceride li-
pase (ATGL), and its co-activator comparative gene identification
(CGI)-58 (also called o,B-hydrolase domain-containing [ABHD] 5),
are purported to play important roles in regulating fat storage
and mobilization [2-7]. In brief, a significant amount of FAs pro-
duced by TAG hydrolysis is re-esterified into TAG, leading to the
formation of micro-LDs (mLDs) at the endoplasmic reticulum
(ER), even during active lipolysis. mLDs are coated with perilipin
(peri), HSL, CGI-58 (CGI), and ATGL and are the active sites of lipol-
ysis [5]. Indeed, our recent paper investigated the effects of exer-
cise-inducible factors, including reactive oxygen species (ROS),
lactate-inducible signals, increased cellular calcium levels, AMP-
activated protein kinase (AMPK), and nitric oxide (NO), on the lev-
els of LD-associated proteins to assess the putative factors that are
induced by exercise training to activate lipolysis in differentiated
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3T3-L1 adipocytes. We demonstrated that lipolytic activity was
increased by exercise-inducible factors in accordance with the
elevated expression of LD-associated proteins [8]. Accordingly,
we hypothesized that hypoxia in adipose tissue could enhance
lipolytic activity by increasing the levels of LD-associated proteins,
thereby diminishing lipid storage in adipocytes.

However, it has been reported that adipose tissue becomes hyp-
oxic in obesity as the tissue mass expands and clusters of adipocytes
become distant from the vasculature [9-11]. Trayhurn’s group pub-
lished reports that O, tension within white adipose tissue (WAT) is
48 mm Hg in lean mice and 55 mm Hg in humans of normal weight,
which is equivalent to 6-7% O,, and is 15 mm Hg in obese mice,
which is equivalent to 2% O, [10,12]. Indeed, the hypoxia marker hy-
poxia inducible factor 1o (HIF-1at) is increased in obese mice
[13,14]. Furthermore, the expression and release of adiponectin,
which has both anti-inflammatory and insulin-sensing actions, is
reduced in response to hypoxia, whereas such inflammation-associ-
ated genes as interleukin-6 (IL-6), leptin, and vascular endothelial
growth factor (VEGF) are up-regulated [12,15]. Hypoxia also inhib-
its insulin signaling in adipocytes, which would be associated with
the establishment of an insulin-resistant state during obesity [16].
These responses suggest that hypoxia may lead to the metabolic
and functional maladaptation of adipose tissue, a notion that
contradicts our hypothesis that hypoxia might elicit augmented
LD-associated proteins, hence increasing lipolytic activity and
diminishing lipid storage in adipose tissue.

Elucidating the cellular and molecular mechanisms that under-
lie the reduction in fat mass under hypoxia is very important for
the application of endurance exercise programs under hypoxia to
obese patients. Thus, the aim of this study was to provide insight
into the cellular and molecular mechanisms underlying the effects
of hypoxia on the remodeling of adipocytes, mainly in terms of
basal and catecholamine-stimulated lipolytic activity based on
the levels of LD-associated proteins. Because cell culture studies
in hypoxic adipocytes have compared cells at 21% O, with those
at 1% O,, which represents relatively severe hypoxia [12], we
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(A) Cytochemical images of differentiated 3T3-L1 adipocytes

investigated the effects of incubation at 5% O, which is slightly less
than the O, tension within WAT and hence may represent physio-
logical hypoxia, as short-term (24 h) and long-term (1 week) hy-
poxia in 3T3-L1 adipocytes.

2. Materials and methods
2.1. Cell culture

All reagents for cell culturing were obtained from Wako (Osaka,
Japan), unless otherwise indicated. The cell culture procedure was
the same as in our previous report [5] (see Supplemental
materials).

2.2. Experimental design

At 5 days after the induction of differentiation, the 3T3-L1 adi-
pocytes were divided into three groups. In the normoxia control
(NC) group, the cells were incubated normally with the growth
medium at 21% O, for 1 week. The cells in the long-term hypoxia
(HL) group were incubated with the growth medium at 5% O, for
1 week. In the short-term hypoxia (HS) group, the cells were incu-
bated with the growth medium at 21% O, for 6 days and then 5% O,
for one day. At day 12, the cells in all groups were used for bio-
chemical analyses.

