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Abstract 

Background: Hypoxia occurs within adipose tissue of obese human 

and mice. However, its role in adipose tissue regulation is still 

controversial. 

Methods: We used murine preadipocyte 3T3-L1 cells and hypoxia 

was induced by using hypoxia mimetic agents, as CoCl2. To study 

adipocyte differentiation, we evaluated the adipocyte markers 

(PPARγ, C/EBPα and aP2), and a preadipocyte marker (Pref-1) by 

qPCR, western blotting and immunofluorescence. Lipid 

accumulation was evaluated by Oil red-O assay and by analyzing 

perilipin levels by western blotting and immunofluorescence. The 

effect of CoCl2 in microRNAs, miR-27a and miR-27b, levels was 

evaluated by qPCR. We also assessed the mitochondrial membrane 

potential, reactive oxygen species (ROS), superoxide and ATP 

production. The effect of hypoxia mimetic in autophagy was 

determined by LC3B and p62 levels evaluation by western blotting. 

Results: Our results show that the hypoxia mimetic cobalt chloride 

increases lipid accumulation with no expression of PPARγ2. 

Furthermore, using qPCR we observed that the hypoxia mimetic 

increases microRNAs miR-27a and miR-27b, which are known to 

block PPARγ2 expression. In contrast, cobalt chloride induces 

mitochondrial dysfunction, and increases ROS production and 

autophagy. Moreover, an antioxidant agent, glutathione, prevents 

lipid accumulation induced by hypoxia mimetic indicating that ROS 

are responsible for hypoxia-induced lipid accumulation. 

Conclusions: All these results taken together suggest that hypoxia 

mimetic blocks differentiation and induces autophagy. Hypoxia 

mimetic also induces lipid accumulation through mitochondrial 

dysfunction and ROS accumulation. 
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General Significance: This study highlights the importance of 

adipocyte response to hypoxia, which might impair adipocyte 

metabolism and compromise adipose tissue function. 

 

Key words: hypoxia, adipogenesis, mitochondrial dysfunction, 

reactive oxygen species, autophagy 
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1. Introduction 

Obesity is characterized by an excessive increase of white adipose 

tissue, which is associated with an oxygenation reduction of adipose 

tissue in mice and humans [1-4]. Adipocytes become hypertrophic 

during the development of obesity, becoming larger than the 

diffusion distance limit of oxygen [5, 6]. Therefore, oxygen is not able 

to reach the cells causing local hypoxia in expanding adipocytes. 

Cellular response to hypoxia is manifested by the activation of the 

hypoxia-inducible factor-1 (HIF-1), a heterodimeric transcription 

factor that is considered a molecular oxygen sensor [7]. HIF-1 

mediates the cellular response to hypoxia, regulating several target 

genes that encode for proteins involved in angiogenesis, cell 

proliferation, apoptosis and energy metabolism [8]. It is clear that 

hypoxia is an important condition that regulates white adipose tissue 

homeostasis, being a major contributor for adipose tissue 

dysfunction in obesity. 

The formation of adipose tissue is dependent on preadipocyte 

differentiation to adipocytes, which are mature cells specialized in 

lipid accumulation. This differentiation process is called 

adipogenesis and it is driven by the coordinated expression of 

various transcription factors, such as the peroxisome proliferator-

activated receptor 2 (PPARγ2), CCAAT/enhancer binding protein α 

(C/EBPα) and adipocyte Protein 2 (aP2) [9]. Given the importance of 

oxygen levels for energy homeostasis and cell differentiation, 

hypoxic condition regulates adipocyte differentiation [10, 11]. The 

effect of hypoxic status on lipid accumulation is controversial, since 

there are conflicting reports, which describe hypoxia as both 

increasing and decreasing cytoplasmic lipid accumulation [10, 12-

14]. It has been demonstrated that hypoxia inhibits adipogenesis 
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through decreasing PPARγ2 expression [10, 11]. In addition, HIF-1 

suppresses fatty acid β-oxidation and this mechanism is responsible 

for adipose tissue expansion attenuation [15]. Furthermore, most of 

the studies about the role of hypoxia on adipocytes describe its 

effect either on lipid accumulation or on PPARγ expression. 

