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BACKGROUND: Hypoxia has been shown to be 
able to induce adiposity. However, the mechanism 
and factors involved in this effect still remains 

unclear. Hence, we sought to investigate the role of oxygen-
sensitive factors regarding hypoxia-induced adiposity in 
nematode Caenorhabditis elegans. 

METHODS: The C. elegans were grown on nematode 
growth medium (NGM) agar plates seeded with 
Escherichia coli OP50 at 20°C. The ratio of width/body 
length was measured using the morphometry analysis. Fat 
accumulation was examined using Sudan Black methods. 
Protein levels of sterol binding protein (SBP)-1 were 
assessed by immunoblotting. Lifespan assay was performed 
at 20°C and was monitored every two days. 

RESULTS: The results showed that of all mutant used, 
only hif-1 mutant which did not experience an increase 

in the ratio of width/body length (p>0.05) and fat 
accumulation (p>0.05), indicating that hypoxia-inducible 
factors (HIF)-1 plays an important role in the pathogenesis 
of hypoxia-induced  adiposity.  Both  siah-1  and  skn-1 
mutants experienced SBP-1 protein elevation (p<0.05), 
and increased  fat-6  mRNA  expression  (p<0.05)  which 
were not experienced by a hif-1 mutant (p>0.05) further 
supporting that HIF-1 acts as an upstream regulator from 
SBP-1.

CONCLUSION: In  general,  the  results  of  this  study 
provide evidences of the involvement of the transcription 
factor HIF-1 in inducing adiposity under the hypoxic 
conditions. However, we did not find the involvement 
of seven in absentia homolog-1 (Siah-1) and skinhead-1 
(SKN-1).
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Abstract

Introduction

Excess body adiposity including abdominal obesity 
and ectopic fat accumulation, is one of the major health 
problems worldwide and has shown an increasing trend in 
its prevalence over time.(1-3) Adiposity is a significant risk 
factor and contributor to increased morbidity and mortality 
of several diseases including cardiovascular disease 
(CVD), diabetes, cancer and chronic diseases, including 
osteoarthritis, liver and kidney disease, sleep apnea, and 

depression.(4) Recently, it has been found in addition to 
dietary factors, adiposity might be induced by a condition 
of lack of oxygen or hypoxia.(5,6) Hypoxia has been shown 
experimentally to induce adiposity in worms and mice 
(7,8), but it likely has not been shown in humans. However, 
epidemiologic study shows that people who suffer from 
diseases such as chronic obstructive pulmonary disease, 
sleep apnea, and asthma are known to be at high risk for 
obesity.(9) Another research shows that populations living 
at high altitudes with low oxygen concentration have a high 
risk of obesity.(10) 
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	 Study in Caenorhabditis elegans revealed that hypoxia 
induces fat accumulation and causes increasing body width/
length ratio which is mediated by transcription factors sterol 
binding protein response element (SBP-1).(7,11) SBP-1 is 
a transcription factor that is responsible for regulating the 
expression of genes involved in the synthesis of fatty acids 
(including elo-2, fat-2, fat-5, fat-6, and fat-7) and inhibits 
the expression of genes involved in starvation response such 
as acs-2.(12) However, the mechanism by which SBP-1 is 
activated during hypoxia remains unidentified.
	 In  this  study,  we  examined  the  possible  role  of 
hypoxia-inducible factor 1 (HIF-1), seven in absentia 
homolog-1 (Siah-1) and skinhead-1 (SKN-1) to the hypoxia-
induced adiposity. All those factors are strongly influenced 
by oxygen concentration and cellular redox status (13,14), 
so these factors are very likely an upstream regulator of 
SBP-1 which induces adiposity caused by hypoxia.

Methods

C. elegans Strains and Maintenance
All strains were incubated at the appropriate temperature 
on the nematode growth medium (NGM) as described 
previously.(15,16) The following strains used in this study 
were from Caenorhabditis Genetic Center (Minneapolis, 
USA) Wild-type reference strains (Bristol N2), VC1772 
(skn-1(ok2315)IV/nT1[qIs51] (IV; V)), ZG31 (hif-1(ia4)
V). The Siah-1 strain (tm1968) was from the National 
BioResource Project (Tokyo, Japan). All strains used in this 
study have been outcrossed at least 4 times.