2.3. Lipolytic stimulation

For the biochemical studies, lipolytic stimulation was applied to
differentiated 3T3-L1 adipocytes, as in our previous report [5] (see
Supplemental materials).

2.4. Optical microscopy

All reagents for microscopy were obtained from Wako (Osaka,
Japan), unless otherwise indicated. Differentiated 3T3-L1 cells
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Fig. 1. The effects of hypoxia on lipid storage in 3T3-L1 adipocytes images of the optical microscopy (A) and TAG content (B) are shown. Well-differentiated 3T3-L1
adipocytes in the NC group possessed abundant, large LDs, whereas numerous small LDs were observed in the HS group; in the HL group, the cells possessed a small number
of small-sized LDs. The TAG content in the HL group was significantly decreased compared to the NC group and HS group. **p < 0.01 vs. NC; *#p < 0.01 vs. HS. Bar, 100 um.
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were fixed with PBS containing 3.7% paraformaldehyde (PFA) for
15 min at room temperature. To assess cell viability, the differenti-
ated 3T3-L1 cells were stained with trypan blue dye, according to
the manufacturer’s instructions, and then fixed with PBS contain-
ing 3.7% PFA for 15 min at room temperature. After washing with
PBS, the cells were mounted and observed using light and fluores-
cence microscopy (Biozero, Keyence, Osaka, Japan) [5].

2.5. Western blotting

3T3-L1 cells were washed with PBS and directly dissolved in
heated SDS-PAGE sample buffer [5]. Aliquots of the extracts were
subjected to SDS-PAGE and transferred to a nitrocellulose mem-
brane. The blots were probed with an antibody (see Supplemental
materials). The signals were detected using the ECL method (GE
Healthcare Life Science, Fairfield, CT, USA).

2.6. Measurement of triacylglycerol (TAG) storage

3T3-L1 cells were grown in 12-well dishes. Differentiated cells
at day 12 were washed twice with Hank’s buffer and harvested
in a lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 2 mM
EDTA, and 1% Triton X-100). TAG was measured using a TG E-test
kit (Wako) [5].

2.7. Release of glycerol and FAs

Lipolytic activity was analyzed in differentiated 3T3-L1 adipo-
cytes as in our previous report [5] (see Supplemental materials).

2.8. Measurement of glucose uptake

3T3-L1 cells were grown in 12-well dishes. Differentiated cells
were washed twice with Hank’s buffer and incubated with DMEM
containing 2% fatty acid-free BSA/20 mM HEPES-NaOH (pH 7.4) at
37°C for 16 h. After incubation, aliquots of the medium were
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collected and assayed for the glucose content using a Glucose II-test
kit (Wako, Osaka, Japan). Glucose uptake was calculated as follows:

Glucose Uptake(mg/dl/h) = (GCresh — GCincubation)/ 16,

where GCfresh is the glucose concentration in the fresh medium and
GCincubation is the glucose concentration in the incubated medium.

2.9. Statistical analysis

The differences between the groups were assessed by a one-
way analysis of variance (ANOVA). A Bonferroni/Dunn post hoc test
was used in the event of a significant (p < 0.05) ratio. All the results
are presented as the means + S.E.M.

3. Results

3.1. Long-term hypoxia decreased the size of LDs and lipid storage in
3T3-L1 adipocytes

We first examined whether long- or short-term hypoxia de-
creased lipid storage in 3T3-L1 adipocytes. As shown in Fig. 1A,
well-differentiated 3T3-L1 adipocytes in the NC group possessed
abundant, large LDs, whereas numerous small LDs were observed
in the HS group. The most striking observation was that the 3T3-
L1 adipocytes in the HL group possessed few LDs and that those
LDs were small. Actually, the TAG content in the HL group was sig-
nificantly decreased compared to the NC and HS groups (p < 0.01)
(Fig. 1B). Cell viability of the NC, HS, and HL groups was
86.4 +1.7%, 79.6 + 2.9%, and 78.8 + 1.7%, respectively, with no sig-
nificant differences among the groups.