However, hypoxia may also lead to changes in other intracellular 

pathways, in particular mitochondrial dysfunction, production of 

reactive oxygen species (ROS), and also the formation of 

microRNAs (miRs), which can modify differentiation and lipid 

accumulation within adipocytes. As adipogenesis occurs, adipocytes 

store lipids in the form of triglycerides in lipid droplets, which are 

considered a marker of differentiated adipocytes. However, it was 

described that lipid accumulation can occur in adipocyte and non-

adipocyte cell models independently of differentiation status and 

PPARγ and as a consequence of mitochondrial dysfunction [16, 17] 

or apoptosis [18]. Moreover, it has been reported that microRNAs 

modulate adipocyte differentiation [19, 20]. The miR-143 induces 

preadipocyte 3T3-L1 differentiation and the miR-130 is involved in 

the blockage of PPARγ expression [19-21]. In addition, miR-27a and 

miR-27b levels are higher in adipose tissue of obese ob/ob mice 

than in lean animals [22]. However, it was also described that miR-

27a was down-regulated in mature adipocytes of high-fat diet-fed 

obese mice comparing to normal chow diet-fed lean mice [23]. 

Although there are some works about the effect of miRs on 

adipocyte differentiation, the effect of hypoxia on miRs regulation in 

adipose tissue is not well known. 

Autophagy is known to be necessary to normal adipocyte 

differentiation [24]. Moreover, it is known that hypoxia can induce 

autophagy in other non-adipose cells [25, 26], few works report the 
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effect of autophagy in adipose tissue [24]. Using either the 3T3-L1 

cell line or mouse embryonic fibroblasts, normal adipogenesis is 

associated with increased autophagic activity [24, 27], but it is 

described that autophagy is increased in the adipose tissue of obese 

individuals [28]. 

The aim of this work is to evaluate the role of hypoxia mimetic, 

cobalt chloride, on the normal physiology of adipocytes, by 

determining lipid accumulation, PPARγ2 expression, miRNA 

expression, mitochondrial changes and autophagy. We 

hypothesized that lipid accumulation in adipocytes, induced by 

hypoxia mimetic, is due to mitochondrial dysfunction and that 

hypoxia induces autophagy. 

 

2. Materials and Methods 

2.1. Cell culture 

3T3-L1, a murine preadipocyte cell line (American type Culture 

Collection – LGC Promochem) was plated in 22.1 cm2 flasks and 

was maintained in high glucose (4.5 g/L D-glucose) Dulbecco’s 

Modified Eagle Medium (DMEM-HG; Sigma) with phenol red, 

supplemented with 10% (vol/vol) heat-inactivated fetal bovine 

serum, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5 mM l-

glutamine and 1.5 g/L NaHCO3 at 37 °C and 5% CO2/air. 

 

2.2. Cell Differentiation protocol 

Preadipocytes were plated in 24-well plates (25000 cells/well) until 

they reached confluence (day 0). After 2 days, the medium was 

removed and replaced by DMEM-HG supplemented with a cell 

differentiation cocktail: 3-isobutyl-1-methylxanthine (IBMX, 0.5 mM) 

and dexamethasone (0.25 μM) (day 2) (Sigma). After 3 days (day 5), 
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the culture medium was changed to DMEM-HG without the 

differentiation cocktail. Every 2 days, the medium was renewed until 

day 9. 

 

2.3. Experimental Conditions 

For the positive control, it was used insulin (1 μg/mL) (Sigma). To 

evaluate the effect of hypoxia on adipogenesis, 3T3-L1 

preadipocytes were treated with CoCl2 (100 µM) or deferoxamine 

mesylate (DFO) (100 µM) (Sigma), hypoxia mimetic agents. 

Mitochondrial complex I inhibitor, rotenone (1 µM) or Glutathione 

(GSH) (50 µM) (Sigma) were added to the medium (without insulin) 

to evaluate their effect on adipocytes differentiation. 

 

2.4. Lipid accumulation quantification by Oil red-O staining 

Seven days after induction of preadipocyte differentiation, cells were 

washed twice with phosphate buffered saline (PBS) and fixed with p-

formaldehyde (4% in PBS) for 30 minutes at room temperature. 

Cells were then washed twice with PBS, once with distilled water, 

and stained with Oil Red-O dye (6:4, 0.6% Oil red-O dye in water) 

(Sigma) for one hour before being washed three times with water. 

Finally, Oil red-O staining was dissolved in 200 μL of isopropanol, 

and the absorbance measured at 500 nm.  

 

2.5. Oil Red-O fluorescent staining 

Prior to the permeabilization step of immunofluorescence protocol, 

cells were washed twice with PBS and fixed with p-formaldehyde 

(4% in PBS) for 30 minutes at room temperature. Cells were then 

washed twice with PBS and stained with Oil Red-O dye (6:4, 0.6% 
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Oil red-O dye in water) for one hour before being washed three 

times with PBS.   