Body Width/Length Ratios Measurement
Examination of worm body width/length ratios was carried 
out on images observed with a microscope connected with 
Optilab connected to computers equipped with Image 
Raster software under 25x magnification. The length of the 
animal was observed from the head to the tip of the tail and 
the width of the animal traced to the diameter of the body's 
largest body perpendicular to the longitudinal axis of the 
worm. Body width/length ratios was observed in 10 worms 
for each experimental group with 3 times replication. 

Total Lipid Examination
All worms were initially stained for lipid content with Sudan 
Black followed by extraction modified according to what 
had been done and described previously.(7) Fluorescence 
of worm fraction dissolved in chloroform-methanol 
solvent was measured in 96 well plates at 598 nm emission 

wavelength using SpectraMax plate readers (Molecular 
Devices LLC, San Jose, USA). Total lipid was observed in 
3 plates containing 100 worms/plate for each experimental 
group with 3 times replication.

Immunoblotting  
	 SBP-1 and β-actin protein levels were examined by 
immunoblotting techniques as described in previous studies.
(16,17) In brief, the protein is blotted to the nitrocellulose 
membrane (Bio-Rad, California, USA). Then, the membrane 
was incubated with primary antibodies against SBP-1 and 
β-actin (Santa Cruz Biotechnology, Santa Cruz, USA), 
and visualized using horseradish peroxidase-conjugate to 
goat IgG anti-rabbit (secondary antibody) (Bio-Rad) and 
with 4-chloro-1-naphthol (Bio-Rad). The band intensity 
was quantified using the National Institute of Health (NIH) 
Image software and normalized to the intensity of the 
β-actin band. The protein levels of SBP-1 was observed in 
3 plates containing 100 worms/plate for each experimental 
group with 2 times replication.

Isolation of RNA and Reverse Transcription-Polymerase 
chain reaction (RT-PCR) 
About 300 worms were collected and washed from 
Escherichia coli OP50 contamination using M9 buffer 
(22 mM KH2PO4, 22 mM Na2HPO4, 85 mM NaCl, 1 mM 
MgSO4). RNA isolation was carried out by the Trizol 
method (13), then RT-PCR was examined to determine the 
amount of fat-6 mRNA. 
	 The results of RNA extraction were then used 
for the One-Step RT-PCR process. In each microtube 5 
μL, R-Mix was added consisting of buffer, MgCl and 
deoxyribonucleotide triphosphate (dNTP), 0.6 μL primary 
forward, 0.6 μL primary backward, 2.55 μL aquabidest, 0.25 
μL enzyme, and 1 μL RNA sample template. The primers 
used for amplification of fat-6 (NCBI Reference Sequence, 
GenBank accession No.: NM_001268666.1) were 
5′-CGGCGGCCCAGAGACGCAAT-3′ (forward primer) 
and 5′-CCTCCCTCTCCGACGGCAGC-3′ (reverse primer). 
Whereas act-1 primers (NCBI Reference Sequence, GenBank 
accession  No.:  NM_073418.5)  as  an  internal  control  
were 5′-ACGACGAGTCCGGCCCATCC-3′ (forward 
primer) and 5′-GAAAGCTGGTGGTGACGATGGTT-3′ 
(reverse primer).
	 The reaction used in the PCR program was broadly 
divided into three stages, namely denaturation at 94°C for 45 
seconds, annealing for 45 seconds at 55°C and elongation at 
72°C for one minute. The entire PCR process lasts 30 cycles. 
Each 10 µL of PCR product obtained was then mixed with 
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2 μL 6x loading dye then electrophoresis for 25 minutes in 
a 2% agarose gel with 1x Tris-acetate-EDTA (TAE) running 
buffer, then visualized with ethidium bromide solution (0.5 
μg/mL). The interpretation of the results was done by the 
calibrator method. The fat-6 mRNA levels were observed in 
3 plates containing 100 worms/plate for each experimental 
group with 2 times replication.

