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 With an increasing population suffering from obesity or diabetes mellitus (DM), it 

is more pertinent than ever to understand how physiological changes impact cellular 

processes. Patients with DM often suffer from obesity, hyperglycemia, altered fatty 

acids that contribute to vascular dysfunction, and increased risk to ischemia. 

Caenorhabditis elegans is a model system used to study the conserved insulin signaling 

pathway, cellular responses in whole organisms and the impact a glucose diet has on 

oxygen deprivation (anoxia) responses. RNA-sequencing (RNA-Seq) was used to 

analyze the expression of genes in the anoxia sensitive populations of N2 (wild-type) 

fed glucose and hyl-2(tm2031), a mutant with altered ceramide metabolism. 

Comparison of the altered transcripts in the anoxia sensitive populations revealed 199 

common transcripts- 192 upregulated and 7 downregulated. One of the gene families 

that have altered expression in the anoxia sensitive populations encode for Cytochrome 

P450 (CYP). CYPs are located both in the mitochondria and endoplasmic reticulum 

(ER), but the CYPs of interest are all predicted to be mainly subcellularly localized to the 

ER. Here, I determined that knock-down of specific cyp genes, using RNA interference 

(RNAi), increased anoxia survival in N2 animals fed a standard diet. Anoxia sensitivity 

of the hyl-2(tm2031) animals was suppressed by RNAi of cyp-25A1 or cyp-33C8 genes. 

These studies provide evidence that the CYP detoxification system impacts oxygen 

deprivation responses. Using hsp-4::GFP animals, a transcriptional reporter for ER 

unfolded protein response (UPR), I further investigated the impact of cyp knock-down, 



glucose, and anoxia on ERUPR due to the prediction of CYP-33C8 localization to the ER. 

Glucose significantly increased ERUPR and cyp knock-down non-significantly increased 

ERUPR. Measurements of ERUPR due to anoxia were made difficult, but representative 

images show an increase in ER stress post 9-hour anoxia exposure. This study 

provides evidence that glucose affects ER stress and that ER stress is involved in 

oxygen deprivation responses.  
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INTRODUCTION AND BACKGROUND 

Diabetes and Ischemia 

Over the past three decades, there has been an increase in the prevalence of 

obesity and Diabetes Mellitus (DM). From 1980 to 2008, fasting plasma glucose has 

increased globally in men by 0.07 mmol/L per decade and in women by 0.09 mmol/L 

per decade. In the same time scale, it was also found DM prevalence to increase 

globally from ~8% to 9.8% in men and 9.2% in women (Danaei et al. 2011). The World 

Health Organization found that there were 347 million people with DM worldwide in 

2013 and in 2014 600 million adults over the age of 17 were obese, accounting for 13% 

of the adult population (World Health Organization 2016). Obesity and DM are known to 

be more common in patients with high intakes of food, and subsequent increases in 

basal serum glucose and altered lipid levels. DM has been characterized as either 

damage to the pancreatic beta islet cells that secrete insulin (Type 1 DM, T1DM) or the 

decreased sensitivity to insulin (Type 2 DM, T2DM) (CDC - National Center for Health 

Statistics 2015) that leads to the inability to properly regulate serum glucose. 

Patients with either obesity or DM also suffer from increased risk to ischemia due 

to vascular complications (i.e. atherosclerosis and varicose veins) (World Health 

Organization 2016). Ischemia is the blockage of blood flow which results in the 

interruption of O2 delivery to tissue and waste removal, leading to cell death of effected 

tissues. In varicose veins, the inability to deliver O2 to tissue is due to venous 

insufficiency syndrome, reverse venous flow, and can lead to loss of a limb (World 

Health Organization 2016). A source of ischemic damage is by the body’s natural 
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reaction to restore blood flow after ischemia known as reperfusion (hyperfusion). Once 

blood flow is restored, there is an increased production of free radicals and reactive 

oxygen species (ROS) as well as an exaggeration of inflammation which can cause 

white blood cells to destroy cells (Eltzschig and Eckle 2011). While response to oxygen 

deprivation has been studied for many years, the negative consequences are still not 

fully understood and additional procedures to reduce tissue damage remain to be 

discovered (Hajeri et al. 2005; Mendenhall et al. 2006; Ghose et al. 2013; Flibotte et al. 

2014; Cao et al. 2015, 2016; Garcia et al. 2015). With the increase in DM and obese 

patients leading to a larger population with risk of ischemia, it is of interest to determine 

the impact of genetic alterations that could result in susceptibility to oxygen deprivation 

and resulting ischemic damage. C. elegans stands as a genetic model system to be 

able to study cell response to oxygen deprivation. 

C. elegans as a Model System 

C. elegans was first introduced as a model system by Sydney Brenner. Each C. 

elegans is a small transparent nematode that is about 1 mm in length as an adult and 

has a life cycle of about 55 hours at 22°C as shown in Figure 1 (Brenner 1974). The 

nematode also has conserved pathways including insulin-like signaling and was the first 

multicellular organism to have its genome completely sequenced in 1998 (The C. 

elegans Sequencing Consortium 1998). Along with all of these attributes of a good 

model system, many molecular tools have been developed to elucidate mechanisms of 

biological processes in C. elegans. Two of the tools that exist to analyze gene 

expression changes are green fluorescent protein (GFP) and RNA-sequencing (RNA-

2



Seq). GFP-tagged genes are commonly used to qualitatively see a change in 

expression (Chalfie et al. 1994). One common method of quantitatively obtaining 

expression data is RNA-Seq. RNA from a control animal and a treatment animal is 

isolated, cDNA library is made and sequenced using next generation sequencing 

methods. The sequencing data is analyzed using bioinformatics, against a reference 

genome, and fold change is computed, thus allowing transcriptomic comparisons 

between two experimental sets (Mortazavi et al. 2008). Another tool routinely used in C. 

elegans to study gene function is RNA interference (RNAi). Andrew Fire and Craig 

Mello demonstrated the use of RNAi and developed the method for RNAi of specific 

gene expression by use of injection, soaking or feeding of complementary double-

stranded RNA (Fire et al. 1998). This technique was expanded by Julie Ahringher’s lab 

which made the RNAi library to knock-down C. elegans genes (Kamath and Ahringer 

2003; Kamath et al. 2003). C. elegans is a powerful model system and holds the 

potential for understanding the mechanism of biological processes such as a whole 

animal response to oxygen deprivation. 