 

2.6. Immunofluorescence 

Following fixation with p-formaldehyde (4% in PBS) and 

permeabilization with Triton-X100 (1% in PBS), nonspecific binding 

was blocked with 3% bovine serum albumin (BSA) and 0.2% 

Tween20 in PBS. Cells were incubated overnight at 4 ºC with the 

following primary antibodies, rabbit anti-PPARγ (1:500; Santa Cruz 

Biotechnology), rabbit anti-perilipin A (1:100; Cell Signalling), mouse 

anti-pref-1 (1:500; Abcam), or mouse anti-HIF-1α (1:1000; Abcam). 

After rinsing with PBS, the cells were incubated with the appropriate 

secondary antibody (Molecular Probes, Invitrogen) for 1 hour 

(1:200), at room temperature. All antibodies were prepared in 

blocking solution (PBS containing 3% of BSA). Nuclei were labeled 

with Hoechst 33342 (1 μg/ml) (Molecular Probes, Invitrogen) for 3 

minutes, after incubation with the secondary antibody and coverslips 

were mounted on glass slides. Cells were visualized using a 

fluorescence microscope (Carl Zeiss Axio Observer Z1) and the 

images were acquired with the Carl Zeiss Zen software or the laser 

scanning microscope LSM 510 META (Zeiss, Jena, Germany). 

 

2.7. Mitotracker and Mitosox 

For direct labeling of mitochondria, cells were stained with 500 nM 

MitoTracker Red CMXRos (Molecular Probes, Invitrogen) for 

30 minutes, and fixed with p-formaldehyde (4% in PBS). 

Alternatively, for detection of superoxide in the mitochondria of live 

cells, cells were stained with 5 µM MitoSOX (Molecular Probes, 

Invitrogen) for 10 minutes at 37 ºC. Cells were counterstained with 
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Hoechst 33342 (1 μg/ml) for 3 minutes. Coverslips were mounted on 

glass slides, the cells were visualized using a fluorescence 

microscope (Carl Zeiss Axio Observer Z1) and the images were 

acquired with the Carl Zeiss Zen software or in a laser scanning 

microscope LSM 510 META (Zeiss, Jena, Germany). 

 

2.8. Western blotting 

Western blotting was performed as described in the Supplementary 

Methods. 

 

2.9. Quantitative real-time PCR 

Total RNA extraction, reverse transcription, and quantitative real-

time PCR (qPCR) analysis was performed as described in the 

Supplementary Methods. 

 

2.10. Lactate measurements 

Lactate was measured in cell supernatants using a Lactate 

Colorimetric Assay Kit (Abcam), according to the manufacturer's 

protocol. Data were normalized in terms of protein concentration 

determined by the Bradford assay (Biorad). 

 

2.11. Determination of ATP content 

Cells were disrupted with lysis buffer on ice. Extracts were 

centrifuged at 13000 x g for 10 minutes at 4 °C and supernatants 

were collected. ATP was measured using the ATP Bioluminescence 

assay kit CLS II (Roche Diagnostics GmbH, 1699 695, Mannheim, 

Germany), according to the manufacturer's protocol. Light emission 

was recorded for 30 seconds by a photon counting luminometer. 
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Relative ATP level was normalized in terms of protein concentration 

determined by the Bradford assay (Biorad). 

 

2.12. Reactive Oxygen Species (ROS) measurements 

Cells were washed twice with PBS, and incubated with a cell-

permeant indicator for reactive oxygen species (5 µM H2DCFDA, 

Invitrogen) in PBS for 30 minutes at 37 °C. The fluorescent signal 

was read at excitation of 492 nm and emission of 517 nm in a 

microplate reader. ROS levels were normalized in terms of protein 

concentration determined by the Bradford assay (Biorad). 

 

2.13. Cell proliferation assay 

Proliferation of 3T3-L1 preadipocytes was determined using the 

resazurin reduction assay. Preadipocytes were plated in 48-well 

plates (100000 cells/well) in DMEM medium with 10% FBS.  

Twenty-four hours after cell plating, cells were serum-deprived 

during twelve hours and then CoCl2 treatment was done in triplicates 

in a serum free DMEM. After 24h of CoCl2 incubations, cells were 

incubated with resazurin and the absorbance was read at 570 and 

600 nm. To quantify cell proliferation the ratio between 570/600 nm 

was done, and all results were compared to control and expressed 

as percentage of control. 

 

2.14. TUNEL assay 

Cells were fixed, permeabilized, washed twice, incubated for 1 hour 

at 37 °C with the TUNEL mix (in situ cell death kit; Roche Applied 

Science) and washed again. Cells were counterstained with Hoechst 

33342 (1 μg/mL) for 3 minutes. For the positive control, fixed and 

permeabilized cells were treated with DNase I recombinant. 
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Coverslips were mounted on glass slides, the cells were visualized 

using a fluorescence microscope Zeiss PALM Microscope. 

