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Abstract: Caffeine intake is strongly linked to lipid metabolism. We previously reported the age-

dependent physiological effects of caffeine intake in a Caenorhabditis elegans model. Since nutritional 

status can actively influence metabolism and overall health, in this study, we evaluated the effect of 

caffeine intake on lipid metabolism in adult-stage C. elegans. We found that, in C. elegans, fat storage 

and the level of phosphoethanolamine (PE) were significantly reduced with caffeine intake. In 

addition, mitochondrial activity decreased and mitochondrial morphology was disrupted, and the 

expression of oxidative stress response genes, hsp-6, gst-4, and daf-16, was induced by caffeine 

intake. Furthermore, the level of an energy metabolism sensor, phospho-AMP-activated protein 

kinase, was increased, whereas the expression of the sterol regulatory element binding protein gene 

and its target stearoyl-CoA desaturase genes, fat-5, -6, and -7, was decreased with caffeine intake. 

These findings suggest that caffeine intake causes mitochondrial dysfunction and reduces 

lipogenesis. Interestingly, these changes induced by caffeine intake were partially alleviated by PE 

supplementation, suggesting that the reduction in mitochondrial activity and lipogenesis is in part 

because of the low PE level, and proper dietary supplementation can improve organelle integrity. 

Keywords: caffeine; 1,3,7-trimethylxanthine; phosphoethanolamine; mitochondrial activity; 

oxidative stress response; AMP-activated protein kinase; lipogenesis; Caenorhabditis elegans 

 

1. Introduction 

Caffeine is the most popular drug consumed worldwide; approximately 80% of the world’s 

population consumes caffeinated foods every day [1,2]. Caffeine is rapidly absorbed through the 

gastrointestinal tract, moves through cellular membranes [3], is metabolized in the liver, and results 

in three metabolites: paraxanthine, theophylline, and theobromine [1,3]. Lipid accumulation and 

metabolism are dependent on the presence and production of intracellular second messenger 

molecules such as cyclic adenosine monophosphate (cAMP). The increased cAMP response is short-

lived because it is rapidly degraded by phosphodiesterase (PDE). The intracellular signal can be 

sustained for a longer period by the inhibition of PDEs such as methylxanthines that are present in 

caffeine. Caffeine has also been associated with loss in body weight and increased energy expenditure 

in humans and animal models [4–7]. These studies indicate the strong relationship between caffeine 
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intake and lipid metabolism. However, it is largely unknown how caffeine intake modulates various 

physiological processes in animals including lipid metabolism at the molecular level. 

Caenorhabditis elegans is an excellent animal model to study the metabolic effects of nutrient 

intake on the body because it is easy to maintain in large populations and convenient for organ 

observation owing to its transparent body. Furthermore, C. elegans offers a relevant model to 

elucidate the molecular mechanisms of metabolic regulation that are conserved in mammals, which 

would lead to the understanding of the basis of metabolic disorders [8,9]. Although several studies 

have reported that caffeine intake has both beneficial and adverse effects on C. elegans development, 

reproduction, and aging in an age- and dose-dependent manner [10–16], the effects on its metabolism 

are still elusive. 

In this study, we investigated the control of lipid metabolism by 10 mM of caffeine intake in 

adult-stage C. elegans and its association with mitochondrial activity. We observed reductions in fat 

storage, phosphoethanolamine (PE) level, and mitochondrial activity. Expression of oxidative stress 

response genes, hsp-6 and gst-4 and the level of phospho-AMPK were increased, and DAF-16, which 

is activated by phospho-AMPK to respond to metabolic stress, was activated by nuclear localization. 

It appears that the phospho-AMPK activated by caffeine intake also decreases lipogenesis by 

reducing the expression of sbp-1, an ortholog of C. elegans sterol regulatory element binding protein 

(SREBP) gene and its target stearoyl-CoA desaturase (SCD) genes, fat-5, fat-6, and fat-7. We further 

investigated the effects of PE supplementation with caffeine intake on mitochondrial activity and 

stress responses and found that the changes caused by caffeine intake were alleviated by PE 

supplementation. Taken together, this study suggests that caffeine intake reduces the level of PE, 

induces mitochondrial stress, and causes an energy imbalance, which induces the AMPK-mediated 

stress response and reduces fat storage. In addition, our findings suggest that the PE level is a key 

component in maintaining mitochondrial integrity. 

2. Materials and Methods 

2.1. Caenorhabditis elegans Strains and Treatment with Caffeine 

C. elegans strains were maintained at either 15 or 20 °C on nematode growth medium (NGM) 

agar plates seeded with Escherichia coli strain OP50, as described previously [17]. The following 

strains were used in the present study: N2 (C. elegans wild isolate, Bristol variety), SJ4103: zcIs14 [myo-

3::GFP(mit)], RW1596: myo-3(st386) V; stEx30 [myo-3p::GFP::myo-3+rol-6(su1006)], SJ4005: zcIs4 [hsp-

4::GFP], SJ4100: zcIs13 [hsp-6::GFP], TJ375: gpIs1 [hsp-16.2p::GFP], CL2166: dvIs19 [(pAF15)gst-

4p::GFP::NLS]III, GR1352: xrIs87 [daf-16(alpha)::GFP::daf-16B+rol-6(su1006)], CE548: sbp-1(ep79) III; 

epEx141 [sbp-1::GFP::SBP-1+rol-6(su1006)], BX150: lin-5B&lin-15A(n765) X; waEx18 [fat-

5::GFP+lin15(+)], BX115: lin-5B&lin-15A(n765) X; waEx16 [fat-6::GFP+lin15(+)], and BX113: lin-5B&lin-

15A(n765) X; waEx15 [fat-7::GFP+lin15(+)]. To examine the effects of caffeine intake, 10 mM of caffeine 

(Sigma-Aldrich, St. Louis, MO, USA) was added to NGM before autoclaving, as previously described 

[13]. Synchronized L4-stage animals were exposed to caffeine for 24 h at 20 °C, and then the adult-

stage animals were examined. 

2.2. Analysis of Lipid Composition Using Gas Chromatography-Time of Flight-Mass Spectrometry (GC-

TOF-MS) 

Sample preparation for the analysis of lipid composition in C. elegans was performed as 

previously described with minor modifications [18]. Briefly, L4-stage wild-type N2 hermaphrodites 

were individually cloned onto either caffeine-containing (10 mM) or caffeine-free (0 mM) NGM agar 

plates and grown for 24 h at 20 °C. Five thousand adult animals from each treatment were collected 

in M9 buffer and washed three times. After centrifugation, the M9 buffer was removed, and the 

samples were frozen in liquid nitrogen. Each sample was extracted with 80% methanol and internal 

standard solution (2-chloro-phenylalanine, 1 mg/mL in water) using an MM400 mixer mill (Retsch®, 

Haan, Germany) at a frequency of 30 s−1 for 10 min, followed by sonication for 10 min. Subsequently, 
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the extracted samples were centrifuged, and the supernatants were filtered through 0.2 μm 

polytetrafluoroethylene filters (Chromdisc, Daegu, Korea). The filtered samples were completely 

evaporated using a speed vacuum concentrator (Biotron, Seoul, Korea). The final concentration of 

each sample was 10 mg/mL in methanol for MS analysis. 

GC-TOF-MS analysis was performed as previously reported [19]. The dried samples were 

oximated with methoxyamine hydrochloride (20 mg/mL in pyridine) for 90 min at 30 °C and silylated 

with MSTFA for 30 min at 37 °C. Finally, the samples were injected into a GC-TOF-MS instrument 

(Thermo Fisher Scientific, West Palm Beach, FL, USA) in splitless mode. MS data analysis and 

multivariate statistical analysis were conducted as previously described [19]. Selected metabolites 

derived from GC-TOF-MS data were tentatively identified using standard compounds and 

comparisons of their retention time and MS fragments. We also confirmed the MS spectrum data for 

selected metabolites with available databases including the National Institute of Standards and 

Technology (NIST) database (Version 2.0, 2011, FairCom, Gaithersburg, MD, USA), Wiley 9, and the 

Human Metabolome Database (HMDB; http://www.hmdb.ca). Significant differences between 

groups (p-value) were evaluated using PASW Statistics (IBM SPSS Inc., Chicago, IL, USA). 