Figure 1: Life Cycle of 

C. elegans. There are 

four larval stages (L1-

L4) leading up to 

adulthood after 

embryonic development. 

If stressors are 

encountered before 

progression to L2, the 

animal may enter into 

the alternative, stress 

resistant life stage 

known as the dauer 

state. Adapted from 

(WormAtlas 2012). 
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Oxygen Deprivation and Diet in C. elegans 

     C. elegans is a well-established model for studying oxygen deprivation since it is 

capable of surviving a broad range of oxygen levels. The animal enters into a state of 

suspended animation when exposed to anoxia (<0.001 kPa O2) and will exit the state 

once returned to an oxygenated environment. The anoxia-induced suspended state is 

characterized by developmental 

arrest seen as cessation of 

microscopically observable 

movement (Padilla et al. 2002). 

All stages of the life cycle will 

enter into an anoxia-induced 

suspended state, however 

survival decreases with longer 

exposure to anoxia as seen in 

Figure 2. Not all surviving 

nematodes will regain full 

biological function and instead 

will irreversibly become impaired 

and display morphological 

changes including fluid accumulation, and kinking of the pharynx and intestinal lumen 

(Mendenhall et al. 2006, 2009; LaRue and Padilla 2011). 

Figure 2: Viability of C. elegans Post-Anoxia 
Exposure. Viability of C. elegans after exposure to 
anoxia for 24 hours (white bars), 48 hours (slashed 
bars), or 72 hours (black bars) at each 
developmental stage. Adapted from (Padilla et al. 
2002). 
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Anoxia sensitivity increases in C. 

elegans fed a glucose or fructose diet 

(Figure 3) (Garcia et al. 2015). Although 

the increase in anoxia sensitivity 

observed in glucose-fed C. elegans is not 

a direct reflection of ischemia in obese or 

DM patients, there is a rationale as to why 

C. elegans is a good model for these 

human health issues. First, the insulin-

signaling pathway and lipid biosynthetic 

pathways are highly conserved. Second, 

a glucose diet increases lipid levels in C. elegans and is thus thought of as an obesity 

mimetic (Garcia et al. 2015). Third, a glucose diet increases levels of glucose within the 

worm and glycosylation of 

proteins (Mondoux et al. 

2011). Finally, our previous 

RNA-Seq results show that a 

glucose diet induces similar 

genes observed to be altered 

in patients with DM (Lee et al. 

2009; Garcia et al. 2015). 

The conserved insulin-signaling pathway has been studied in great detail in C. 

elegans due to its role in many biological processes including longevity, stress 

Figure 3: Impact of Glucose Diet on 
Anoxia Sensitivity. Survival rate of N2 
day-1 adult C. elegans when exposed to 
24 hours of anoxia and increasing 
concentrations of glucose in the diet. 
Adapted from (Garcia et al. 2015). 

Figure 4: DAF-2 to DAF-16 Insulin Signaling. A) 

Binding of insulin to DAF-2 leads to the inhibition by 

phosphorylation of DAF-16 B) Mutated DAF-2 leads to 

the inability to phosphorylate DAF-16, allowing it to 

freely enter the nucleus to regulate transcription. 
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responses, and development. The daf-2 (abnormal dauer formation) codes for an insulin 

receptor that, when activated, leads to the phosphorylation of the transcription factor 

DAF-16, not allowing DAF-16 to cross the nuclear membrane (Figure 4A). Lack of 

phosphorylated DAF-16, by mutation in the daf-2 gene or absence of insulin ligand, 

results in the ability for DAF-16 to enter the nucleus and regulate expression of genes 

(Figure 4B) (Li and Zhang 2013; Lopez et al. 2013; Zigdon et al. 2013; Xia et al. 2014). 

The daf-2(e1370) mutant is resistant to many stresses (i.e. anoxia, heat, etc.), 

increased lifespan, and increased innate immunity (Gulbins and Li 2006; Gartner et al. 

2008; Garcia et al. 2015). Despite daf-2(e1370) being an anoxia tolerant mutant, a 

glucose diet also increases anoxia sensitivity (Garcia et al. 2015). 

In contrast to the anoxia tolerant daf-2(e1370) animal, the hyl-2(tm2031) mutant 

is sensitive to 48-hour anoxia exposure. The hyl-2 gene is one of three ceramide 

synthase genes in C. elegans and codes for an enzyme that is required for the efficient 

synthesis of C20-22 ceramides and sphingomyelin species (Menuz et al. 2009). 

Ceramides are intermediates for sphingolipids, a major component of cell membranes, 

and have been suggested to also act as signaling molecules for biological processes 

including inflammation and cellular stress responses in mammalian cells (Chalfant and 

Spiegel 2005; Jana et al. 2009; Novgorodov and Gudz 2009). Anoxia sensitivity in the 

hyl-2(tm2031) animal supports the idea that ceramides have a functional role in 

regulating stress response to oxygen deprivation. 