3.2. Long-term hypoxia increased basal lipolysis in 3T3-L1 adipocytes
Given the decrease in lipid storage due to long-term hypoxia,

we hypothesized that long-term hypoxia would increase basal
and/or catecholamine-stimulated lipolytic activity. Glycerol
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Fig. 2. The effects of hypoxia on basal and catecholamine-stimulated lipolysis Glycerol and FA release into the medium were measured under the basal condition (A) and
catecholamine-stimulated condition (B). (A) Glycerol release in the HS group was significantly decreased compared to the NC and HL groups under the basal condition. FA
release in the HL group was significantly increased compared to the NC and HS groups under the basal condition. (B) Glycerol release in the HS group was significantly
decreased compared to the NC group, and that in the HL group was significantly decreased compared to the NC and HS groups under the catecholamine-stimulated condition.
FA release in the HS and HL groups was significantly decreased compared to the NC group under the catecholamine-stimulated condition. **p < 0.01 vs. NC; #*#p < 0.01 vs. HS.
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Fig. 3. The effects of hypoxia on the expressions of HIF1a and lipid-associated proteins (A) HIF1a expression is shown. Long-term hypoxia tended to increase the expression
of HIF1o. (B) The levels of perilipin 1, HSL, CGI-58, and ATGL were measured by western blotting. Short- and long-term hypoxia tended to decrease the levels of perilipin 1 and
HSL and significantly decreased the levels of CGI-58 and ATGL. **p < 0.05, **p <0.01 vs. NC.

release and FA release into the medium were measured for cells
incubated with a growth medium for 16 h (i.e., basal condition).
The amount of glycerol release, which represents total lipolytic
activity in adipocytes because glycerol produced during lipolysis
is not efficiently phosphorylated and used for TAG synthesis due
to the poor activity of glycerol kinase in adipocytes [17,18], was
significantly decreased in the HS group (Fig. 2A). Conversely, a sig-
nificant amount of FA release was obtained in the HL group,
whereas little FA release was measured in the NC and HS groups
(Fig. 2A).

Catecholamine-stimulated lipolysis demonstrated that short-
term hypoxia significantly decreased glycerol release when
compared to the NC group, and long-term hypoxia further de-
creased glycerol release (Fig. 2B). Similarly, FA release in the NC

group was significantly higher than that in the HS and HL groups
(Fig. 2B).

3.3. Hypoxia decreased lipid-associated proteins in 3T3-L1 adipocytes

By interacting with each other, lipid-associated proteins, such
as perilipin 1, HSL, ATGL, and CGI-58, are purported to play impor-
tant roles in regulating fat storage and mobilization [2-7]. There-
fore, we analyzed the expression levels of lipid-associated
proteins. Initially, we assessed HIF-1a expression and found that
long-term hypoxia tended to increase the level of this protein
(Fig. 3A). Further analyses demonstrated that short- or long-term
hypoxia tended to decrease the levels of perilipin 1 and HSL and
significantly decrease the levels of CGI-58 and ATGL (Fig. 3B).
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Fig. 4. The effects of hypoxia on basal glucose uptake, glucose transporters, and the expressions of lipogenic proteins (A) The glucose uptake under the basal condition is
shown. Long-term hypoxia significantly decreased glucose uptake under the basal condition. (B) The levels of Glut 1 and Glut 4 are shown. Hypoxia tended to decrease the
levels of glucose transporters. (C) The levels of FAS, PPAR-v, and lipin-1 and the p-Akt/t-Akt ratio are shown. Long-term hypoxia significantly decreased the levels of FAS and
lipin-1 and the p-Akt/t-Akt ratio. Hypoxia tended to decrease the levels of PPAR-y. *p < 0.05, **p < 0.01 vs. NC; #*#p < 0.01 vs. HS.