 

2.15. Statistical analysis 

Results are expressed as mean ± standard error of the mean 

(SEM). Data were analyzed using one-way analysis of variance 

(ANOVA) followed by Dunnet’s or Bonferroni’s post-hoc test, or t-

test, as indicated in figure legends. A value of p<0.05 was 

considered significant. Prism 6.0 (GraphPad Software, San Diego, 

CA) was used for all statistical analysis. 

 

3. Results 

3.1. Hypoxia mimetic agent CoCl2 induces lipid accumulation 

without PPARγ2 expression 

Adaptation to low oxygen is mediated by the transcription factor HIF-

1α [7]. Hypoxia stabilizes HIF-1α, which induces the expression of 

several genes [7, 8]. Hypoxia (1% O2), cobalt chloride (CoCl2) and 

deferoxamine (DFO) can stabilize HIF-1α through inhibition of HIF-

1α hydroxylation by prolyl and arginyl hydroxylases [29, 30]. 

Therefore, CoCl2 and DFO are widely used as a hypoxia mimetics 

[29, 30]. We used both CoCl2 and DFO, as hypoxia mimetic, to 

evaluate the impact of hypoxia on preadipocyte differentiation. As 

expected, we observed that CoCl2 and DFO (100 μM) increases 

HIF-1α immunoreactivity in the nucleus of 3T3-L1 preadipocytes 

(Figure S1). The effect of hypoxia mimetic in adipocyte 

differentiation was evaluated by measuring PPARγ, C/EBPα and 

aP2, transcription factors critical in differentiation process and also 

lipid accumulation, characteristic of mature adipocytes. CoCl2 

decreases PPARγ, C/EBPα and aP2 mRNA levels, compared to 
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control (Fig.1A-C). By western blotting, we observed that the 

adipogenic marker PPARγ2 is present in adipocytes incubated with 

insulin (1 μg/mL) but it is not detected when preadipocytes are 

submitted to hypoxic mimetic conditions (Fig. 1D). As expected, 

insulin-treated preadipocytes differentiated into adipocytes as shown 

by the two well-known adipogenic markers: increase of cytoplasmic 

lipid droplets coupled with PPARγ staining in the nucleus (Fig. 1E). 

Hypoxic mimetic conditions (CoCl2) increases cytoplasmic lipid 

droplet accumulation but no nuclear PPARγ staining was observed 

(Fig. 1E). Moreover, these lipid droplets are smaller, more 

numerous, and have a diffuse pattern compared to lipid droplets in 

adipocytes under control conditions (Fig. 1F). Lipid accumulation 

was measured by Oil red-O staining and hypoxia increases lipid 

accumulation by 63.2 ± 10.5%, compared to control (Fig.1G). We 

also treated cells with another hypoxia mimetic (DFO) and evaluated 

lipid accumulation and PPARγ expression. We observed that DFO 

treatment also inhibited PPARγ2 levels and increased lipid 

accumulation (Fig. 1D and 1G). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 13 

 

Figure 1 – Hypoxia mimetic inhibits PPARγ2, C/EBPα and aP2 

expression but increases lipid accumulation. 3T3-L1 
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preadipocytes were induced to differentiate and were treated with 

insulin (1 μg/mL), cobalt chloride (CoCl2 100 μM) or deferoxamine 

(DFO 100 μM) for seven days. (A-C) qPCR to determine the 

expression of PPAR2, C/EBPα and aP2 mRNA. n=3 * p<0.05, *** 

p<0.001, significantly different from control group. One-way ANOVA 

was used as statistical test. (D) Representative image of western 

blotting for PPARγ and β-actin (loading control). (E and F) 

Representative images of immunofluorescence for PPAR (green) 

performed after Oil red-O that stains the lipid droplets (red). Nuclei 

were stained with Hoescht 33342 (blue). Scale bar: 20 μm. (G) Oil 

red-O staining to quantify lipid accumulation. n=9 *** p<0.001, 

significantly different from control group. One-way ANOVA was used 

as statistical test. 

 

Because hypoxia mimetic induces lipid accumulation without 

differentiation we investigated perilipin expression, which is an 

adipocyte-specific protein that coats lipid droplets. Adipocytes 

differentiated with insulin (1 μg/mL) showed an increase in perilipin 

expression, while in hypoxic mimetic conditions perilipin is not 

detected (Fig. 2A and B). Since lipid droplets are present in these 

adipocytes with no PPARγ and perilipin expression, we decided to 

evaluate whether preadipocytes under hypoxia mimetic condition 

were arrested in the preadipocyte state. And to do that, we 

evaluated a preadipocyte marker preadipocyte factor 1 (pref-1) [31]. 