In order to further understand how diet affects response to oxygen deprivation, 

gene expression data on control animals and animals fed glucose was obtained via 

RNA-Seq. In comparison to N2 animals, N2 fed glucose had 1,850 genes upregulated 
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and 520 genes downregulated. Amongst the 2,370 genes that had altered expression, 

seven of those genes code for a Cytochrome P450 with one of them having previously 

been seen to be involved with response to oxygen deprivation (Ma et al. 2013; Garcia et 

al. 2015). 

Cytochrome P450 

Cytochrome P450 (CYP) are monooxygenases that catalyze reactions involved 

in drug metabolism and synthesis of cholesterol, steroids, and lipids. CYPs are widely 

known for their involvement in phase I detoxification via oxidation and have been 

specifically seen to metabolize long chain fatty acids like arachidonic acid (NCBI 2002; 

Coon 2005). While largely studied for their metabolic properties, CYPs have been seen 

to be involved in the immune system and inflammation due to their metabolism of long 

chain fatty acids like arachidonic acid. Inflammatory cytokines regulate individual CYPs 

and control the release of substrates like arachidonic acid. CYP epoxygenases convert 

arachidonic acid into anti-inflammatory epoxyeicosatrienoic acids and CYP 

hydroxylases proinflammatory 20-hydroxyeicosatetraenoic acid (Christmas 2015). 

Acknowledging CYPs effect on inflammation, some CYPs may be involved in response 

to oxygen deprivation through modulation of inflammation. In mice, CYP2E1 expression 

has been seen to be induced by a high fat diet and hyperlipidemia. It was also shown 

that a synergistic effect on ischemic brain damage occurs when exposed to ischemia 

and reperfusion along with a high fat diet (Cao et al. 2015). Some CYPs have an effect 

on response to oxygen deprivation and C. elegans is a good model organism to 

understand an individual CYP’s effect on response to oxygen deprivation.  
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There are 82 CYP genes in C. elegans and cyp-13A12 is one of the eleven CYP 

genes that had altered expression in response to a glucose diet (Ma et al. 2013; Garcia 

et al. 2015). Previously cyp-13A12 was seen to induce the sustained response to 

reoxygenation post oxygen deprivation (Ma et al. 2013). CYPs are located in the ER 

and mitochondria inner membrane (Coon 2005). Although little is known about the ER 

targeting sequences of C. elegans, cyp-33E1 has been seen to be localized to the ER 

(Rolls et al. 2002). Mitochondrial function has been seen to play a role in reoxygenation 

(Novgorodov and Gudz 2009; Ghose et al. 2013), but ER function disruption by ER 

stress has not been investigated in respect to reoxygenation in C. elegans. 

Induction of ER Stress by Oxygen Deprivation and Glucose 

The inability for a cell to deal with misfolded proteins in the ER leads to a buildup 

of misfolded proteins causing ER stress, and leads to the signaling of the unfolded 

protein response (UPR) and the altering of gene expression in order to restore protein 

homeostasis or to promote apoptosis (Oslowski and Urano 2013). Many genes and their 

resulting proteins have been previously found to be involved with ER stress response, 

but two proteins are particularly important to the UPR in the ER (ERUPR). The IRE1 

protein is a stress-activated nuclease and PERK protein are two proteins are 

responsible for two pathways sensing ER stress and signaling the UPR (Harding et al. 

2000; Scheuner et al. 2001). ER stress is commonly measured through an increase in 

phosphorylated IRE1 (p-IRE1) and phosphorylated PERK (p-PERK). Some of the 

targets of these proteins promote restoration of homeostasis (i.e. heat shock proteins), 

but other proteins induced by ER stress promote apoptosis (Cao et al. 2016). Numerous 
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studies have been done measuring ER stress with IRE1 and PERK, but few involve the 

impact of oxygen deprivation and glucose exposure. 

Oxygen, glucose, and serum deprivation (OGD) resulted in measured ER stress 

through an increase in p-PERK in pancreatic cells (He et al. 2016). Although it was a 

combination of factors that lead to p-PERK induction in pancreatic cells rather than 

oxygen deprivation alone, oxygen deprivation has been seen to induce ER stress in 

multiple tissues. The turtle Trachemys scripta elegans, which can survive weeks without 

oxygen when submerged in cold water, shows an increase in p-PERK in heart, kidney, 

and liver tissue (Krivoruchko and Storey 2013). Glucose and oxygen deprivation induce 

ER stress individually, but glucose causes ER stress differently. High glucose and free 

fatty acids induce ER stress via increase in p-IREα and p-PERK in mammalian 

pancreatic cells (Oslowski and Urano 2013; Kooptiwut et al. 2014). The hsp-4(SJ4005) 

strain of C. elegans allows us to visually study ER stress induction from oxygen 

deprivation or a glucose diet in a whole organism. 

hsp-4::GFP, A Marker for ER Stress 

The hsp-4 gene codes for a heat shock protein that functions as a chaperone 

and requires IRE-1 during ER stress for induction and aids in degradation of misfolded 

proteins. The HSP-4 protein binds to a misfolded protein to promote ubiquitination. 

While pek-1 (ortholog of human PERK) is not required for hsp-4 induction, it is still 

required for maximal UPR (Shen et al. 2001). ER stress was first shown to induce hsp-4 

transcription by dithiothreitol, a disruptor of disulfide bond formation in the ER, 

confirmed by Northorn blot and Reverse Transcriptase Polymerase Chain Reaction 
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(RT-PCR) analysis. hsp-3 has compensatory regulation with hsp-4 (Kapulkin et al. 