2.3. Analysis of Mitochondrial Activity 

L4-stage wild-type N2 hermaphrodites were treated with caffeine for 24 h at 20 °C. The adult-

stage animals were then incubated for 4 h at 20 °C with 10 μM of MitoTracker Red (Invitrogen, 

Carlsbad, CA, USA), which is a fluorescent probe that accumulates in active mitochondria. After 

MitoTracker staining, the animals were immobilized using 0.2 mM tetramisole hydrochloride 

(Sigma-Aldrich, St. Louis, MO, USA) in M9 buffer and mounted on a poly-L-lysine- (Sigma-Aldrich, 

St. Louis, MO, USA) coated glass slide. Live images of stained animals were observed under a 

fluorescence microscope (Zeiss Axioscope, Oberkochen, Germany), and the average pixel intensity 

of MitoTracker Red fluorescence was measured using ImageJ. 

2.4. Live Image Observation of Fluorescence-Tagged Transgenic Animals 

The synchronized L4-stage transgenic animals expressing GFP were treated with caffeine for 24 

h at 20 °C. The animals were then immobilized using 0.2 mM tetramisole hydrochloride (Sigma-

Aldrich, St. Louis, MO, USA) in M9 buffer and mounted on a poly-L-lysine- (Sigma-Aldrich, St. Louis, 

MO, USA) coated glass slide. Live images of animals were observed under a fluorescence microscope 

(Zeiss Axioscope, Oberkochen, Germany). Using ImageJ, we measured the average pixel intensity of 

fluorescence in GFP-tagged transgenic animals including SJ4103, RW1596, SJ4005, SJ4100, TJ375, 

CL2166, GR1352, CE548, BX150, BX115, and BX113 for quantification. 

2.5. Analysis of Mitochondrial Reactive Oxygen Species (ROS) and Superoxide Levels Using Fluorescence 

Microscopy 

To examine the effect of caffeine intake on mitochondrial ROS and superoxide levels, CellROX® 

Green (Invitrogen, Carlsbad, CA, USA) and MitoSOX (Invitrogen, Carlsbad, CA, USA) staining were 

performed as previously described [20,21]. CellROX® Green and MitoSOX were freshly prepared at 

5 mM for the stock solution and diluted in M9 buffer at a 1:1000 dilution before treatment. 

Synchronized adult-stage animals fed with either a caffeine-free or a caffeine diet were transferred 

into the staining solution and stained for 20 min at 20 °C. Animals were mounted on a poly-L-lysine- 

(Sigma-Aldrich, St. Louis, MO, USA) coated glass slide and then observed under a fluorescence 

microscope (Zeiss Axioscope, Oberkochen, Germany). Relative quantitation of mitochondrial ROS 

and superoxide levels was measured using ImageJ. 

2.6. Western Blot Analysis 

Western blot analysis was performed as previously described [22]. Whole animal protein extract 

prepared from 300 gravid adult hermaphrodites from each treatment was used per gel well. 

Antibodies bound to a nitrocellulose membrane (PROTRAN BA83, Whatman, Sigma-Aldrich, St. 
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Louis, MO, USA) were visualized using an ECL Western blotting detection kit (Amersham, GE 

Healthcare Life Sciences, Pittsburgh, PA, USA), and the respective band intensities were measured 

using a LAS-3000 image analyzer with Multi Gauge (v.3.0) (Fuji Film, Tokyo, Japan). The following 

primary and secondary antibodies were used: rabbit anti-AMPK (1:1000, Cell Signaling Technology, 

Danvers, MA, USA), rabbit anti-pAMPK (1:1000, Cell Signaling Technology, Danvers, MA, USA), 

mouse anti-α-tubulin (1:1000; Sigma-Aldrich, St. Louis, MO, USA), HRP-conjugated goat anti-rabbit 

IgG (1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), and HRP-conjugated donkey anti-mouse 

IgG (1:1000; Jackson ImmunoResearch, West Grove, PA, USA). 

2.7. Analysis of Body Fat Using Nile Red (NR) and Oil Red O Staining 

Body fat content was measured as previously described [23]. In brief, a stock solution was 

prepared by dissolving NR (Invitrogen, Carlsbad, CA, USA) in acetone (5 mg/mL). Synchronized 

adult-stage animals were treated with 40% isopropanol for 3 min at 20 °C, and NR working solution 

(30 μg/mL) was added to each sample for 2 h at 20 °C in the dark. For Oil Red O staining, a stock 

solution was prepared by dissolving Oil Red O (500 mg) in 100% isopropanol (100 mL), and the stock 

solution was diluted in water (3:2) to 60% isopropanol, and filtered with a 0.2 μm sterile syringe filter. 

Synchronized adult-stage animals were treated with 40% isopropanol for 3 min at 20 °C, and Oil Red 

O solution was added to each sample for 2 h at 20 °C in the dark. Body fat content was measured in 

lipid droplets of NR-stained or Oil Red O-stained animals using a Zeiss microscope at 20× 

magnification. Using ImageJ, we measured the average pixel intensity for the quantification of NR 

and Oil Red O staining. For each case, three independent experiments were performed. 

2.8. Supplementation with PE and Ethanolamine (ETA) 

PE and ETA were purchased from Sigma-Aldrich (St. Louis, MO, USA). PE or ETA was added 

to autoclaved NGM before pouring into agar plates. The synchronized L4-stage animals were placed 

onto NGM agar media supplemented with either PE (0.1 mM to 50 mM) or ETA (5 mM) and with or 

without 10 mM of caffeine for 24 h at 20 °C and subjected to the respective experiments. 

2.9. Statistical Analysis 

All experiments were repeated more than three times for statistical evaluation of the data. The p 

values were calculated using either two-tailed Student’s t-test or one-way ANOVA test. p < 0.05 was 

considered significant. The data are expressed as the mean ± standard deviation (SD). 

3. Results 

3.1. Reduction in the Level of PE and Mitochondrial Activity, and the Disruption of Mitochondrial 

Morphology with Caffeine Intake in C. elegans 

Previous studies have suggested that caffeine intake affects lipid metabolism [7,24,25]. 

Therefore, we attempted to evaluate lipid metabolism regulation by caffeine intake in C. elegans. GC-

TOF-MS chromatography was performed to analyze changes in fatty acid composition owing to 

caffeine intake. The levels of glycerophosphoric acid, phosphoglyceric acid, palmitic acid, elaidic 

acid, oleic acid, stearic acid, oleamide, and glycerol monostearate were significantly altered with less 

than 2-fold differences (p < 0.05) compared to the levels in the caffeine-free diet control group; however, 

the levels of PE and arachidonic acid (AA) showed more than a 2-fold decrease or increase, respectively 

(Figure 1 and Supplementary Table S1, p < 0.05). The most drastic reduction in lipid compositions by 

caffeine intake was PE based on the analysis by GC-TOF-MS chromatography (Figure 1). This result 

suggests that the low level of PE causes major effects of caffeine intake in C. elegans. Therefore, further 

investigation was focused on the effects of PE after caffeine intake. PE is a major component of the 

mitochondrial inner membrane where the energy production process occurs [26,27]. 
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Figure 1. Caffeine intake altered the level of lipid composition in Caenorhabditis elegans. Fold change 

in fatty acids between the caffeine-free diet group (control, white bar) and the caffeine-fed group 

(black bar), as determined by gas chromatography. Fatty acids were extracted from 5000 adult animals 

for each group. The dotted lines indicate a relative difference of more than 2-fold compared to the 

control. Significant differences between groups (p-value) are shown in Supplementary Table S1. Error 

bars represent standard deviation (SD). 

To investigate the possible alterations in mitochondria owing to the low level of PE in caffeine-

fed animals, we examined both mitochondrial activity in the intestine and morphological changes in 

the muscle cells of C. elegans using MitoTracker staining (Figure 2A,B). In the caffeine-free diet 

animals, the mitochondrial activity in the intestine was normal, and the majority of muscle 

mitochondria showed a tubular morphology (Figure 2A,B). In contrast, the animals that ingested 

caffeine showed a significant decrease in mitochondrial activity in the intestine (p < 0.05) and 

alterations in mitochondrial morphology, including fragmentation (12.2% ± 1.2), swelling (19.4% ± 

2.1), and aggregation (6.9% ± 0.8) in the muscle cells (Figure 2A,B). We confirmed the alterations in 

mitochondrial morphology owing to caffeine intake using transgenic animals containing the 

transgene, Pmyo-3::mitoGFP, which is expressed in the mitochondria of the muscle cells (Figure 2C). 

Furthermore, the morphological changes in mitochondria leading to damage in muscle cells of 

caffeine-fed animals were also observed using a transgene, MYO-3::GFP, in the muscle cells (Figure 

2D). These results indicated that caffeine intake decreased the mitochondrial activity and disrupted 

mitochondrial morphology. 
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Figure 2. Caffeine intake reduced mitochondrial activity and disrupted mitochondrial morphology in 

Caenorhabditis elegans. (A) Comparison of mitochondrial activity in the intestine of caffeine-fed 

animals (10 mM) and that of the caffeine-free diet control group (0 mM) using MitoTracker staining. 