3.4. Hypoxia decreased basal glucose uptake and lipogenic proteins in
3T3-L1 adipocytes

We next examined whether hypoxia decreased de novo lipo-
genesis, thereby decreasing lipid storage by measuring glucose
uptake under the basal condition, as glucose is a precursor of
glycerol-3-phosphate. As expected, long-term hypoxia signifi-
cantly decreased glucose uptake under the basal condition
(Fig. 4A), and the expression of Glut 1 and Glut 4 tended to
decrease (Fig. 4B). In addition, we assessed the expression levels
of lipogenic proteins [19-21] and found that long-term hypoxia
significantly decreased the levels of FAS and lipin-1 and the
p-Akt/t-Akt ratio (Fig. 4C); hypoxia similarly tended to decrease
the levels of PPAR-y (Fig. 4C).

4. Discussion

A previous study has demonstrated that endurance training
under hypoxia resulted in greater reduction in body fat mass com-
pared to exercise under normoxia [1]. Accordingly, we hypothe-
sized that hypoxia in adipose tissue could enhance lipolytic
activity by increasing the levels of LD-associated proteins, thereby
diminishing lipid storage in adipocytes. We, for the first time,
found that incubation with 5% O, for 1 week prominently reduced
the lipid droplet size and triglyceride content (by 50%) in 3T3-L1
adipocytes compared to normoxia, whereas the levels of such
LD-associated proteins as perilipin, CGI-58, HSL, and ATGL signifi-
cantly or tended to decrease with long-term hypoxia. As a conse-
quence, catecholamine-stimulated lipolysis was significantly
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decreased by long- and/or short-term hypoxia. Under the basal
condition, glycerol release in response to long-term hypoxia was
restored to the normoxic control levels, whereas FA release was
drastically increased in response to long-term hypoxia. Because
augmented FA release from adipose tissue is a risk factor for FA ele-
vation in the circulation, which contributes to systemic insulin
resistance in obesity [14,16], augmented FA release under the basal
condition by long-term hypoxic exposure might be implicated in
the development of insulin resistance in adipocytes.

The glycerol produced by lipolysis in adipocytes is not effi-
ciently reused as the partner of FA re-esterification but is largely
released from the cells due to the poor activity of glycerol kinase,
which is essential for the production of glycerol 3-phosphate, a
key substrate for TAG synthesis [17,18]. Therefore, glycerol release
into the medium represents the lipolytic activity of adipocytes [5].
Under the basal condition, glycerol release was significantly de-
creased by short-term (24 h) hypoxia, a result that does not agree
with previous studies in which glycerol release was significantly
increased in response to short-term (16 h or 24 h) hypoxia in
3T3-L1 adipocytes [14,16]. The possible reason for the difference
in glycerol release in response to short-term hypoxia may be that
the present study used 5% O,, whereas the previous studies used
1% O, a level that represents relatively severe hypoxia [12]. Glyc-
erol release in response to long-term hypoxia, however, was not
different from that of the normoxic control. The level of perilipin
1 expression might mediate basal lipolysis at the molecular signal-
ing level [2,22]. In the present study, we found that perilipin 1
expression tended to decrease in response to both long-term and
short-term hypoxia, concomitant with the decrease in HSL and
ATGL, pivotal lipases in adipocytes. Hence, it is difficult to clearly
explain the restored lipolytic activity in response to long-term hy-
poxia in terms of molecular signaling.

Although glycerol release into the medium, which represents
the lipolytic activity of adipocytes, did not decrease under the basal
condition, FA release was drastically elevated in response to long-
term hypoxia. We previously found that FAs are in large part re-
esterified under typical lipolytic conditions and are released into
the medium when re-esterification is blocked [5]. In the present
experimental setting, glycerol 3-phosphate, the partner of FA
re-esterification and the key substrate for TAG synthesis, is contin-
uously supplied de novo, mostly through glycolysis but not by
lipolysis at the intracellular LDs. In this study, glucose uptake
was reduced in response to long-term hypoxia, despite no statisti-
cal changes in the expression of Glut 1 and Glut 4. This result can
be interpreted that the supply of glycerol 3-phosphate decreased
due to reduced glucose uptake, resulting in reduced FA re-esterifi-
cation and increased FA release into the medium.