2005), but it does not work as a marker because it has a relatively high basal 

expression and increase in expression only 2-fold in response to tunicamycin (Calfon et 

al. 2002). Figure 5 shows the hsp-4::GFP, transcriptional reporter, at a low basal GFP 

expression (Fig 5a) and with an increase in intestinal expression 9-fold when exposed 

to the ER stress inducer tunicamycin (Fig 5b), which acts by inhibiting N-linked 

glycosylation (Shen et al. 2001; Calfon et al. 2002). Exposed to dithiothreitol and 

tunicamycin, proteins are misfolded leading to ER stress and causing the UPR resulting 

in a significant increase in the expression of hsp-4. The hsp-4::GFP strain serves as a 

good reporter gene for ER stress allowing visualization of ER stress in C. elegans. 

Figure 5: hsp-4::GFP in vivo. 
Fluorescent photomicrograph. 
White arrowheads track the 
outline of the body. a) C. elegans 
untreated adult hsp-
4::gfp(zcls4)V. b) C. elegans 
adult hsp-4::gfp(zcls4)V treated 
with tunicamycin. Adapted from 
(Calfon et al. 2002). 
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OBJECTIVE AND HYPOTHESIS 

In this study I investigate if a glucose diet or a mutation in the hyl-2 ceramide 

synthase gene reduces anoxia survival. My objectives were to 1) determine if knock-

down of specific cyp genes impacted anoxia survival and 2) use the hsp-4::GFP 

reporter strain to examine ER stress in the context of a glucose-supplemented diet and 

anoxia exposure. My hypotheses are that 1) knock-down of specific cyp genes impact 

anoxia survival in N2 animals fed a standard and glucose diet and hyl-2(tm2031) 

animals fed a standard diet and that 2) ERUPR is induced in animals fed a glucose diet or 

exposed to anoxia. Use of RNAi and fluorescent microscopy techniques allowed me to 

test my hypotheses. 
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METHODS 

Strains and Culture Conditions 

The N2, hyl-2(tm2031), daf-2(e1370), and hsp-4::GFP strains were maintained 

on nematode growth media (NGM) plates seeded with E. coli (OP50) at 20° (Brenner 

1974). The hours post L4-adult molt or gonad morphology and other anatomical 

markers were used to identify adults. In the glucose-supplemented diet experiments, N2 

animals were fed a glucose diet as per Garcia et al. (2015). Briefly, 370µl of 0.75M 

glucose stock was used to cover the entire plate surface of NGM plates (60mmx15mm 

petri dishes containing IPTG, ampicillin, and tetracycline). The 0.75M glucose solution 

was made by dissolving 13.512 g of appropriate glucose (D-(+)-Glucose, Sigma) in 100 

ml of double-distilled water; solution was filter sterilized and kept at 4°C. After the 

glucose plates dried, they were seeded with 300µl of the appropriate bacteria (OD600nm, 

0.6≤0.9); the bacterial lawn covered the entire plate surface (Garcia et al. 2015). 

Anoxia Exposure 

Animals were placed into BD Biobag type A anaerobic environmental chambers 

(BD Biosciences, Rockville MD) at 20°C (Padilla et al. 2002; LaRue and Padilla 2011). 

Resazurin indicators (<.001kPa of O2) confirm that anoxic conditions are reached by 

remaining white. To minimize deviations in anoxia exposure the trials that failed to reach 

anoxic conditions within 1.5 hours were nulled. The animals remained in anoxia for 24-

48 hours, as indicated for each experiment, and were allowed to recover in air for 1 day 

before being scored as unimpaired, impaired, or dead. Animals that dried out by 

crawling up the side of the plate were nulled and marked as unscored. 

12



RNAi 

Animals were grown on the specified RNAi food from embryo to adult stage as 

previously described (LaRue and Padilla 2011). Briefly, ~10 N2 or hyl-2(tm2031) adults 

were allowed to lay eggs for a minimum of 2 hours onto a plate seeded with the E. coli 

RNAi food specific for a gene knock-down of interest (Kamath and Ahringer 2003; 

Kamath et al. 2003). After there are at least 50 eggs laid, the adults were picked off and 

the eggs were allowed to mature into adulthood. 50 1-day old adults were moved to a 

new plate, containing the same E. coli RNAi food, and then exposed to anoxia. In 

experiments focusing on F1 embryos, 1-day old adults were temporarily moved to new 

plates to egg lay for a minimum of 2 hours. The HT115 bacterial strain (bacteria 

containing an empty vector) was used as a control and the RNAi food to knock-down 

the par-6 gene was used as a positive control for efficient RNAi knock-down. The 

phenotype observed in par-6(RNAi) P0 and F1 animals is 70% and 100% sterility, 

respectively. 

Quantitative RT-PCR 

  Real-time Polymerase Chain Reaction (qPCR) was performed in a similar manner 

as previously reported (Garcia et al. 2015). Animals were collected as young adults for 

mRNA isolation and RNA extraction was performed as described above. Reverse 

transcription to generate cDNA was performed using SuperScript III first-strand 

synthesis system for RT-PCR (Invitrogen, cat #18080-51). Quantitative RT-PCR was 

carried out using a CFX384 Touch Real-Time PCR Detection System (Bio-Rad) and 

SsoFast EvaGreen Supermix (Bio-Rad). Following primer validation, results were 
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analyzed using the 2−ΔΔCT Method (Livak and Schmittgen 2001). The mRNA level of 

Y45F10D.4 was used for normalization (Hoogewijs et al. 2008). The average of at least 

three technical replicates was used for each independent experiment. Primer 

sequences are available upon request. Statistical analysis was conducted using one-

way ANOVA, Bonferroni multiple comparisons. Note that we included this section 

because it was used to validate the RNA-Seq data for some genes; however, the 

experiment was performed by lab colleague Mary Ladage as part of a collaborative 

publication (Ladage et al. in review). 