The graph shows the relative level of mitochondrial activity using ImageJ analysis. Statistical 

significance was calculated using Student’s t-test. **, p < 0.01. Error bars represent standard deviation. 

(B) Comparison of mitochondrial morphology in the muscle cells of caffeine-fed animals (10 mM) and 

that of the caffeine-free diet control group (0 mM) using MitoTracker staining. The graph indicates 

the percentage of animals with mitochondria classified as tubular, intermediate, fragmented, swollen, 

or aggregated. (C) The effect of caffeine intake on mitochondrial morphology was analyzed in the 

transgenic animal SJ4103 expressing a mitochondrial-targeted GFP under control of the muscle-

specific myo-3 promoter. The graph indicates the percentage of animals with muscle mitochondria 

classified as indicated. (D) Myofilament abnormality owing to caffeine intake was visualized using 

the MYO-3::GFP transgene. Representative fluorescent images in the caffeine-free diet control group 

(0 mM) showed normal filament organization. MYO-3::GFP abnormalities (aggregations) were 

observed in the caffeine-fed animals (10 mM). The graph indicates the percentage of animals classified 

as having normal muscle or damaged muscle (aggregations). 

3.2. Caffeine Intake Activates AMPK and DAF-16 by Inducing Mitochondrial Stress Response in C. elegans 

It was previously reported that changes in mitochondrial activity and morphology are 

associated with cellular stress responses as a cellular adaptation to regulate cell survival [28]. In 

addition, mitochondrial damage can induce unfolded protein stress responses [29,30] and 

mitochondrial morphology can play a role in mitochondrial energetics in C. elegans [31,32]. To 

examine whether the mitochondrial changes owing to caffeine intake affect cellular stress responses, 

we investigated transgenic animals expressing a gene involved in three different stress response 

pathways, including an endoplasmic reticulum chaperone (hsp-4), a mitochondrial chaperone (hsp-

6), and a cytosolic chaperone (hsp-16.2), and quantified the relative protein levels of each reporter 

(Figure 3A). Among three cellular stress responses, caffeine-fed adult-stage transgenic animals 

expressing HSP-6 showed significantly increased expression levels of GFP fluorescence compared to 

those in the caffeine-free diet control group, suggesting that caffeine intake induces mitochondrial 

stress response (Figure 3A). Furthermore, we found that caffeine intake increased the level of gst-4 

expression, an antioxidant enzyme, in transgenic animals expressing the Pgst-4::GFP gene (Figure 

3B). This finding suggests that caffeine intake induces the oxidative stress response. In addition, we 

determined the levels of ROS and superoxide in mitochondria using CellROX Green and MitoSox 

Red, the fluorescence dyes that have been used to detect the mitochondrial ROS and mitochondrial 

superoxide, respectively. MitoSox Red, a mitochondrial superoxide indicator failed to stain in 

caffeine-fed animals (Supplementary Figure S1). However, CellROX staining showed the increased 



Nutrients 2020, 12, 3348 7 of 21 

 

level of mitochondrial ROS in caffeine-fed animals while only the basal level of mitochondrial ROS 

was detected in caffeine-free diet animals (Supplementary Figure S2). These results indicate that 

caffeine intake activates mitochondrial oxidative stress response by elevating mitochondrial ROS but 

not by superoxide. 

 

 

 

Figure 3. Caffeine intake activates AMPK and DAF-16 by inducing the mitochondrial stress response 

in Caenorhabditis elegans. (A,B) HSP-4::GFP, HSP-6::GFP, HSP-16.2::GFP, and GST-4::GFP transgenic 

animals synchronized at the L4-stage were fed either 0 or 10 mM of caffeine for 24 h at 20 °C, and 

respective fusion proteins were observed under fluorescence microscopy and quantified using ImageJ 

analysis. Statistical significance was calculated using Student’s t-test. *, p < 0.05. n.s., p > 0.05. Error 

bars represent standard deviation (SD). (C) Western blot analysis of phospho-AMPK protein levels in 

animals fed the caffeine-free diet (0 mM) or caffeine diet (10 mM). AMPK and phospho-AMPK band 

intensities were normalized against those of β-Actin in the same lane. Then, the normalized AMPK 

and p-AMPK band intensities were converted to a relative value compared to the normalized AMPK and 

p-AMPK band intensities of 0 mM, as shown in the graph; values are mean ± SD of three biological 

replicates of lysates from 300 animals. Statistical significance was calculated using Student’s t-test. * p < 0.05. 
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(D) Images show DAF-16::GFP expression pattern in both caffeine-free diet animals and caffeine-fed 

animals in the respective tissues. The graph indicates the percentage of animals that show the 

distribution of subcellular localization of DAF-16 in the respective tissues. 

The correlation between mitochondrial functions and AMPK under dietary stress conditions in 

C. elegans has been reported previously [33–35]. Therefore, by performing Western blot, we next 

examined whether caffeine intake affects the activation of AMPK. We found that caffeine intake 

indeed activated AMPK by increasing the level of phosphorylated AMPK (p-AMPK) (Figure 3C). We 

further assessed a possible association by caffeine intake between the activation of AMPK and DAF-

16, a direct target of phospho-AMPK, as a key transcription factor in the insulin/IGF signaling 

pathway [36,37]. The daf-16 gene encodes a FOXO transcription factor, which is expressed in the 

cytoplasm and localized to the nuclei when activated in most cells including the neurons, muscles, 

hypodermis, and intestine in C. elegans [38–40]. We compared the subcellular localization of DAF-

16::GFP transgene in both caffeine-free diet controls and caffeine-fed animals (Figure 3D). Caffeine-

fed transgenic animals showed significant DAF-16::GFP nuclear localization in the neurons, 

hypodermis, and intestine (Figure 3D). Taken together, we suggest that caffeine intake induces the 

mitochondrial stress response and increases gst-4 expression, which activates AMPK 

phosphorylation and promotes DAF-16 nuclear localization. 

3.3. Caffeine Intake Reduces Lipogenesis and Fat Storage in C. elegans 

AMPK phosphorylation has been implicated in the regulation of multiple metabolic processes 

in cells, including sterol regulatory element binding protein (SREBP), a master transcriptional 

regulator of lipid synthesis [41,42]. SCD is a key target of SREBP [43–46], and there are three C. elegans 

scd orthologs, fat-5, fat-6, and fat-7 [47,48]. Therefore, we examined the levels of sbp-1, a C. elegans 

ortholog of human SREBP, and its target genes using transgenic animals expressing sbp-1, fat-5, fat-6, 

and fat-7 (Figure 4A,B). Caffeine-fed transgenic animals showed significantly decreased expression 

of not only SBP-1::GFP, but also FAT-5, -6, and -7::GFP (Figure 4A,B). These results indicated that 

caffeine intake reduced lipogenesis. 
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Figure 4. Caffeine intake suppresses lipogenesis and fat storage in Caenorhabditis elegans. (A) SBP-

1::GFP transgenic animals synchronized at the L4-stage were exposed to caffeine (10 mM) for 24 h at 

20 °C. A reduced level of SBP-1::GFP in the intestine was observed in caffeine-fed animals. Statistical 

significance was calculated using Student’s t-test. *, p < 0.05. Error bars represent standard deviation 

(SD). (B) FAT-5::GFP, FAT-6::GFP, and FAT-7::GFP transgenic animals synchronized at the L4-stage 

were exposed to caffeine (10 mM) for 24 h at 20 °C. The caffeine-fed transgenic animals showed 

reduced intensity levels of FAT-5::GFP, FAT-6::GFP, and FAT-7::GFP in the intestine. The graph 

indicates the effect of caffeine intake on the relative levels of fusion protein intensity values in the 

respective transgenic animals. Statistical significance was calculated using Student’s t-test. *, p < 0.05. 

Error bars represent SD. (C,D) Caffeine-fed animals displayed reduced lipid content as quantified by 

Nile Red (NR) and Oil Red O staining. Wild-type animals synchronized at the L4-stage were exposed 

to caffeine (10 mM) for 24 h at 20 °C. The graphs show the relative NR fluorescence or Oil Red O 

intensity in caffeine-fed animals compared to those in animals fed a caffeine-free diet. Statistical 

significance was calculated using Student’s t-test. *, p < 0.05. Error bars represent SD. 