It is known that endurance training under hypoxia results in a
greater reduction in body fat mass compared to exercise under
normoxia [1]. Thus, we expected that catecholamine-stimulated
lipolysis might be enhanced concomitant with increased levels of
LD-associated proteins. However, catecholamine-stimulated glyc-
erol and FA release was significantly decreased in response to
short-term and long-term hypoxia, with reduced protein expres-
sion of such LD-associated proteins as CGI-58 and ATGL. Our recent
paper demonstrated that lipolytic activity was increased by exer-
cise-inducible factors, including ROS, lactate-inducible signals,
increased cellular calcium levels, AMPK, and NO, in accordance
with the elevated expression of LD-associated proteins [8].
Although it is not evident that hypoxia is an “exercise-inducible
factor” in adipocytes, we show for the first time that hypoxia
reduces LD-associated proteins, thereby decreasing catechol-
amine-stimulated lipolysis. Conceivably, hypoxia may augment
whole-body glucose metabolism, in particular, increasing glucose
transport into skeletal muscle, whereas fatty acid utilization is
compromised [23-25]. Carbohydrates are thought to be the

preferred fuel in hypoxia due to the higher yield of energy per mole
of oxygen: the energy equivalent of oxygen is 18.7 kJ/1, 19.6 kJ/I,
and 21.1 kJ/I for protein, fat, and carbohydrate, respectively [26].
Indeed, a low content of intramyocellular LDs was found in skeletal
muscle biopsies from high-elevation residents, suggesting a shift in
muscle metabolism toward a preferred reliance on carbohydrates
as substrates [27,28].

It is likely that hypoxia decreased de novo lipogenesis, thereby
decreasing lipid storage. Again, long-term hypoxia significantly de-
creased glucose uptake under the basal condition. In addition,
long-term hypoxia significantly decreased the levels of FAS and li-
pin-1 and the p-Akt/t-Akt ratio and tended to decrease the levels of
PPAR-y. Mylonis et al. demonstrated that the exposure of human
cells to 1% O, for 48 h caused TAG and LD accumulation via the in-
creased expression of lipin-1, which might enhance the conversion
of phosphatidic acid to diacylglycerol [20]. A possible reason for
the opposite response with regard to the expression of lipin-1 in
response to hypoxia may be that the present study used 5% O,
whereas the previous studies used 1% O-. In addition, the previous
study used non-adipocyte cells, whereas the present study used
3T3-L1 adipocytes, and the metabolic response to hypoxia could
be different between these cells. A limitation of this study is that
we are not able to exclude the possibility that hypoxia inhibits adi-
pocyte differentiation, thereby decreasing lipogenesis and TAG
storage. In fact, Kim et al. demonstrated that hypoxia attenuated
adipocyte differentiation by inhibiting PPAR-y expression [29],
and hypoxic exposure in the present study also tended to decrease
PPAR-7y expression. Overall, the present results suggest that hypox-
ia might decrease lipogenesis in adipocytes.

We conclude that hypoxia would have a direct impact on re-
duced triglyceride content and lipid droplet size by decreasing glu-
cose uptake and the expression of lipogenic proteins and
increasing basal lipolysis. However, as augmented FA release from
adipose tissue is a risk factor for FA elevation in the circulation,
which contributes to systemic insulin resistance in obesity
[14,16], augmented FA release under the basal condition by long-
term hypoxic exposure might be implicated in the development
of insulin resistance in adipocytes. Therefore, the adaptation of adi-
pocytes to a current hypoxic condition per se may not be beneficial
physiologically and pathologically. Nonetheless, the beneficial
adaptation of exercise training under hypoxia is not restricted to
adipose tissue but extends to other metabolically crucial tissues,
such as skeletal muscle and the liver [30-33]. In addition, exercise
and its inducible factors could in turn elicit favorable responses in
adipocytes (i.e., increased lipolysis-associated proteins and lipo-
lytic activity) [8]. Further in vivo studies using exercise training
under hypoxia are warranted to understand the beneficial effects
of hypoxia-induced decreases in lipogenesis in a more complex
systemic whole body and for controlling obesity.
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