Prediction of Subcellular Localization 

In order to understand the effect of cyp-33C8 on response to oxygen deprivation 

I used EuLoc, a web-server for predicting eukaryotic protein subcellular localization 

(Chang et al. 2013). The FASTA sequence for the cyp-33E1 transcript as well as the 

cyp-33C8 transcript was entered into the program. FASTA sequences used were 

according to the gene transcript information on the WormBase Database 

(http://www.wormbase.org/). The cyp-33E1 transcript was entered to support the 

accuracy of the prediction from EuLoc it is a C. elegans CYP that is known to be located 

subcellularly to the ER (Rolls et al. 2002). EuLoc predicted cyp-33E1 to be located 

within the Endoplasmic-Reticulum and Plasma-membrane. 

Epifluorescent Microscopy 

The hsp-4::GFP fluorescence was analyzed using a 509 nm filter on a Zeiss Mot 

II Plus epifluorescent microscope, and images were collected using an Axiocam 
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camera, and Zeiss software. C. elegans animals were placed onto a slide with a thin 

layer of 3% agarose gel and were paralyzed with a drop of 0.5% tricaine/0.05% 

tetramisole. Pictures of multiple animals were all taken with 48 ms of exposure to 

fluorescent light and pictures of single animals, used for measuring, were all taken with 

150ms of exposure to fluorescent light. Some animals were  exposed to 9-hour anoxia 

prior to being placed onto a slide. Animals were picked at 3 hours post 9-hour anoxia 

exposure and imaged. Corrected total fluorescence (CTCF) was calculated from values 

obtained by use of ImageJ. A minimum of 3 background readings were done in order to 

properly calculate CTCF as follows: CTCF = Integrated Density – (Area of selected cell 

X Mean fluorescence of background readings). 

Statistics 

For each experiment a minimum of three independent trials were conducted. For 

experiments assaying anoxia survival, each independent trial included two plates with a 

minimum of 50 animals per plate. After anoxia exposure animals were allowed a 24-

hour recovery time before survivors were classified as impaired or unimpaired, as 

previously described (LaRue and Padilla 2011; Garcia et al. 2015).  For the GFP 

experiments a minimum of 5 individual animals were measured per trial. The error bars 

in graphs indicate standard deviation. Statistical analyses were conducted for each 

experiment using one-way ANOVA, Bonferroni multiple comparisons using Prism 6.0. 
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RESULTS 

RNA-Seq Analysis 

As previously stated, there were 2,370 genes that had altered expression 

between N2 and N2 fed glucose (Garcia et al. 2015). While I focused on CYP gene 

characterization, a class of genes that were effected by a glucose diet, we also decided 

to further analyze the RNA-Seq data. In addition to obtaining expression analysis from 

N2 and N2 fed glucose, expression analysis was also performed via RNA-Seq on the 

anoxia sensitive mutant hyl-2(tm2031). We identified 582 genes with altered expression 

in the hyl-2(tm2031) mutant relative to the N2 controls. Since we are interested in 

Figure 6: Analyzing RNA-Seq Data. Identifying that there are many gene 

expression changes between the anoxia sensitive populations (hyl-2(tm2031) 

and N2 fed glucose) and control, we compared the genes that were 

upregulated and downregulated similarly in the anoxia sensitive populations. Of 

the genes that had expression changes, 192 genes were similarly upregulated 

and 7 were similarly downregulated. Adapted from (Ladage et al. in review). 
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identifying genes that affect oxygen deprivation responses, we compared the transcript 

profiles of the anoxia sensitive populations N2 fed a glucose diet and the hyl-2(tm2031) 

mutant. This analysis narrowed the 2,370 genes from N2 fed glucose and 582 genes 

from hyl-2(tm2031) to 192 similarly upregulated genes and 7 similarly downregulated 

genes (Figure 6). Among these 199 genes, cyp-13A12 and cyp-33C8 were similarly 

upregulated, and cyp-25A1 was similarly downregulated. Confirmation of 

downregulation of cyp-25A1 was confirmed by qPCR (Ladage et al. in review). These 

cyp genes being similarly regulated in the anoxia sensitive populations supports the 

rationale to further investigate if the CYPs play a role in oxygen deprivation responses. 

cyp Knock-Down Increased 48-hour Anoxia Survival 

In order to understand the 

role of cyp genes, RNAi knock-

down was performed on N2 

animals with 48-hour anoxia 

exposure (Figure 7). Based on 

anoxia survival data of N2 on 

OP50 (Padilla et al. 2002), 48-

hour anoxia exposure is a good 

range to test whether knock-

down of the cyp genes of interest 

would increase or decrease 

anoxia survival. N2 animals, fed 

Figure 7: cyp Knock-Down in N2 day-1 Adults 

with 48-Hour Anoxia Exposure. Each RNAi 

knock-down of a cyp in the N2 animals 

resulted in significant increase in survival in 

the knock-down animals was in comparison to 

N2 control animals (p<0.05 denoted by *, 

p<0.001 denoted by ** One-way ANOVA). 