As caffeine-fed animals showed the down-regulated expression of lipogenesis genes, sbp-1, fat-

5, fat-6, and fat-7, we further examined fat storage in these animals with both NR and Oil Red O 

staining, the dyes that selectively stain lipid droplets in the cells. The fat storage was decreased in 

wild type N2 animals fed with caffeine compared to that in animals fed the caffeine-free diet (Figure 

4C,D), indicating that caffeine intake suppresses fat storage in C. elegans. 

3.4. PE Supplementation Improves Mitochondrial Activity and Morphology in Caffeine-Fed Animals 

Dietary intake of phospholipids is known to have beneficial effects on several chronic diseases, 

including heart disease, inflammation, cancer, metabolic disease, and health promotion [49]. We 

investigated the effects of PE supplementation to determine whether PE supplementation alleviates 

the mitochondrial dysfunction induced by caffeine intake. We examined the effects of PE 

supplementation at concentrations of 0.1 mM, 1 mM, 5 mM, 10 mM, or 50 mM on mitochondrial 

activity in the intestine of C. elegans (Supplementary Figure S2). We found that PE supplementation 

significantly improved the mitochondrial activity that was decreased by caffeine intake and its effect 

was saturated at 5 mM of PE (Supplementary Figure S2 and Figure 5A), suggesting that PE 

supplementation has a beneficial effect on mitochondrial activity under caffeine diet conditions and 

that supplementation with 5 mM PE is optimal. 
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Figure 5. Supplementation with phosphoethanolamine (PE) or ethanolamine (ETA) mitigated the 

altered mitochondrial activity and morphology owing to caffeine intake in Caenorhabditis elegans. (A) 

Comparison of mitochondrial activity in the intestine of animals fed caffeine supplemented with PE 

with that of caffeine-fed animals using MitoTracker staining. The graph shows the relative levels of 

mitochondrial activity using ImageJ analysis. Statistical significance was calculated using one-way 

ANOVA. * p < 0.05. Error bars represent standard deviation (SD). (B) Comparison of mitochondrial 

morphology in the muscle cells of animals fed caffeine supplemented with PE with that of caffeine-

fed animals using MitoTracker staining. The graph indicates the percentage of animals with 

mitochondria classified as tubular, intermediate, fragmented, swollen, or aggregated. (C) The effect 

of caffeine intake with PE supplementation on mitochondrial morphology was analyzed in the 

transgenic strain SJ4103 expressing a mitochondrial-targeted GFP under the control of the muscle-

specific myo-3 promoter. The graph indicates the percentage of animals with muscle mitochondria 

classified as normal, fused, or fragmented. (D) Myofilament abnormality owing to caffeine intake 

visualized using the MYO-3::GFP transgene. Representative fluorescent images are shown for both 

the caffeine-free diet condition (0 mM) and PE supplementation condition (PE), resulting in normal 

filament organization. The MYO-3::GFP abnormalities (aggregations) observed in caffeine-fed 

animals (10 mM) were restored by PE supplementation. The graph indicates the percentage of animals 

classified as having normal muscle or damaged muscle (aggregations) in the respective conditions. (E) 

Comparison of mitochondrial activity in the intestine of animals fed caffeine supplemented with ETA 

with that of caffeine-fed animals using MitoTracker staining. The graph shows the relative levels of 

mitochondrial activity using ImageJ analysis. Statistical significance was calculated using one-way 

ANOVA. *, p < 0.05. Error bars represent SD. (F) The effect of caffeine intake with ETA supplementation 

on mitochondrial morphology was analyzed in the transgenic strain SJ4103 expressing a mitochondrial-
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targeted GFP under the control of the muscle-specific myo-3 promoter. The graph indicates the 

percentage of animals with muscle mitochondria classified as normal, fused, or fragmented. 

To confirm whether the PE supplementation also improves the mitochondrial morphology 

disrupted by caffeine intake, we analyzed the mitochondrial morphology and the integrity of muscle 

cells with PE supplementation through both MitoTracker staining and transgenic animals expressing 

the transgene, Pmyo-3::mitoGFP or myo-3::GFP (Figure 5B–D). PE supplementation also significantly 

improved mitochondrial morphology in caffeine-fed animals (Figure 5B–D), indicating that PE is an 

important component for mitochondrial activity and morphology and PE supplementation can 

overcome mitochondrial defects induced by caffeine intake. 

We investigated the effects of supplementation with ethanolamine (ETA), a precursor of PE, on 

mitochondrial activity and morphology in caffeine-fed animals. ETA supplementation also alleviated 

the decrease in mitochondrial activity in the intestine and the disruption in mitochondrial 

morphology in the muscle cells owing to caffeine intake (Figure 5E,F). Taken together, our findings 

clearly support the premise that the decrease in PE level induced by caffeine intake leads to defects 

in mitochondrial activity and morphology. 

3.5. PE Supplementation Suppresses the Activation of AMPK and DAF-16 Induced by Caffeine Intake in  

C. elegans 

Next, we determined whether PE supplementation alleviates the increased activation of AMPK 

and DAF-16 by reducing mitochondrial stress response under caffeine intake conditions. First, we 

measured the changes in mitochondrial stress response with caffeine intake and PE supplementation 

through observations of hsp-6::GFP and gst-4::GFP transgenic animals, and found significant 

reductions in the expression of both transgenes with PE supplementation (Figure 6A,B). These results 

indicated that PE supplementation decreased the mitochondrial stress response induced by caffeine 

intake. We further examined whether PE supplementation could suppress the activity of AMPK and 

DAF-16 induced by caffeine intake. We found that the protein level of phospho-AMPK was indeed 

significantly reduced in wild-type animals with PE supplementation (Figure 6C). This result 

indicated that dietary intake of PE can decrease the level of phospho-AMPK in caffeine-fed animals. 

Furthermore, we also examined whether the nuclear localization of DAF-16 is suppressed by PE 

supplementation using transgenic animals expressing a daf-16::GFP transgene (Figure 6D). Notably, 

animals fed caffeine with PE supplementation showed a reduced level of DAF-16 nuclear 

accumulation in all three tissues, including the neurons, hypodermis, and intestine. These results 

indicated that the reduction in PE levels by caffeine intake likely modulated DAF-16::GFP nuclear 

localization. Importantly, these findings suggest that the cellular PE level is one of the critical factors 

that regulate the signaling pathways triggered by a mitochondrial stress response in organisms. 
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Figure 6. Phosphoethanolamine (PE) supplementation mitigates mitochondrial stress response and 

activation of AMPK and DAF-16 owing to caffeine intake in Caenorhabditis elegans. (A,B) HSP-6::GFP 

and GST-4::GFP transgenic animals were synchronized at the L4-stage and fed either 0 or 10 mM of 

caffeine for 24 h at 20 °C with PE supplementation, and the respective fusion proteins were observed 

under fluorescence microscopy and quantified using ImageJ analysis. Statistical significance was 

calculated using one-way ANOVA. *, p < 0.05. Error bars represent standard deviation (SD). (C) Western 

blot analysis of phospho-AMPK protein levels in animals fed caffeine with PE supplementation. 

Respective AMPK and phospho-AMPK band intensities were normalized against those of β-Actin in the 

same lane. Then, the normalized AMPK and phospho-AMPK band intensities were converted to a 

relative value in comparison to that of the normalized AMPK and phospho-AMPK band intensities at 0 

mM, as shown in the graph; values are mean ± SD of three biological replicates of lysates from 300 

animals. Statistical significance was calculated using the Student’s t-test. *, p < 0.05. (D) Images show the 

DAF-16::GFP expression patterns of animals fed caffeine supplemented with PE in the respective tissues. 

DAF-16::GFP transgenic animals were synchronized at the L4-stage and were fed either 0 or 10 mM of 

caffeine for 24 h at 20 °C with PE supplementation, and the fusion protein was observed under 

fluorescence microscopy. The graph indicates the percentage of animals that show a distribution in the 

subcellular localization of DAF-16 in the respective tissues. 

3.6. PE Supplementation Suppresses the Effects of Caffeine Intake on Lipid Metabolism in C. elegans 

Next, we attempted to elucidate whether the effects of caffeine intake on lipid metabolism are 

suppressed by PE supplementation. We first examined the expression level of sbp-1::GFP in 

transgenic animals supplemented with PE. The expression level of sbp-1::GFP in animals fed caffeine 

with PE supplementation was increased significantly; however, the level was moderate (Figure 7A). 