Statistical Analysis
Body width/length ratio, total fat concentration, SBP-1 
protein level, and fat-6 expression level were presented 
in the graph as mean±standard deviation and tested using 
one-way ANOVA followed by Bonferroni post hoc test. 
Differences were considered significant when p<0.05 (*) or 
p<0.01 (**).

Results

Body Width/Length Ratios
The results of an examination of body width/length ratios 
in wild-type N2 strains showed that hypoxic conditions 
induced an increase in body width/length ratio, which 
indicates that hypoxia caused the appearance of the obesity 
phenotype (p<0.01; Figure 1). This increase also occurred 
in the siah-1 mutant (p<0.01) and skn-1 mutant (p <0.01) 
but did not occur in hif-1 mutant (p>0.05). 

Total Lipid 
The results of total body lipid examination in wild-type N2 
strains showed that hypoxic conditions induced an increase 
in total lipid levels, which indicated that hypoxia leads to 
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Figure 1. Quantitative results of width/length ratio of C. elegans body under normoxia and hypoxia conditions from wild-type N2, 
siah1 mutant, skn-1 mutant, and hif-1 mutant. **significance p<0.01; n.s.: not significant compared to normoxia treatment in the same 
group.

the emergence of one obesity phenotype namely an increase 
in fat depots (p<0.01; Figure 2). This increase also occurred 
in the siah-1 mutant (p<0.01) and skn-1 mutant (p<0.01) 
but did not occur in hif-1 mutant (p>0.05). This supports 
the results of an examination of body width/length ratios 
where induction of obesity phenotype occurs in wild-type 
N2, siah-1, and skn-1 mutant, but did not occur in the hif-1 
mutant.

SBP-1 Protein Levels  
The results of the examination showed the induction of 
hypoxia in wild-type N2 strains induced an increase in levels 
of active SBP-1 protein (p<0.01; Figure 3). This increase 
also occurs in the siah-1 mutant (p<0.05) and skn-1 mutant 
(p<0.01), but it did not occur in hif-1 mutant (p>0.05).

fat-6 mRNA Levels
The fat-6 genes is a downstream putative of the SBP-1 
transcription factor. The results of the examination showed 
the induction of hypoxia in wild-type N2, siah-1 mutant and 
skn-1 mutant strains induced an increase in fat-6 mRNA 
levels (p<0.05 for all) but did not occur in the hif-1 mutant 
(p>0.05; Figure 4). 

The results of this study indicate that hypoxia causes obesity 
phenotypes including elevation of body width/length ratio 
and increasing total fat in C. elegans. The results of this 
study are in line with previous studies showing in C57BL6/J 
mice that short-term hypoxia causes hypertriglyceridemia 

Discussion
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Figure 2. Total lipid levels of C. elegans in normoxia and hypoxia conditions from wild-type N2, siah1 mutant, skn-1 mutant, and 
hif-1 mutant. **significance p<0.01, n.s.: not significant compared to normoxia treatment in the same group.
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Figure 3. Quantitative SBP-1 protein levels of the C. elegans in normoxia and hypoxia conditions from wild-type N2, siah1 mutant, 
skn-1 mutant, and hif-1 mutant. *significance p<0.05; **significance p<0.01; n.s.: not significant compared to normoxia treatment in 
the same group.

and hypercholesterolemia, which are the common features 
of adiposity-related metabolic diseases.(5) This theory is 
supported by the fact that people who suffer from hypoxic 
related diseases are at high risk for fat buildup and obesity.
(9) Study also supports that populations living in the high 
altitude that is vulnerable to low oxygen concentrations 
have a higher risk of obesity.(10)
	 SBP-1 has an important role in lipid homeostasis in 
C. elegans and has previously been shown to regulate fat 
accumulation.(18) The study discussed the role of SBP-1 in 
hypoxic-induced lipid accumulation which found a strong 
causal relationship between activation of SBP-1 by anoxia 
and increased body size and shape.(7) It is also interesting to 
note that people living in high altitude areas have shorter, less 
muscular and fatter bodies than peers with similar genetic 
backgrounds that live at lower altitudes.(19) Whether the 
mechanism that depends on sterol regulatory element-
binding protein (SREBP)-1 involved in this phenomenon 