Error bars indicate standard deviation. 
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HT115 E. coli, with 48-hour anoxia exposure have a survival of 0.38±0.08. cyp-

25A1(RNAi) animals increased in 48-hour anoxia survival to 0.73±0.17 significantly, 

compared to control animals (p<0.001). cyp-13A12(RNAi) and cyp-33C8(RNAi) animals 

increased in 48-hour anoxia survival significantly compared to control animals at 

0.62±0.21 (p<0.05) and 0.78±0.11 (p<0.001), respectively. 

cyp Knock-Down Suppresses hyl-2(tm2031) Anoxia Sensitivity 

Since cyp-25A1(RNAi), cyp-

13A12(RNAi), and cyp-33C8(RNAi) animals 

increased anoxia survival we tested if cyp 

knock-down could also suppress the anoxia 

sensitivity observed in the hyl-2 mutant. cyp 

knock-down was performed in the 48-hour 

anoxia sensitive mutant hyl-2(tm2031) to 

see if cyp knock-down suppressed hyl-

2(tm2031) anoxia sensitivity (Figure 8). hyl-

2(tm2031) on HT115 survives at a rate of 

0.13±0.08. cyp-25A1 and cyp-33C8 knock-

down suppresses hyl-2(tm2031) anoxia 

sensitivity significantly to a survival rate of 

0.50±0.22 (p<0.05) and 0.58±0.25 (p<0.05), 

respectively. cyp-13A12 suppressed hyl-

Figure 8: cyp Knock-Down in hyl-

2(tm2031) Day-1 Adults with 48-Hour 

Anoxia Exposure. Each RNAi knock-

down suppressed hyl-2(tm2031) 48-

hour anoxia sensitivity, but cyp-13A12 

did not suppress at a significant level. 

Significant difference when compared 

to hyl-2(tm2031) controls p<0.05 

denoted by * (One-way ANOVA). Error 

bars indicate standard deviation. 

18



2(tm2031) anoxia sensitivity, but cyp-13A12 did not suppress the hyl-2(tm2031) 

sensitivity at a significant level. 

cyp-33C8 Knock-Down Does Not Enhance Anoxia Survival in Glucose-Fed Adults 

Due to the suppression of hyl-2(tm2031) anoxia sensitivity via cyp knock-down, 

the next step was to see how cyp knock-down effected glucose-induced 24-hour anoxia 

sensitivity. However, cyp knock-down was narrowed to cyp-33C8 since cyp-13A12 did 

not have significant suppression of hyl-2(tm2031) anoxia sensitivity and cyp-25A1 RNAi 

has four off-target sites (cyp-25A2, cyp-25A3, cyp-25A4, and cyp-25A5) (Ladage et al. 

in review). Glucose-induced anoxia sensitivity was not significantly suppressed by cyp-

33C8 knockdown at any concentration tested (Figure 9A). 

Figure 9: cyp-33C8 Knock-Down Does Not Enhance Anoxia Survival in Glucose-
Fed Day-1 Adults, but it does in F1 Embryos at 0.25% Glucose. (A) P0 day-1 adults 
were exposed to a certain concentration of glucose and 24 hours of anoxia. (B) F1 
embryos were exposed to a certain concentration of glucose and 24 hours of 
anoxia. Significant difference p<0.0001 by One-way ANOVA denoted by *** when 
comparing control animals fed glucose to knock-down animals. 

A
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cyp-33C8 Knock-Down Suppresses Glucose-Induced Anoxia Sensitivity in F1 Embryos 

The embryos of N2 hermaphrodites fed a 0.25% glucose-supplemented diet 

were very sensitive to anoxia indicating that diet can impact the next generation’s 

capacity to respond to stress (Figure 9B). Although cyp-33C8 knockdown did not 

suppress glucose-induced 24-hour anoxia sensitivity in P0 day-1 adults, cyp-33C8 

knockdown does suppress glucose-induced anoxia sensitivity in F1 embryos (Figure 

9B). cyp-33C8 knockdown suppressed glucose-induced anoxia sensitivity in F1 

embryos when the P0 hermaphrodite was grown on a glucose diet of 0.25% (p<0.0001) 

(Figure 9B). 

CYP-33C8 Predicted to Localize to the ER 

In order to understand the effect of cyp-33C8 knockdown on C. elegans, Euloc 

was used to predict the subcellular localization of CYP-33C8 since CYPs are located in 

the ER or the mitochondria (Chang et al. 2013). The FASTA sequence for the cyp-33E1 

transcript as well as the cyp-33C8 transcript was entered into the program in order to 

support the accuracy of the prediction from EuLoc since cyp-33E1 is a C. elegans CYP 

that is known to be localized to the ER (Rolls et al. 2002). EuLoc predicted CYP-33E1 

and CYP-33C8 to be localized to the Endoplasmic-Reticulum or Plasma-membrane. 

Additionally, CYP-25A1 was predicted to be localized to the Endoplasmic-Reticulum or 

Plasma-membrane and CYP-13A12 is predicted to be localized to the Plasma-

membrane. 

Glucose Increases ER Stress 

A 
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Glucose exposure in mammalian pancreatic cells induces ER stress (Oslowski 

and Urano 2013; Kooptiwut et al. 2014), but how a glucose diet impacts the ER has not 

been fully studied in a whole animal. The hsp-4::GFP strain is often used to assay the 

ER unfolded protein response, caused by stress such as heat or tunicamycin, of whole 

animals (Calfon et al. 2002; Bertucci et al. 2009; Helmcke and Aschner 2010; Ient et al. 

2012; Shore et al. 2012). We found that the hsp-4::GFP animals fed 0.5% glucose had 

a significant increase in hsp-4::GFP fluorescence relative to control animals (Figure 10). 