This result suggested that the low PE level partially contributed to the decreased expression of sbp-

1::GFP in animals fed caffeine, and other unknown factors are required to fully rescue the decreased 

lipogenesis owing to caffeine intake. 
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Figure 7. Phosphoethanolamine (PE) supplementation improves lipogenesis and fat storage affected 

by caffeine intake in Caenorhabditis elegans. (A) SBP-1::GFP transgenic animals synchronized at the L4-

stage were exposed to caffeine with PE supplementation for 24 h at 20 °C. An increased level of SBP-

1::GFP in the intestine was observed in animals fed caffeine with PE supplementation. Statistical 

significance was calculated using one-way ANOVA. *, p < 0.05. **, p < 0.01. Error bars represent 

standard deviation (SD). (B,C) Animals fed caffeine supplemented with PE showed partially 

increased lipid content as quantified by both Nile Red (NR) and Oil Red O staining. Wild-type animals 

synchronized at the L4-stage were exposed to caffeine (10 mM) with PE supplementation for 24 h at 

20 °C. The graphs show the relative NR fluorescence or Oil Red O intensity of animals fed caffeine 
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supplemented with PE compared to those of caffeine-fed animals. Statistical significance was 

calculated using one-way ANOVA. *, p < 0.05. **, p < 0.01. Error bars represent SD. 

We also examined the effect of PE supplementation on fat storage in animals fed caffeine. A 

significant improvement in fat storage was observed in animals fed caffeine supplemented with PE, 

although the level was not similar to that of the animals fed a caffeine-free diet (Figure 7B). This result 

suggested that the decrease in PE level because of caffeine intake in part reduced fat storage through 

lipogenesis. Taken together, we propose that caffeine intake causes a reduction in the cellular level 

of PE, which activates phospho-AMPK and DAF-16 nuclear localization, and suppresses lipogenesis, 

which is mediated by the increased mitochondrial stress response (Figure 8). In summary, our 

findings indicate that dietary PE supplementation in caffeine-fed animals bestows beneficial effects 

on mitochondrial integrity disrupted owing to caffeine intake. 

 

Figure 8. Model of the beneficial effects of phosphoethanolamine (PE) supplementation on 

mitochondrial stress and lipogenesis owing to caffeine intake in Caenorhabditis elegans. 

4. Discussion 

Environment and nutritional status have been explored as important regulators in 

developmental processes and metabolic pathways [50–52]. The effects of caffeine, the most widely 

consumed diet component, have been studied in a C. elegans model to understand its physiological 

roles both at the molecular and organismal level [10–16,53,54]. Previous studies have shown age- and 

dose-dependent adverse and beneficial effects of caffeine intake. Intake of a higher dose of caffeine 

(>10 mM) at the earlier developmental stage of animals showed adverse effects, such as 

developmental arrest, activation of stress-response pathways, and stimulation of food-avoidance 

behavior [10–12], whereas animals treated with a low dose of caffeine (<10 mM) at the later 

developmental stage generally showed beneficial effects. Therefore, we examined the physiological 

effects of caffeine ingestion with 10 mM caffeine feeding at the fourth larval stage, and observed these 

effects in adult-stage C. elegans in this study. At this stage of C. elegans, most developmental processes 

are completed, and thus, it is convenient to investigate caffeine’s effects on metabolism and overall 

health. We also recently reported the reduced fertility caused by defective oocytes and eggshell 

integrity resulting from the decreased production of yolk protein owing to caffeine intake in adult-

stage C. elegans [13], thereby suggesting that caffeine modulates metabolism. Here, we further 

examined the effects of caffeine intake on metabolism by analyzing lipid composition in caffeine-fed 

animals because caffeine intake is known to be closely linked to lipid metabolism [4–7]. We found 

that caffeine intake significantly reduced the level of PE, leading to a decrease in mitochondrial 

activity and disruption in mitochondrial morphology. Notably, upon PE supplementation, these 

adverse effects of caffeine intake on mitochondrial functions were partially alleviated. 
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Phospholipids can have different structures in an aqueous environment depending on their shapes 

[55]. For example, phosphatidylcholine has a cylinder shape that can assemble into lamellar phase. On 

the other hand, phosphatidylethanolamine has a cone shape that can assemble into hexagonal phase. 

PE is the second-most abundant metabolite in membrane phospholipids and an intermediate of 

phosphatidylethanolamine biosynthesis [56,57]. Synthesized phosphatidylethanolamine is abundant in 

the mitochondrial inner membrane [26,27], and it can form a hexagonal phase that is thought to play a 

role in membrane fusion events, which are important for mitochondrial function [58,59]. These findings 

suggest that PE utilization is essential to mitochondrial integrity. Mitochondria are important 

organelles in the cells for maintaining cellular homeostasis, such as ATP generation via oxidative 

phosphorylation and regulation of Ca2+ levels and multiple metabolic pathways of lipids, amino 

acids, and iron-sulfur clusters [60–62]. In addition, mitochondria have vital activities, such as stress 

responses, detoxification, and immune responses [63,64]. Given their crucial roles in cell physiology, 

it is obvious that mitochondria are the first responders to various stressors that challenge homeostasis 

in the organism. Consistently, the low PE level owing to caffeine intake observed in this study 

considerably influenced mitochondrial activity and morphology. This finding was supported by the 

alleviation of the adverse effects of caffeine intake with PE supplementation. Furthermore, we found 

that low PE levels caused alterations in mitochondrial stress response and lipogenesis, which were 

also improved upon PE supplementation; although they were not fully recovered, the effect was 

significantly reduced. Therefore, our findings confirmed the roles of PE supplementation in 

mitochondrial functions in caffeine-fed animals. 

We also found not only a reduction in PE but also an increase in arachidonic acid (AA) with 

caffeine intake in adult-stage C. elegans (Figure 1). This finding suggests the possibility that either 

reduction in PE or increase in AA or both can cause the effects of caffeine intake observed in this 

study. In addition, AA is also the structural phospholipid in the cell membrane [65]. In fact, the effects 

on caffeine-fed animals were partially suppressed by PE supplementation, which may be attributed 

to the residual increased level of AA. Therefore, the effects of the increased AA level remain to be 

determined along with those of the low PE level in caffeine-fed animals. Furthermore, it is interesting 

to note that PDE inhibitors induce the lipolysis pathway in mice [66]. Three main phospholipases, 

including phospholipase A2, phospholipase C, and phospholipase D, act on phospholipids to 

produce esterified AA [67]. Considering that caffeine is one of the PDE inhibitors [68], phospholipids 

can be catalyzed by phospholipases to form AA with caffeine intake [67,69], and thus, increase the 

AA level. It would be worthwhile to postulate how caffeine intake reduces the level of PE. It has been 

reported that caffeine can directly interact with unsaturated lipid membranes and locate at the head 

group–tail group interface of the bilayers [70]. In this sense, it is possible that caffeine interacts with 

PE and neutralizes the caffeine-induced effects although the direct interaction between caffeine and 

PE remains to be determined. In this study, on supplementation with ETA, the effects of caffeine 

intake were also improved as with PE, suggesting that the PE biosynthesis pathway is intact. 

Therefore, the availability of precursors of ETA in the PE synthesis pathway may be one possible 

explanation for the low level of PE in caffeine-fed animals. For example, serine is an important 

precursor of ETA [71]. To elucidate this possibility, amino acid metabolism with caffeine intake needs 

to be further analyzed. 

Previous studies have shown that a low dose of caffeine inhibits oxidative stress, 

neuroinflammation, and synaptic dysfunction in both a lipopolysaccharide-induced mouse model 

and a rat model [72,73], suggesting that caffeine appears to be a potent antioxidant and has a 

protective effect on the oxidative stress response at a low dose. Our results showed that caffeine 

intake induced the mitochondrial oxidative stress response, showing increased expression of the hsp-

6 gene, and the gst-4 gene encoding an antioxidant enzyme (Figure 3A,B), suggesting the production 

of reactive oxygen species (ROS) in caffeine-fed animals. Furthermore, we examined mitochondrial 

ROS generation using CellROX Green, which showed increased ROS production in mitochondria by 

caffeine intake (Figures S1 and S2), indicating that caffeine intake increases mitochondrial ROS and 

oxidative stress responses. 
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In this study, we revealed the adverse effects of caffeine intake on mitochondrial integrity and 

lipid metabolism through AMP-activated protein kinase (AMPK) activation in a C. elegans model. In 

contrast, it has been previously suggested that a low dose (1–5 mM) of caffeine intake increases 

mitochondrial biogenesis in myotubes in primary cultured myotubes [74]. Although there are 

contradictions in the dose-dependent effect of caffeine intake in different systems, it is certain that 

the mode of action owing to caffeine intake is associated with mitochondrial modulation. As an 

energy-sensing signaling pathway, AMPK responds to the decreased cellular energy and is activated 

by phosphorylation [75]. It was reported that DAF-16, the forkhead box transcription factor class O 

(FoxO) ortholog of C. elegans, is the downstream target of phospho-AMPK in oxidative stress 

resistance and longevity [36]. Phospho-AMPK also regulates lipogenesis through the suppression of 

SREBP in mice [41,42], and reduces lipid accumulation in mammalian liver cells [76]. In our study, 

the expression of sbp-1, a master transcriptional regulator of lipid synthesis, was decreased in 

caffeine-fed animals in which AMPK was activated (Figure 4). These findings are consistent with our 

results, which show that caffeine intake activates AMPK, and thus DAF-16, but suppresses SREBP, 

which induces stress resistance and reduces lipogenesis, respectively (Figure 8). 