As expected, we observed, by western blotting and 

immunofluorescence, that insulin decreases pref-1 immunoreactivity 

(Fig. 2C and D). Also, hypoxia mimetic condition inhibits pref-1 

expression (Fig. 2C and 2D), suggesting that hypoxia mimetic does 

not arrest preadipocytes in an undifferentiated state. 
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Figure 2 – Hypoxia mimetic inhibits perilipin and pref-1 protein 

levels. 3T3-L1 preadipocytes were induced to differentiate and were 

treated with insulin (1 μg/ml) or cobalt chloride (CoCl2 100 μM) for 

seven days. (A and C) Representative images of 

immunofluorescence for (A) perilipin (green) or (C) pref-1 (green). 

Nuclei were stained with Hoescht 33342 (blue). Scale bar: 20 μm (B 

and D) Representative image of western blotting for (B) perilipin or 

(D) pref-1 and β-actin (loading control). 

 

Since it was also described that increased lipid droplet formation 

occurs during cell death [32], we investigated the effect of hypoxia 

mimetic CoCl2 in cell proliferation by using resazurin reduction assay  

and apoptosis by TUNEL assay and evaluation of p53 levels by 
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western blotting. Our results showed an increase of 22.7 ± 12.3 % 

on preadipocyte proliferation when incubated for 24h with CoCl2 

(Fig. S2A). However, CoCl2-treated cells showed no alterations in 

p53 levels and TUNEL-positive cells (Fig. S2B-C). 

 

3.2. Adipocyte differentiation is blocked by miR-27a and miR-

27b induction 

It has been reported that miR-27a and miR-27b are downregulated 

during adipogenesis and that their overexpression impairs adipocyte 

differentiation by inhibiting PPARγ expression [22, 23, 33]. We 

hypothesized that hypoxia mimetic inhibits adipocyte differentiation 

by miR-27a and miR-27b increase which in turn inhibit PPARγ2 

expression. To test whether inhibition of PPARγ2 expression by the 

hypoxia mimetic CoCl2 is modulated by miR-27a and miR-27b 

expression, we measured the levels of miR-27a and miR-27b under 

hypoxic mimetic conditions. As can be seen in Figure 3, both 

microRNAs are increased when cells were treated with CoCl2: 3.4 ± 

0.3 and 4.5 ± 0.6-fold increase for miR-27a and miR-27b 

expression, respectively (Fig. 3). These results show that hypoxia 

increases miR-27a and miR-27b, which probably will impair 

adipocyte differentiation. 

 

Figure 3 – Hypoxia mimetic increases mir-27a and mir-27b 

expression. 3T3-L1 preadipocytes were induced to differentiate and 

were treated with insulin (1 μg/ml) or cobalt chloride (CoCl2 100 μM) 
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for seven days. qPCR for miR-27a and miR-27b was performed. 

The control miR was considered the miR-103. Results are 

expressed as the ratio miR-27a/miR-103 or miR-27b/miR-103 levels. 

n=3 * p<0.05 compared to control. One-way ANOVA was used as 

statistical test. 

 

3.3. Mitochondrial dysfunction and ROS are responsible for 

lipid accumulation induced by hypoxia mimetic 

Hypoxia may induce other cellular dysfunctions in preadipocytes, 

such as mitochondrial dysfunction [34]. In agreement, we observed 

that hypoxic mimetic condition decreases the number of normal and 

energized mitochondria and induces a disrupted mitochondrial 

network with fewer interconnections (Fig. 4A). We also observed 

that hypoxic mimetic condition increases the lactate production by 

40.7 ± 5.3%  (Fig. 4C), decreases the cellular content of ATP by 66.5 

± 4.0% (Fig. 4D) and also increases 110.2 ± 7.9% the production of 

ROS, compared to control (Fig. 4E). 
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Figure 4 – Hypoxia mimetic induces mitochondrial dysfunction. 

3T3-L1 preadipocytes were induced to differentiate and were treated 

with cobalt chloride (CoCl2 100 μM) for seven days. (A) 

Mitochondrial network was evaluated by using MitoTracker Red 

CMXRos stained (red). (B) Mitochondrial superoxide production was 

evaluated by using MitoSOX Red (red). Nuclei were stained with 

Hoescht 33342 (blue). A representative image is shown in this 

figure. Scale bar: 20 μm (C) Lactate production was quantified. (D) 

Intracellular ATP was evaluated. (E) Reactive oxygen species (ROS) 

production was evaluated. Values were normalized by amount of 

protein. n=3-4 ** p<0.01 compared to control. t-test was used as 

statistical test. 

 

To relate mitochondrial dysfunction with adipogenesis, cells were 

treated with an inhibitor of mitochondrial complex I, rotenone (1 µM). 