However, cyp-33C8 knockdown did not suppress the hsp-4::GFP expression in glucose 

fed animals (Figure 10). 
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Anoxia Increases ER Stress 

Anoxia exposure induces ER stress in heart, liver, and kidney of Trachemys 

scripta elegans (Krivoruchko and Storey 2013), however anoxia-induced ER stress has 

not been fully studied in a whole animal. The hsp-4::GFP strain was used to examine 

the impact anoxia has on ER stress. We determined that anoxia exposure coupled with 

B B 

A)

B) 

Figure 10: Epifluorescent Microscopy of hsp-

4::GFP Animals. (A) The hsp-4::GFP animals 

were fed either a standard diet or 0.5% 

glucose and the bacterial strain to knock-down 

cyp-33C8 or control HT115 food. Imaging was 

performed on animals at the L4 stage larvae. 

Fluorescence was measured and CTCF was 

calculated. Significant difference is seen when 

comparing animals fed a standard diet versus 

a glucose diet (p<0.005 denoted by ** One-

way ANOVA). (B) The scale bar is 50 µm. 

B)

A)
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a glucose diet significantly increased the hsp-4::GFP fluorescence in day-1 adults 9-

hour anoxia exposure (Figure 11, 12). However, since we examined adult animals an 

accurate measurement of fluorescence was a challenge due to potential interference of 

fluorescence within the intestine due to egg load within the uterus of day-1 adults. For 

future studies we recommend analysis of L4 animals or using RT-PCR to quantify the 

amount of GFP expressed. In the process of conducting this experiment I used exposed 

glucose fed cyp-33C8(RNAi) animals with 9-hour anoxia exposure; 9-hour exposure is a 

stress that glucose fed animals can survive (Garcia et al. 2015). Surprisingly, all of the 

glucose fed cyp-33C8(RNAi) animals died with 9-hour anoxia exposure (data not 

shown). 

Figure 11: Measuring of 

Epifluorescent 

Microscopy in Day-1 

Adults. The hsp-4::GFP 

animals were fed either 

a standard diet or 0.5% 

glucose and the 

bacterial strain to 

knock-down cyp-33C8 

or control HT115. 

Imaging was performed 

on animals at the day-1 

adult stage. Anoxia 

animals had 9-hour 

anoxia exposure and 

allowed to recover for 3 

hours before imaging. 

Significant difference is 

denoted by “a” and “b” 

(p<0.05, by One-way 

ANOVA).  
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Figure 12: 

Epifluorescent 

Microscopy in Day-1 

Adults. The hsp-

4::GFP animals were 

fed either a standard 

diet or 0.5% glucose 

and the bacterial 

strain to knock-down 

cyp-33C8 or control 

HT115. Imaging was 

performed on 

animals at the day-1 

adult stage. Animals 

were exposed to 9-

hour anoxia and 

were allowed to 

recover for 3 hours 

before imaging. The 

scale bar is 50 µm.   
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DISCUSSION AND CONCLUSION 

Similar to DM co-morbidities a glucose diet in C. elegans affects the expression 

of a large number of genes (Garcia et al. 2015), increased lipid droplets, and sensitivity 

to oxygen deprivation. The analysis of RNA-Seq transcriptomic data of anoxia sensitive 

populations, N2 fed glucose and hyl-2(tm2031), served as a guide to identify genes and 

gene classes that are involved in oxygen deprivation responses (Ladage et al. in review; 

Garcia et al. 2015). Since both populations are anoxia sensitive, the overlaps in genes 

with altered expression could include genes that are important for response to oxygen 

deprivation. 192 transcripts are similarly upregulated in the anoxia sensitive populations 

and 7 transcripts are similarly downregulated in the anoxia sensitive populations. 

Transcripts for the class of phase I detoxification Cytochrome P450 proteins are among 

the 7 transcripts that are similarly downregulated as well as the 192 transcripts that are 

similarly upregulated. Anoxia exposure was performed in cyp knock-down animals via 

RNAi to understand the impact of cyp expression on oxygen deprivation survival. 

cyp-25A1(RNAi), cyp-13A12(RNAi), and cyp-33C8(RNAi) animals had an 

increase in 48-hour anoxia survival relative to controls indicating that these genes have 

a role in modulating oxygen deprivation survival. A possible explanation for these 

results is that cyp knock-down causes a shift in signaling molecule production like 

ceramides. While CYP do not act directly on ceramides, CYP function could alter the 

ER and cause a shift in ceramide metabolism to balance the oxygen deprivation 

response provided by C20-22 ceramides action (Menuz et al. 2009; Hannun and Obeid 

2011). An additional explanation for why cyp knock-down increased oxygen deprivation 

survival is that lower expression of CYP, a protein that uses oxygen as a cofactor (NCBI 
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2002), would result in less use of oxygen in cells and tissues during times of stress. 

Unlike cyp-25A1 and cyp-33C8, cyp-13A12 knock-down did not suppress hyl-2(tm2031) 

48-hour anoxia sensitivity suggesting that increased oxygen deprivation survival is not 

as simple as improved oxygen conservation. Others have found that cyp-13A12 is 

important for inducing the sustained response to reoxygenation post oxygen deprivation 

(Ma et al. 2013). Since RNAi of cyp-13A12 did not suppress hyl-2(tm2031) anoxia 

sensitivity the decrease of the sustained response to reoxygenation may not be involved 

in anoxia survival per se. 