It is proposed that dietary phospholipids, as a mixture or as individual phospholipids, have 

beneficial effects on human health [77]. Soybean, eggs, and milk are excellent sources of PE [78], and 

we can consume PE daily through these foods. As shown in this study, PE supplementation can 

mitigate the adverse effects of caffeine intake. Therefore, under certain circumstances, PE is an 

important dietary supplement for good health. Finally, it is remarkable that a single component, PE, 

can improve mitochondrial integrity, and thus, its functions. 
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phosphoethanolamine (PE) supplementation on mitochondrial activity, Table S1: Analysis of lipid composition 

after caffeine treatment through GC-TOF-MS chromatography in Caenorhabditis elegans, Table S2: Statistical 

analysis by ANOVA. 

Author Contributions: H.M. and Y.-H.S. conceived and designed the study. H.M., J.K., E.Y., and S.Y.S. 

conducted the experiments. H.M., J.K., E.Y., S.Y.S., C.H.L., and Y.-H.S. analyzed and interpreted the data. H.M. 

and Y.-H.S. wrote the manuscript. Y.-H.S. administered the project and provided materials and reagents. All 

authors have read and agreed to the published version of the manuscript.  

Funding: This study was supported by a grant from the National Research Foundation of Korea (NRF) funded 

by the Korean Ministry of Science and ICT (NRF-2018R1A2B6007915 to Y.-H.S.), and the David W. Towle 

Fellowship 2018 to H.M. from MDI Biological Laboratory (ME, USA). 

Acknowledgments: C. elegans strains were provided by the Caenorhabditis Genetics Center, which is funded by 

the NIH Office of Research Infrastructure Programs (P40 OD010440). We thank Y. Noh (Konkuk University) for 

discussion on this project. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Heckman, M.A.; Weil, J.; Gonzalez de Mejia, E. Caffeine (1,3,7-trimethylxanthine) in foods: A 

comprehensive review on consumption, functionality, safety, and regulatory matters. J. Food. Sci. 2010, 75, 

R77–R87, doi:10.1111/j.1750-3841.2010.01561.x. 

2. Rochat, C.; Eap, C.B.; Bochud, M.; Chatelan, A. Caffeine Consumption in Switzerland: Results from the 

First National Nutrition Survey MenuCH. Nutrients 2020, 12, 28, doi:10.3390/nu12010028. 

3. Goldstein, E.R.; Ziegenfuss, T.; Kalman, D.; Kreider, R.; Campbell, B.; Wilborn, C.; Taylor, L.; Willoughby, 

D.; Stout, J.; Graves, B.S.; et al. International society of sports nutrition position stand: Caffeine and 

performance. J. Int. Soc. Sports Nutr. 2010, 7, 5, doi:10.1186/1550-2783-7-5. 

4. Bracco, D.; Ferrarra, J.M.; Arnaud, M.J.; Jequier, E.; Schutz, Y. Effects of caffeine on energy metabolism, 

heart rate, and methylxanthine metabolism in lean and obese women. Am. J. Physiol. 1995, 269, E671–E678, 

doi:10.1152/ajpendo.1995.269.4.E671. 



Nutrients 2020, 12, 3348 18 of 21 

 

5. Bukowiecki, L.J.; Lupien, J.E.A.N.; Follea, N.; Jahjah, L.A.I.L.A. Effects of sucrose, caffeine, and cola 

beverages on obesity, cold resistance, and adipose tissue cellularity. Am. J. Physiol. 1983, 244, R500–R507, 

doi:10.1152/ajpregu.1983.244.4.R500. 

6. Dulloo, A.G.; Geissler, C.A.; Horton, T.; Collins, A.; Miller, D.S. Normal caffeine consumption: Influence 

on thermogenesis and daily energy expenditure in lean and postobese human volunteers. Am. J. Clin. Nutr. 

1989, 49, 44–50, doi:10.1093/ajcn/49.1.44. 

7. Kobayashi-Hattori, K.; Mogi, A.; Matsumoto, Y.; Takita, T. Effect of caffeine on the body fat and lipid 

metabolism of rats fed on a high-fat diet. Biosci. Biotechnol. Biochem. 2005, 69, 2219–2223, 

doi:10.1271/bbb.69.2219. 

8. Jones, K.T.; Ashrafi, K. Caenorhabditis elegans as an emerging model for studying the basic biology of obesity. 

Dis. Model. Mech. 2009, 2, 224–229, doi:10.1242/dmm.001933. 

9. Hashmi, S.; Wang, Y.; Parhar, R.S.; Collison, K.S.; Conca, W.; Al-Mohanna, F.; Gaugler, R.A. C. elegans 

model to study human metabolic regulation. Nutr. Metab. 2013, 10, 31, doi:10.1186/1743-7075-10-31. 

10. Min, H.; Kawasaki, I.; Gong, J.; Shim, Y.H Caffeine induces high expression of cyp-35A family genes and 

inhibits the early larval development in Caenorhabditis elegans. Mol. Cells 2015, 38, 236–242, 

doi:10.14348/molcells.2015.2282. 

11. Al-Amin, M.; Kawasaki, I.; Gong, J.; Shim, Y.H. Caffeine induces the stress response and up-regulates heat 

shock proteins in Caenorhabditis elegans. Mol. Cells 2016, 39, 163–168, doi:10.14348/molcells.2016.2298. 

12. Min, H.; Youn, E.; Kawasaki, I.; Shim, Y.H. Caffeine-induced food-avoidance behavior is mediated by 

neuroendocrine signals in Caenorhabditis elegans. BMB Rep. 2017, 50, 31–36, 

doi:10.5483/bmbrep.2017.50.1.126. 

13. Min, H.; Youn, E.; Shim, Y.H. Maternal Caffeine intake disrupts eggshell integrity and retards larval 

development by reducing yolk production in a Caenorhabditis elegans model. Nutrients 2020, 12, 1334, 

doi:10.3390/nu12051334. 

14. Bridi, J.C.; Barros, A.G.; Sampaio, L.R.; Ferreira, J.C.; Antunes Soares, F.A.; Romano-Silva, M.A. Lifespan 

extension induced by caffeine in Caenorhabditis elegans is partially dependent on adenosine signaling. Front. 

Aging Neurosci. 2015, 57, 220, doi:10.3389/fnagi.2015.00220. 

15. Li, H.; Roxo, M.; Cheng, X.; Zhang, S.; Cheng, H.; Wink, M. Pro-oxidant and lifespan extension effects of 

caffeine and related methylxanthines in Caenorhabditis elegans. Food. Chem. X 2019, 1, 100005, 

doi:10.1016/j.fochx.2019.100005. 

16. Kolahdouzan, M.; Hamadeh, M.J. The neuroprotective effects of caffeine in neurodegenerative diseases. 

CNS Neurosci. Ther. 2017, 23, 272–290, doi:10.1111/cns.12684. 

17. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 1974, 77, 71–94. 

18. Geier, F.M.; Want, E.J.; Leroi, A.M.; Bundy, J.G. Cross-platform comparison of Caenorhabditis elegans tissue 

extraction strategies for comprehensive metabolome coverage. Anal. Chem. 2011, 83, 3730–3736, 

doi:10.1021/ac2001109. 

19. Yang, H.; Suh, D.H.; Kim, D.H.; Jung, E.S.; Liu, K.; Lee, C.H.; Park, C. Metabolomic and lipidomic analysis 

of the effect of pioglitazone on hepatic steatosis in a rat model of obese Type 2 diabetes. Br. J. Pharmacol. 

2018, 175, 3610–3625, doi:10.1111/bph.14434. 

20. Yang, W.; Hekimi, S. A mitochondrial superoxide signal triggers increased longevity in Caenorhabditis 

elegans. PLoS. Biol. 2010, 8, e1000556, doi:10.1371/journal.pbio.1000556. 

21. Tao, J.; Wu, Q.Y.; Ma, Y.C.; Chen, Y.L.; Zou, C.G. Antioxidant response is a protective mechanism against 

nutrient deprivation in C. elegans. Sci. Rep. 2017, 7, 43547, doi:10.1038/srep43547. 