remains to be studied. Because several recent studies have 
been conducted on both human animal models and rodents 
that have shown activation of SREBPs in the pathogenesis 
of obesity and obesity-related disorders, activation of 
SREBP-1 can also function as an oxygen sensor for lipid 
metabolism and can play an important role in accumulated 
pathogenesis lipids and obesity in humans who lack chronic 
oxygen.
	 Hypoxia increases the biosynthesis of triglyceride 
(TG) in the liver by increasing SREBP -1, an important 
transcription factor in lipid biosynthesis (20), and its 
downstream, including important enzymes from TG 
biosynthesis, stearoyl-CoA desaturase (SCD)-1 (21). The 
hypoxic mechanism for increasing SREBP-1 has not been 
previously known. Hypoxia induces the transcription 
activity of HIF-1 (22), shows that HIF-1 can regulate the 
SREBP-1 pathway that augments lipid biosynthesis. HIF-1 
is the main regulator of oxygen homeostasis and controls 
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Figure 4. The examination of fat-6 mRNA levels isolated from wild-type N2, siah1 mutant, skn-1 mutant, and hif-1 mutant under 
both normoxia and hypoxia conditions. *significance p<0.05; **significance p<0.01; n.s.: not significant compared to normoxia treatment 
in the same group.

various physiological responses to hypoxia, including 
erythropoiesis, angiogenesis, and glucose metabolism.(17) 
But the effects of HIF-1 on lipid metabolism have never 
been studied before.
	 This study produced several new findings. Partial 
HIF-1 deficiency prevents an increase in body width/length 
ratio, total lipids, SBP-1 and fat-1 caused by hypoxia. 
Previously, studies in mice showed that hypoxia had a 
clearer effect on SREBP-1 mRNA levels in het mice than 
in wild-type mice, indicating that HIF-1 does not regulate 
SREBP-1 expression at the transcription level. However, 
a partial deficiency of HIF-1 prevents an increase caused 
by hypoxia in SREBP, which indicates that HIF-1 affects 
SREBP-1 at the posttranscriptional level. HIF-1 can be set 
on SREBP-1 through SREBP cleavage-activating protein 
(SCAP). SCAP facilitates the transport of SREBPs from the 
endoplasmic reticulum to the Golgi apparatus, where active 
SREBP isoforms are cleaved by specific proteases.(23-25). 
Specifically, the SCAP gene promoter contains a binding 
site for HIF-1, namely 5-ACGTG-3.(26) Het mice show 
impaired SCAP induction in response to hypoxia. Thus 
HIF-1 can increase lipid biosynthesis in the liver during 
hypoxia by stimulating SREBP-1 activity through SCAP.
(5) However, further research is still needed to examine the 
nature of regulation of SBP-1/SREBP-1 which depends on 
HIF-1.
	 The Siah1 and SKN-1 apparently do not contribute to 
the hypoxia-induced adiposity in C. elegans. These results 
are in contrast with previously reported role of mammalian 
Siah2 in lipid synthesis of hypoxic tumor growth which 
found that knockdown of Siah2 attenuates the hypoxic 
depletion of αKGDH activity, triggers glutamine oxidation, 
and decreases glutamine-dependent lipid synthesis.(27) 
Additionally, hypoxia decreases basal levels of SKN-1 (16) 
and the mammalian Nrf2 (SKN-1 homolog) is revealed to 

suppress both lipid biosynthesis and desaturation genes 
including (nicotinamide adenine dinucleotide phosphate) 
NADPH-utilizing enzymes fatty acid synthase (FASN) 
and stearoyl-CoA desaturase 1 (SCD1).(28) However, this 
study does not confirm that SKN-1 is important for hypoxia-
induced adiposity. For further suggestion, it is necessary to 
conduct research using immunoprecipitation analysis to 
determine whether there is physical contact between HIF-1 
and SBP-1 or SCAP.

Conclusion

In general, the results of this study provide evidence of 
the involvement of the transcription factor HIF-1, and not 
Siah-1 and SKN-1, in inducing adiposity under hypoxic 
conditions. Further research is needed by observing SCAP 
levels or observing the hypoxic effect of SBP-1/SREBP-1 
regulation on SCAP mutants. 
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