As also seen in hypoxic mimetic conditions, rotenone increases lipid 

accumulation by 48.4 ± 7.2%, compared to control, without the 

adipocyte differentiation markers, PPARγ2 and perilipin (Fig. 5). 
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Taken together, these results suggest that mitochondrial inhibition 

caused by hypoxia mimetic condition is contributing to lipid 

accumulation increase. 

 

 

Figure 5 – Mitochondrial dysfunction is involved on lipid 

accumulation and PPARγ inhibition induced by hypoxia 

mimetic. 3T3-L1 preadipocytes were induced to differentiate and 

were treated with insulin (1 μg/ml) or rotenone (1 μM) for seven 

days. (A) Oil red-O staining to quantify lipid accumulation. n=8 *** 
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p<0.001, significantly different from control group. One-way ANOVA 

was used as statistical test. (B) Representative image of western 

blotting for PPARγ and β-actin (loading control). (C) Representative 

images of immunofluorescence for PPAR (green) performed after 

Oil red-O that stains the lipid droplets (red). Nuclei were stained with 

Hoescht 33342 (blue). Scale bar: 20 μm (D) Representative image 

of western blotting for perilipin and β-actin (loading control). 

 

In order to investigate whether ROS production was due to 

mitochondrial dysfunction, we evaluated the production of 

superoxide by mitochondria using MitoSOX Red. MitoSOX Red 

selectively targets mitochondria, being oxidized by superoxide but 

not by other reactive oxygen species and reactive nitrogen species. 

We observed that CoCl2 increases superoxide production by 

mitochondria when compared to control (Fig. 4B). This provides 

direct evidence that CoCl2-induced ROS production is derived from 

mitochondria. To further study the contribution of ROS on lipid 

accumulation induced by hypoxia mimetic, we treated cells with 

CoCl2 in the presence or absence of glutathione which is an 

antioxidant, reducing ROS availability. We observed that glutathione 

prevents 37.8 ± 3.2% lipid accumulation induced by CoCl2 (Fig. 6). 

This result suggests that ROS production is responsible for lipid 

accumulation induced by hypoxia mimetic. 
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Figure 6 – Reactive oxygen species are responsible for lipid 

accumulation that occurs in 3T3-L1 preadipocyte hypoxia 

mimetic-treatment. 3T3-L1 preadipocytes were induced to 

differentiate and were treated with cobalt chloride (CoCl2 100 μM) in 

the presence or absence of glutathione (GSH 50 μM) for seven 

days. (A) Oil red-O staining to quantify lipid accumulation. n=4 ** 

p<0.01, significantly different from control group; # p<0.05, ## 

p<0.01, significantly different from CoCl2. One-way ANOVA was 

used as statistical test. 

 

3.4. Hypoxia mimetic induces autophagy 

Autophagy is a physiological protective mechanism that is also 

described to occur as a consequence of cell stress. Autophagy can 

be induced in response to a hypoxic condition [25, 26]. Moreover, 

ROS have also been shown to mediate autophagy induction [35]. To 

investigate whether hypoxia regulates autophagy in 3T3-L1 

preadipocyte cell line, we measured the protein levels of the 

transient autophagosomal membrane-bound form of LC3B (LC3B-II) 

and p62 or sequestosome 1 (SQSTM1), widely used as markers for 

monitoring the autophagic process [36]. Hypoxia mimetic (CoCl2) 

decreases LC3B-II levels by 65.7 ± 10.2% (Fig. 7A) and also 

decreases p62 levels by 49.8 ± 6.0%  (Fig. 7B), when compared to 
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control. These results suggest an increase of autophagic clearance 

in this hypoxia mimetic condition. 

 

 

Figure 7 – Hypoxia mimetic-treatment induces autophagy. 3T3-

L1 preadipocytes were induced to differentiate and were treated with 

cobalt chloride (CoCl2 100 μM) for seven days. Whole-cell extracts 

were assayed for (A) LC3B or (B) p62 and β-actin (loading control) 

immunoreactivity by western blotting. Mean ± SEM, n=4-6 ** p<0.01 

compared to control. t-test was used as statistical test. 

 

4. Discussion  

The present work shows that the hypoxia mimetic, CoCl2 (100 μM) 

induces lipid accumulation without PPARγ2, perilipin or the 

preadipocyte marker, pref-1 expression. In addition, the absence of 

PPARγ2 expression can be related to an increase of microRNAs 

miR-27a and miR-27b that have been described to inhibit PPARγ2. 

Since we observed that CoCl2 induces mitochondrial dysfunction 

and ROS increase, we suggest that the lipid droplets induced by 

hypoxia mimetic condition could be a consequence of the 

mitochondrial dysfunction and, consequently, lead to inhibition or 

dysfunction of adipocyte differentiation and can be prevented by an 
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antioxidant agent, glutathione. Furthermore, hypoxia and ROS have 

been reported as inducers of autophagy [25, 26, 35]. We observed 

that hypoxia mimetic is also responsible for autophagy induction in 

these cells. 