22. Min, H.; Lee, Y.U.; Shim, Y.H.; Kawasaki, I. Autophagy of germ-granule components, PGL-1 and PGL-3, 

contributes to DNA damage-induced germ cell apoptosis in C. elegans. PLoS Genet. 2019, 15, e1008150, 

doi:10.1371/journal.pgen.1008150. 

23. Escorcia, W.; Ruter, D.L.; Nhan, J.; Curran, S.P. Quantification of Lipid Abundance and Evaluation of Lipid 

Distribution in Caenorhabditis elegans by Nile Red and Oil Red O Staining. J. Vis. Exp. 2018, 57352, 

doi:10.3791/57352. 

24. Zheng, X.; Dai, W.; Chen, X.; Wang, K.; Zhang, W.; Liu, L.; Hou, J. Caffeine reduces hepatic lipid 

accumulation through regulation of lipogenesis and ER stress in zebrafish larvae. J. Biomed. Sci. 2015, 22, 1–

12, doi:10.1186/s12929-015-0206-3. 

25. Zhu, X.; Yang, L.; Xu, F.; Lin, L.; Zheng, G. Combination therapy with catechins and caffeine inhibits fat 

accumulation in 3T3-L1 cells. Exp. Ther. Med. 2017, 13, 688–694, doi:10.3892/etm.2016.3975. 



Nutrients 2020, 12, 3348 19 of 21 

 

26. Calzada, E.; Onguka, O.; Claypool, S.M. Phosphatidylethanolamine metabolism in health and disease. Int. 

Rev. Cell. Mol. Biol. 2016, 321, 29–88, doi:10.1016/bs.ircmb.2015.10.001. 

27. Daum, G. Lipids of mitochondria. Biochim. Biophys. Acta 1985, 822, 1–42, doi:10.1016/0304-4157(85)90002-4. 

28. Rolland, S.G.; Schneid, S.; Schwarz, M.; Rackles, E.; Fischer, C.; Haeussler, S.; Regmi, S.G.; Yeroslaviz, A.; 

Habermann, B.; Mokranjac, D.; et al. Compromised mitochondrial protein import acts as a signal for 

UPRmt. Cell Rep. 2019, 28, 1659–1669, doi:10.1016/j.celrep.2019.07.049. 

29. Houtkooper, R.H.; Mouchiroud, L.; Ryu, D.; Moullan, N.; Katsyuba, E.; Knott, G.; Williams, R.W.; Auwerx, 

J. Mitonuclear protein imbalance as a conserved longevity mechanism. Nature 2013, 497, 451–457, 

doi:10.1038/nature12188. 

30. Yoneda, T.; Benedetti, C.; Urano, F.; Clark, S.G.; Harding, H.P.; Ron, D. Compartment-specific perturbation 

of protein handling activates genes encoding mitochondrial chaperones. J. Cell Sci. 2004, 117, 4055–4066, 

doi:10.1242/jcs.01275. 

31. Luz, A.L.; Rooney, J.P.; Kubik, L.L.; Gonzalez, C.P.; Song, D.H.; Meyer, J.N. Mitochondrial morphology 

and fundamental parameters of the mitochondrial respiratory chain are altered in Caenorhabditis elegans 

strains deficient in mitochondrial dynamics and homeostasis processes. PLoS ONE 2015, 10, e0130940, 

doi:10.1371/journal.pone.0130940. 

32. Chaudhari, S.N.; Kipreos, E.T. Increased mitochondrial fusion allows the survival of older animals in 

diverse C. elegans longevity pathways. Nat. Commun. 2017, 8, 1–16, doi:10.1038/s41467-017-00274-4. 

33. Weir, H.J.; Yao, P.; Huynh, F.K.; Escoubas, C.C.; Goncalves, R.L.; Burkewitz, K.; Laboy, R.; Hirschey, M.; 

Mair, W.B. Dietary restriction and AMPK increase lifespan via mitochondrial network and peroxisome 

remodeling. Cell Metab. 2017, 26, 884–896, doi:10.1016/j.cmet.2017.09.024. 

34. Reznick, R.M.; Zong, H.; Li, J.; Morino, K.; Moore, I.K.; Hannah, J.Y.; Liu, Z.; Dong, J.; Mustard, K.J.; 

Hawley, S.A.; et al. Aging-associated reductions in AMP-activated protein kinase activity and 

mitochondrial biogenesis. Cell Metab. 2007, 5, 151–156, doi:10.1016/j.cmet.2007.01.008. 

35. Zong, H.; Ren, J.M.; Young, L.H.; Pypaert, M.; Mu, J.; Birnbaum, M.J.; Shulman, G.I. AMP kinase is required 

for mitochondrial biogenesis in skeletal muscle in response to chronic energy deprivation. Proc. Natl. Acad. 

Sci. USA 2002, 99, 15983–15987, doi:10.1073/pnas.252625599. 

36. Greer, E.L.; Dowlatshahi, D.; Banko, M.R.; Villen, J.; Hoang, K.; Blanchard, D.; Gygi, S.P.; Brunet, A. An 

AMPK-FOXO pathway mediates longevity induced by a novel method of dietary restriction in C. elegans. 

Curr. Biol. 2007, 17, 1646–1656, doi:10.1016/j.cub.2007.08.047. 

37. Sun, X.; Chen, W.D.; Wang, Y.D. DAF-16/FOXO transcription factor in aging and longevity. Front. 

Pharmacol. 2017, 8, 548, doi:10.3389/fphar.2017.00548. 

38. Ogg, S.; Paradis, S.; Gottlieb, S.; Patterson, G.I.; Lee, L.; Tissenbaum, H.A.; Ruvkun, G. The Fork head 

transcription factor DAF-16 transduces insulin-like metabolic and longevity signals in C. elegans. Nature 

1997, 389, 994–999, doi:10.1038/40194. 

39. Henderson, S.T.; Johnson, T.E. daf-16 integrates developmental and environmental inputs to mediate aging 

in the nematode Caenorhabditis elegans. Curr. Biol. 2001, 11, 1975–1980, doi:10.1016/s0960-9822(01)00594-2. 

40. Lin, K.; Hsin, H.; Libina, N.; Kenyon, C. Regulation of the Caenorhabditis elegans longevity protein DAF-16 

by insulin/IGF-1 and germline signaling. Nat. Genet. 2001, 28, 139–145, doi:10.1038/88850. 

41. Garcia, D.; Shaw, R.J. AMPK: Mechanisms of cellular energy sensing and restoration of metabolic balance. 

Mol. Cell. 2017, 66, 789–800, doi:10.1016/j.molcel.2017.05.032. 

42. Li, Y.; Xu, S.; Mihaylova, M.M.; Zheng, B.; Hou, X.; Jiang, B.; Park, O.; Luo, Z.; Lefai, E.; Shyy, J.Y; et al. 

AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in 

diet-induced insulin-resistant mice. Cell Metab. 2011, 13, 376–388, doi:10.1016/j.cmet.2011.03.009. 

43. McKay, R.M.; McKay, J.P.; Avery, L.; Graff, J.M. C. elegans: A model for exploring the genetics of fat storage. 

Dev. Cell. 2003, 4, 131–142, doi:10.1016/s1534-5807(02)00411-2. 

44. Liang, B.; Ferguson, K.; Kadyk, L.; Watts, J.L. The role of nuclear receptor NHR-64 in fat storage regulation 

in Caenorhabditis elegans. PLoS ONE 2010, 5, e9869, doi:10.1371/journal.pone.0009869. 

45. Bené, H.; Lasky, D.; Ntambi, J.M. Cloning and characterization of the human stearoyl-CoA desaturase gene 

promoter: Transcriptional activation by sterol regulatory element binding protein and repression by 

polyunsaturated fatty acids and cholesterol. Biochem. Biophys. Res. Commun. 2001, 284, 1194–1198, 

doi:10.1006/bbrc.2001.5102. 



Nutrients 2020, 12, 3348 20 of 21 

 

46. Yang, F.; Vought, B.W.; Satterlee, J.S.; Walker, A.K.; Sun, Z.Y.J.; Watts, J.L.; DeBeaumont, R.; Saito, R.M.; 

Hyberts, S.G.; Yang, S.; et al. An ARC/Mediator subunit required for SREBP control of cholesterol and lipid 

homeostasis. Nature 2006, 442, 700–704, doi:10.1038/nature04942. 

47. Brock, T.J.; Watts, J.L. Fatty acid desaturation and the regulation of adiposity in Caenorhabditis elegans. 

Genetics 2007, 176, 865–875, doi:10.1534/genetics.107.071860. 