Because cyp-13A12 knock-down did not suppress hyl-2(tm2031) sensitivity and 

the RNAi cyp-25A1 food has four potential off-target sites (Ladage et al. in review), 

further investigation was focused on the impact of cyp-33C8 RNAi. Although cyp-33C8 

knock-down suppressed hyl-2(tm2031) anoxia sensitivity, it did not suppress glucose-

induced 24-hour anoxia sensitivity in adult animals. A possible explanation for this 

phenomenon is that a high glucose diet may alter the levels of signaling molecules to a 

degree that cyp-33C8 knock-down alone would not be sufficient to suppress the anoxia 

sensitive phenotype. Another possibility is that a glucose diet may induce anoxia 

sensitivity through additional routes other than the mechanism by which the hyl-

2(tm2031) mutation induces anoxia sensitivity. The cyp-33C8 RNAi did not suppress 

glucose-induced anoxia sensitivity in adult animals; however, it suppressed glucose-

induced anoxia sensitivity in F1 embryos where the P0 animals were fed a 0.25% 

glucose diet. An explanation of why embryos have an altered response to cyp-33C8 

knock-down because mitochondria are being affected. CYP-33C8 may effect signaling 
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molecules that alter mitochondria dynamics and embryonic mitochondria are inherited 

from the parent animals (Lemire 2005). 

Glucose fed animals are anoxia sensitive (Garcia et al. 2015) and here we show 

that they likely have an increase in ER stress as determined by examination of the 

ERUPR. Thus suggesting that ER stress is one facet by which a glucose diet causes 

anoxia sensitivity and could potentially impact oxygen deprivation responses in a whole 

animal. Glucose-induced ER stress causing anoxia sensitivity and impacting oxygen 

deprivation responses would be consistent with previously seen data that a high 

glucose and fat diet causes an increase in ER stress in mammalian pancreatic cells and 

ischemic damage in neuronal cells of mice (Oslowski and Urano 2013; Kooptiwut et al. 

2014; Cao et al. 2015). A glucose diet inducing ER stress may cause sensitivity to 

ischemia and oxygen deprivation and genes that impact ER stress may ultimately affect 

oxygen deprivation responses. 

Despite prediction of CYP-33C8 localization to the ER, cyp-33C8 knock-down in 

hsp-4::GFP animals did not significantly reduce the GFP signal, used as an indicator of 

ERUPR, in glucose-fed animals. This suggests that the increased N2 anoxia survival and 

suppression of hyl-2(tm2031) anoxia sensitivity from cyp-33C8 knock-down is not 

through modulation of ER stress by the UPR. Surprisingly, while analyzing the hsp-

4::GFP;cyp-33C8(RNAi) I observed that these animals fed a 0.5% glucose diet with 9-

hour anoxia exposure resulted in complete death. The death in the 0.5% glucose fed 

hsp-4::GFP;cyp-33C8(RNAi) animals with 9-hour anoxia exposure further supports the 

idea that improved survival in cyp-33C8(RNAi) animals is not due to modulation of ER 

stress. One possibility for the cyp-33C8 knock-down decreasing survival in hsp-4::GFP 
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animals fed 0.5% glucose is because cyp-33C8 may have a specific function in short-

term oxygen deprivation responses since cyp-13A12 is more associated with long 

sustained response to oxygen deprivation (Ma et al. 2013). I conclude that cyp-33C8 

knock-down impacts oxygen deprivation responses, but cyp-33C8 does not make this 

impact by modulating ER stress. Possibly cyp-33C8 knock-down impacts oxygen 

deprivation responses through altering mitochondrial dynamics via metabolizing 

signaling molecules. 

Using the methods described above, a glucose diet failed to significantly increase 

ER stress in day-1 adults suggesting that either adults react differently than L4 larvae to 

the diet or that the methodologies need to be improved for examination of the hsp-

4::GFP reporter in gravid animals. The intestine was a major portion of the animal that 

has changes in fluorescence and eggs produced in the day-1 adults likely caused 

interference. Despite the interference in hsp-4::GFP day-1 adults, the combination of a 

0.5% glucose diet and 9 hours of anoxia still lead to a significant increase in hsp-4::GFP 

fluorescence. This shows that oxygen deprivation could possibly cause significant 

increase ER stress in a whole animal and warrants further investigation. Correctly 

analyzing hsp-4::GFP fluorescence post anoxia exposure will require epifluorescent 

microscopy with L4 hsp-4::GFP animals or quantifying GFP by use of RT-PCR. 

A severe limitation to these studies is relying on characterization of cyp by RNAi 

knock-down alone. Analysis using cyp mutants would confirm the results of these 

studies. Currently, no loss-of-function mutants are available for the specific cyp genes 

investigated here. Studies presented show that cyp expression is involved in oxygen 

deprivation responses and adds value to creating loss-of-function cyp mutants. In order 
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to further understand oxygen deprivation responses, much more work needs to be done 

to understand the 199 common transcripts from the anoxia sensitive populations. Future 

studies need to understand their effects on survival post oxygen deprivation and how 

they affect ER stress or mitochondrial stress in a whole organism. 

Ischemia and subsequent oxygen deprivation is still a very large concern in many 

different disease states such as DM and obesity. Patients with DM lack the ability to 

properly control glycemic levels and can lead to periods of hyperglycemia when the diet 

has high glucose content (CDC - National Center for Health Statistics 2015; World 

Health Organization 2016). A high glucose diet alters gene expression and impacts 

oxygen deprivation responses. Gene expression changes may be one mean in which a 

high glucose diet impacts the increased risk of ischemia and subsequent oxygen 

deprivation responses. A glucose diet may negatively alter cyp expression, but simple 

changes in diet can lead to changes in cyp expression to reverse the negative impacts 

(Menzel et al. 2007; Cho and Yoon 2015; He et al. 2015; Qiu et al. 2015). 

Understanding the effect of gene expression changes due to a high glucose diet can 

possibly reveal alterations that ultimately lead to increase in ischemic damage, but also 

provide alternate avenues to aid in preventing or lower ischemic damage in more 

susceptible individuals with DM or obesity. 
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