CoCl2 is widely used as a hypoxia mimetic and is known to induce 

the accumulation of HIF-1α in cell cultures, by inhibiting prolyl 

hydroxylases [30]. HIF-1α does not mediate all the effects of hypoxia 

but it is an important part of this cellular response. The use of CoCl2 

allows us to distinguish the hypoxia effect that occurs specifically 

through HIF-1α. 

Most works that studied the effect of hypoxia on adipocyte 

differentiation described the effect of hypoxia on PPARγ expression 

or on lipid accumulation, and use very different hypoxic treatment 

durations [10, 11]. Our results are in agreement with other works 

that have shown PPARγ2, C/EBPα and aP2 expression inhibition by 

hypoxia or hypoxia mimetics, suggesting that hypoxia inhibits 

adipocyte differentiation [10-12, 14, 37, 38]. PPARγ is a master 

regulator of adipogenesis. Alternative splicing and differential 

promoter use result in two PPARγ isoforms, a ubiquitously 

expressed PPARγ1 and PPARγ2 that is primarily expressed in 

adipocytes. PPARγ1 is the most abundant isoform in preadipocytes, 

while PPARγ2 is adipocyte-specific. In vitro PPARγ2 is more 

adipogenic than PPARγ1 [39]. Cells treated with insulin showed an 

increase in PPARγ2 suggesting adipocyte differentiation but CoCl2 

prevents adipogenesis as shown by a downregulation of PPARγ2 

expression which is not observed in PPARγ1. 

However, other studies showed that hypoxia or hypoxic mimetic also 

inhibits lipid accumulation [10, 11, 14]. Our results are in agreement 

with a study that shows that CoCl2 induces cytoplasmatic lipid 
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accumulation in 3T3-L1 preadipocytes [13]. Increased lipid 

accumulation was also described in bone marrow stromal cells 

under hypoxic conditions [40]. Another group showed similar results 

in human bone marrow stromal cells, hMSC-TERT [12], where 

hypoxia induces an atypical nature of lipid accumulation with no 

change in marker genes characteristic of mature adipocytes, such 

as PPARγ2 [12]. The authors suggest that adipogenesis may occur 

through PPARγ2–dependent and –independent pathways [12]. 

Moreover, it was described that adipocyte-derived exosomes from 

hypoxic conditions, which contain lipogenic enzymes, promoted lipid 

accumulation in non-stressed, normoxic cells [41]. Moreover, we 

hypothesized that the inhibition of PPARγ2 in hypoxic mimetic 

conditions most probably occur due to an increase of specific 

miRNAs. In fact, it has previously been described that some 

miRNAs regulate adipogenesis: the mir-143 induces differentiation 

of murine 3T3-L1 and human preadipocytes [20, 21], while miR-27 

and miR–130 families inhibit this process [19, 22, 23, 33]. In 

addition, miR-27a overexpression in 3T3-L1 preadipocytes 

suppresses PPARγ expression and adipocyte differentiation [22, 23]. 

Another family member, miR-27b is down-regulated during 

adipocyte differentiation, and binds to the 3’UTR of PPARγ while 

repressing PPARγ2 protein levels [33]. miR-27 was also shown to 

have a role in repressing adipogenic lineage commitment in 

C3H10T1/2 cells [42]. Interestingly, in mature adipocytes from obese 

mice lower miR-27a expression was found, compared to mature 

adipocytes of lean mice, indicating that down-regulation in miR-27a 

is necessary for adipocyte hypertrophy [23]. On the other hand, it 

was also described that expression levels of both miR-27a and miR-

27b were significantly increased in the adipose tissue from the ob/ob 
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mice, as compared with the genetically matched lean mice [22]. In 

addition, it has also been reported that hypoxia induces a 2-fold and 

1.5-fold increase of miR-27a and miR-27b levels, respectively [22]. 

These results suggest that miR-27 function by inhibiting PPARγ 

expression and, consequently, preventing adipocytes from entering 

into the stage of differentiation [22].  From these observations, we 

evaluated the effect of the hypoxia mimetic CoCl2 on miR-27a and 

miR-27b expression and observed that the expression of these 

microRNAs miR-27a and miR-27b increase and may consequently 

inhibit PPARγ2 expression. These results may explain the fact that 

preadipocytes treated with CoCl2 have an increase in cytoplasmic 

lipid droplet accumulation without increasing PPARγ2. 

We have further investigated other mechanisms that could explain 

the lipid droplet accumulation induced by hypoxia mimetic condition. 