48. Brock, T.J.; Browse, J.; Watts, J.L. Genetic regulation of unsaturated fatty acid composition in C. elegans. 

PLoS Genet. 2006, 2, e108, doi:10.1371/journal.pgen.0020108. 

49. Küllenberg, D.; Taylor, L.A.; Schneider, M.; Massing, U. Health effects of dietary phospholipids. Lipids 

Health Dis. 2012, 11, 3, doi:10.1186/1476-511X-11-3. 

50. Yen, C.A.; Curran, S.P. Gene-diet interactions and aging in C. elegans. Exp. Gerontol. 2016, 86, 106–112, 

doi:10.1016/j.exger.2016.02.012. 

51. Lynn, D.A.; Curran, S.P. The SKN-1 hunger games: May the odds be ever in your favor. Worm 2015, 4, 

e1078959, doi:10.1080/21624054.2015.1078959. 

52. Szewczyk, N.J.; Udranszky, I.A.; Kozak, E.; Sunga, J.; Kim, S.K.; Jacobson, L.A.; Conley, C.A. Delayed 

development and lifespan extension as features of metabolic lifestyle alteration in C. elegans under dietary 

restriction. J. Exp. Biol. 2006, 209, 4129–4139, doi:10.1242/jeb.02492. 

53. Du, X.; Guan, Y.; Huang, Q.; Lv, M.; He, X.; Yan, L.; Hayashi, S.; Fang, C.; Wang, X.; Sheng, J. Low 

concentrations of caffeine and its analogs extend the lifespan of Caenorhabditis elegans by modulating IGF-

1-like pathway. Front. Aging Neurosci. 2018, 10, 211, doi:10.3389/fnagi.2018.00211. 

54. Sutphin, G.L.; Bishop, E.; Yanos, M.E.; Moller, R.M.; Kaeberlein, M. Caffeine extends life span, improves 

healthspan, and delays age-associated pathology in Caenorhabditis elegans. Longev. Healthspan. 2012, 1, 9, 

doi:10.1186/2046-2395-1-9. 

55. Ball, W.B.; Neff, J.K.; Gohil, V.M. The role of nonbilayer phospholipids in mitochondrial structure and 

function. FEBS Lett. 2018, 592, 1273–1290, doi:10.1002/1873-3468.12887. 

56. Kennedy, E.P.; Weiss, S.B. The function of cytidine coenzymes in the biosynthesis of phospholipides. J. Biol. 

Chem. 1956, 222, 193–214. 

57. Rothman, J.E.; Lenard, J. Membrane asymmetry. Science 1977, 195, 743–753, doi:10.1126/science.402030. 

58. Epand, R.M.; Fuller, N.; Rand, R.P. Role of the position of unsaturation on the phase behavior and intrinsic 

curvature of phosphatidylethanolamines. Biophys. J. 1996, 71, 1806–1810, doi:10.1016/S0006-3495(96)79381-

5. 

59. Siegel, D.P.; Epand, R.M. The mechanism of lamellar-to-inverted hexagonal phase transitions in 

phosphatidylethanolamine: Implications for membrane fusion mechanisms. Biophys. J. 1997, 73, 3089–3111, 

doi:10.1016/S0006-3495(97)78336-X. 

60. Gray, M.W.; Burger, G.; Lang, B.F. The origin and early evolution of mitochondria. Genome Biol. 2001, 2, 

REVIEWS1018, doi:10.1186/gb-2001-2-6-reviews1018. 

61. Manoli, I.; Alesci, S.; Blackman, M.R.; Su, Y.A.; Rennert, O.M.; Chrousos, G.P. Mitochondria as key 

components of the stress response. Trends Endocrinol. Metab. 2007, 18, 190–198, 

doi:10.1016/j.tem.2007.04.004. 

62. Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145–1159, 

doi:10.1016/j.cell.2012.02.035. 

63. Melo, J.A.; Ruvkun, G. Inactivation of conserved C. elegans genes engages pathogen- and xenobiotic-

associated defenses. Cell 2012, 149, 452–466, doi:10.1016/j.cell.2012.02.050. 

64. Kim, H.E.; Grant, A.R.; Simic, M.S.; Kohnz, R.; Nomura, D.; Durieux, J.; Riera, C.E.; Sanchez, M.; Kapernick, 

E.; Wolff, S.; et al. Lipid biosynthesis coordinates a mitochondrial-to-cytosolic stress response. Cell 2016, 

166, 1539–1552, doi:10.1016/j.cell.2016.08.027. 

65. Weller, P.F. Leukocyte lipid bodies—Structure and function as “eicosasomes”. Trans. Am. Clin. Climatol. 

Assoc. 2016, 127, 328–340. 

66. Kim, N.J.; Baek, J.H.; Lee, J.; Kim, H.; Song, J.K.; Chun, K.H. A PDE1 inhibitor reduces adipogenesis in mice 

via regulation of lipolysis and adipogenic cell signaling. Exp. Mol. Med. 2019, 51, 1–15, doi:10.1038/s12276-

018-0198-7. 

67. Hanna, V.S.; Hafez, E.A.A. Synopsis of arachidonic acid metabolism: A review. J. Adv. Res. 2018, 11, 23–32, 

doi:10.1016/j.jare.2018.03.005. 

68. Boswell-Smith, V.; Spina, D.; Page, C.P. Phosphodiesterase inhibitors. Br. J. Pharmacol. 2006, 147, S252–S257, 

doi:10.1038/sj.bjp.0706495. 



Nutrients 2020, 12, 3348 21 of 21 

 

69. Ishimoto, T.; Akiba, S.; Sato, T.; Fujii, T. Contribution of phospholipases A2 and D to arachidonic acid 

liberation and prostaglandin D2 formation with increase in intracellular Ca2+ concentration in rat peritoneal 

mast cells. Eur. J. Biochem. 1994, 219, 401–406, doi:10.1111/j.1432-1033.1994.tb19952.x. 

70. Khondker, A.; Dhaliwal, A.; Alsop, R.J.; Tang, J.; Backholm, M.; Shi, A.C.; Rheinstädter, M.C. Partitioning 

of caffeine in lipid bilayers reduces membrane fluidity and increases membrane thickness. Phys. Chem. 

Chem. Phys. 2017, 19, 7101–7111, doi:10.1039/c6cp08104e. 

71. Vance, J.E. Phosphatidylserine and phosphatidylethanolamine in mammalian cells: Two metabolically 

related aminophospholipids. J. Lipid Res. 2008, 49, 1377–1387, doi:10.1194/jlr.R700020-JLR200. 

72. Badshah, H.; Ikram, M.; Ali, W.; Ahmad, S.; Hahm, J.R.; Kim, M.O. Caffeine May Abrogate LPS-Induced 

Oxidative Stress and Neuroinflammation by Regulating Nrf2/TLR4 in Adult Mouse Brains. Biomolecules 

2019, 9, 719, doi:10.3390/biom9110719. 

73. Endesfelder, S.; Strauß, E.; Scheuer, T.; Schmitz, T.; Bührer, C. Antioxidative effects of caffeine in a 

hyperoxia-based rat model of bronchopulmonary dysplasia. Respir. Res. 2019, 20, 88, doi:10.1186/s12931-

019-1063-5. 

74. Ding, S.; Riddoch-Contreras, J.; Abramov, A.Y.; Qi, Z.; Duchen, M.R. Mild stress of caffeine increased 

mtDNA content in skeletal muscle cells: The interplay between Ca2+ transients and nitric oxide. J. Muscle 

Res. Cell Motil. 2012, 33, 327–337, doi:10.1007/s10974-012-9318-5. 

75. Greer, E.L.; Banko, M.R.; Brunet, A. AMP-activated protein kinase and FoxO transcription factors in dietary 

restriction–induced longevity. Ann. N. Y. Acad. Sci. 2009, 1170, 688–692, doi:10.1111/j.1749-

6632.2009.04019.x. 

76. Quan, H.Y.; Kim, D.Y.; Chung, S.H. Caffeine attenuates lipid accumulation via activation of AMP-activated 

protein kinase signaling pathway in HepG2 cells. BMB Rep. 2013, 46, 207–212, 

doi:10.5483/bmbrep.2013.46.4.153. 

77. Schneider, M. Phospholipids for functional food. Eur. J. Lipid Sci. Technol. 2001, 103, 98–101, 

doi:10.1002/1438-9312(200102)103:2<98::AID-EJLT98>3.0.CO;2-G. 

78. Cui, L.; Decker, E.A. Phospholipids in foods: Prooxidants or antioxidants? J. Sci. Food Agric. 2016, 96, 18–

31, doi:10.1002/jsfa.7320. 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