Since some studies have already shown that alterations in 

mitochondrial function lead to an increase in lipid accumulation [16, 

43], we studied the putative role of mitochondrial changes on lipid 

droplet accumulation induced by hypoxia mimetic. In fact, as with 

CoCl2, we also observed that, rotenone, an inhibitor of mitochondrial 

electron transport of complex I, increases lipid droplet accumulation 

in cytoplasm without nuclear PPARγ2 expression. Furthermore, we 

also observed that the antioxidant glutathione prevents the lipid 

accumulation induced by CoCl2. Mitochondrial dysfunction induced 

by hypoxia mimetic is also strongly supported by the decrease in 

mitochondrial network, increase in lactate release in the medium, 

decrease in ATP production and an increased ROS production 

induced by CoCl2. One of the initial steps in the response of cells to 

hypoxia is adaptation at the mitochondrial level by reducing the 

amount of the high O2-consuming process of oxidative 
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phosphorylation [6]. As a consequence, there is a switch to 

anaerobic glycolysis for energy production [6]. A decrease in ATP 

production and increase in lactate production then occur [6]. The 

increase of ROS was described to modulate adipocyte differentiation 

[44, 45]. The high levels of ROS have already been shown in 

adipocytes isolated from obese mice [46, 47], and also during the 

differentiation of 3T3-L1 preadipocytes into adipocytes [45]. Others 

have also shown that mitochondrial dysfunction in adipocytes leads 

to increased triglycerides storage [16, 43]. Moreover, the glutathione 

prevention of hypoxia-induced lipid accumulation is in agreement 

with a study in other cell model, in which the inhibition of 

mitochondrial oxidative damage induces lipid-β-oxidation recovery 

accompanied by a decrease on fatty acid incorporation into 

triglycerides [18]. 

Autophagy constitutes an important protective mechanism that 

allows cell to 

eliminate damaged components to maintain nutrient and energy 

homeostasis. Moreover, several forms of stress can also activate 

autophagy. Hypoxia has been described as a stimulus for the 

induction of autophagy in other cell types [25, 26]. Autophagy has 

also been described to occur as a consequence of ROS production 

[35]. Taking this into account we investigated the effect of hypoxia 

and consequent ROS production in autophagy. In the present study, 

increased autophagic activity was detected in adipocytes under 

hypoxia mimetic treatment. To the best of our knowledge, this is the 

first study to report the effects of hypoxia on autophagy induction in 

adipocytes. The role of autophagy on adipocytes development and 

function was studied by others [24, 48]. During adipocyte 

differentiation of 3T3-L1 cell line or primary mouse embryonic 
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fibroblasts (MEFs), others observed increased autophagy [24]. 

Moreover, MEFs derived from atg5 and atg7 knockout mice exhibit 

drastically reduced adipogenesis efficiency [24, 48]. The knockdown 

of atg5 and atg7 in 3T3-L1 preadipocytes also decreased the 

markers of adipocyte differentiation, which was confirmed by studies 

with pharmacological inhibitors, 3-methyladenine and chloroquine 

[27]. Newborn Atg5 knockout mice have less subcutaneous 

adipocytes than wild-type, suggesting that autophagy is important 

for adipose tissue development [24]. The importance of autophagy 

in adipogenesis in vivo was confirmed in adipocyte-specific Atg7-

knockout mice [27, 48]. These mutant mice are leaner, have 

decreased white adipose tissue mass and have adipocytes with 

features characteristic of brown adipocytes, smaller, containing 

multilocular lipid droplets, increased number of mitochondria and 

increased cytoplasmic volume [27, 48]. Furthermore, in obesity, 

human adipose tissue and adipocytes show increased autophagy 

[28]. Functional consequence of increased autophagy in adipose 

tissue of obese people is not known. 

 

Taking these results together, the present study both extends our 

understanding of the effect of hypoxia on adipocyte biology and lipid 

metabolism, providing a possible explanation for hypoxic 

lipogenesis. It highlights the importance of preadipocyte response to 

hypoxia which induces autophagy and also induces mitochondrial 

dysfunction and reactive oxygen species leading to lipid 

accumulation, which might impair adipocyte metabolism and also 

compromise its normal function, which can be partially reversed by 

antioxidant treatment. These conclusions need to be further studied 
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for its in vivo implications and to validate the results with hypoxic 

conditions (<1% O2). 
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Highlights: 

 Hypoxia mimetic inhibits adipocyte differentiation and increases miR-27a and b. 

 Hypoxia mimetic causes mitochondrial dysfunction and an increase in reactive 

oxygen species. 

 Hypoxia mimetic induces lipid accumulation through reactive oxygen species 

increase. 

 Hypoxia mimetic induces autophagy activation. 


