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Abstract: Pasteurized Akkermansia muciniphila (p-AKK) is related to lipid metabolism and helps
control obesity. The main goal of this study was to investigate the role and mechanism of p-AKK in
lipid metabolism using Caenorhabditis elegans. The results showed that p-AKK increased the healthy
lifespan of nematodes and helped maintain exercise ability in aging, suggesting a potential increase
in energy expenditure. The overall fat deposition and triglyceride level were significantly decreased
and the p-AKK anti-oxidative stress helped to regulate fatty acid composition. Additionally, the
transcriptome results showed that p-AKK increased the expression of lipo-hydrolase and fatty acid
β-oxidation-related genes, including lipl-4, nhr-49, acs-2 and acdh-8, while it decreased the expression
of fat synthesis-related genes, including fat-7, elo-2 and men-1. These results partially explain the
mechanisms underlying the fact that p-AKK decreases fat accumulation of C. elegans via nhr-49/acs-2-
mediated signaling involved in fatty acid β-oxidation and synthesis.

Keywords: Akkermansia muciniphila; lipid metabolism; Caenorhabditis elegans; fatty acid β-oxidation;
fatty acid synthesis; nhr-49 signaling pathway

1. Introduction

Obesity rates are increasing, affecting millions of people and their families annually [1].
It is a serious risk factor for various chronic diseases, such as hypertension, hyperlipidemia
and type 2 diabetes [2–4]. Obesity is mainly characterized by an excessive increase in
adipose tissue mass and dysregulation of lipid metabolism [5]. Thus, controlling obesity
has attracted world-wide attention. Energy balance refers to the matching of energy intake
and energy consumption, which plays an important role in lipid metabolism. When energy
intake exceeds energy consumption, the energy balance is offset, resulting in an energy
surplus, which leads to obesity. Triglycerides, the major type of fat stored in the adipose
tissue, regulate energy expenditure and the fat metabolism balance [6]. People are now
eating more and engaging in less physical activity; this leads to excess energy intake, which
is the main cause of fat accumulation.

Dietary interventions are effective ways of treating obesity and probiotics are widely
reported to have an anti-obesity function. For example, it has been previously reported
that probiotic supplements can influence systemic metabolism by affecting factors re-
lated to energy balance, such as intestinal barrier homeostasis, energy absorption and fat
metabolism [7,8]. Akkermansia muciniphila, a new anaerobe probiotic, improves the intestinal
niche and supports human health [9]. One study found that the oral administration of
A. muciniphila to obese patients with insulin resistance improved lipid metabolism (triglyc-
eride, cholesterol, etc.) without diet and exercise changes [10]. In another study, feeding
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high-fat-diet mice supplementation with A. muciniphila suppressed body weight gain,
serum cholesterol levels and adipogenesis/lipogenesis, which prevented HFD-induced
obesity [11]. Moreover A. muciniphila significantly lowered serum triglyceride via decreased
expression of sterol-regulatory element binding protein (SREBP, regulator of triglyceride
synthesis in liver tissue) in obese mice [12]. The above studies have confirmed that A.
muciniphila can regulate fat metabolism and reduce fat accumulation. Moreover, its re-
lationship with the host is reflected in the energy consumption associated with lipid
metabolism [13,14]. Therefore, A. muciniphila has been increasingly studied as a potential
anti-obesity microorganism.

The current research, however, has mostly focused on live bacteria instead of dead
bacteria. It is reported that heat-killed bacteria retain key probiotic effects and the usage of
these bacteria has more advantages over live probiotics mainly because of the safety pro-
file [15]. In recent years, the probiotic effects of inactive bacteria have attracted widespread
attention. One study found that heat-killed Lactobacillus reuteri GMNL-263 reduced liver
fibrosis and the risk of nonalcoholic fatty liver disease by reducing transforming growth
factor β expression levels [16]. Other studies have found that dietary heat-killed Lacto-
bacillus sakei and Lactobacillus gasseri can regulate intestinal flora and provide immune
protection in mice [17,18]. In particular, pasteurized A. muciniphila (p-AKK) increase energy
expenditure and physical activity in mice on a high-fat diet, reducing obesity by promoting
tissue thermogenesis [19–21]. It is suggested that heat-killed or alive AKK has a probiotic
effect and can regulate energy metabolism to effect lipid metabolism. However, there is
little evidence on the mechanism by which p-AKK regulates energy metabolism and on the
relationship between A. muciniphila and host tissue fat metabolism.

Caenorhabditis elegans has been widely used as an in vivo model to explore the genetic
regulation of fat storage due to its clear genetic information, conserved metabolic pathways
and cheap and easy manipulation. There are four classic signaling pathways in the lipid
metabolism of C. elegans: the nuclear hormone receptor (nhr-49) pathway, insulin/TGF-
β, sbp-1/mdt-15 pathway and amino-hexose pathways. Lin et al. found that Momordica
saponins reduced fat stores via the sbp-1/mdt-15 pathway [22]. Moreover, fermented barley
β-glucan depends on nhr-49 transcription factors and acts on the nhr-49 pathway to reduce
fat deposition in nematodes [23]. However, no relevant report has used nematodes to study
the ability of p-AKK to prevent fat deposition.

The present study aims to explore the protective effect of p-AKK bacteria, particularly
on lipid metabolism, in a C. elegans model for the first time. The healthy lifespan and fat
accumulation of nematodes fed with p-AKK were measured. The effect of p-AKK on the
metabolism of nematodes was further analyzed using transcriptome sequencing. This
study provides an important theoretical basis for the safe application of A. muciniphila to
food or health products.

2. Materials and Methods
2.1. Reagents and Strains

A. muciniphila (ATCC BAA-835), purchased from Beijing Biobw Biotechnology Co., Ltd.
(Beijing, China), was cultured in sterilized brain heart infusion broth at 37 ◦C in an airtight
pot with an anaerobic workstation for approximately 48 h to reach a late exponential growth
phase under strict anaerobic conditions. Escherichia coli OP50 was cultured in sterilized
terrific broth at 37 ◦C in a constant-temperature shaker incubator for 12 h. The two bacteria
were then centrifuged at 8000 rpm for 10 min and washed with sterile water twice. Then,
the bacterial cells were re-suspended with 100 mg/mL sterile M9 buffer (wet weight).
Finally, heat treatment took place at 70 ◦C in an electric-heated thermostatic water bath
for 30 min of fresh A.muciniphila and E. coli OP50. They were then immediately stored at
−20 ◦C until use.

C. elegans and E. coli OP50 were originally obtained from Caenorhabditis Genetics
Center (University of Minnesota, MN, USA). N2 Bristol was used as the wild-type strain.
C. elegans were washed off the plates into 10-mL centrifuge tubes and lysed with a bleaching
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mixture (5 mL 1 M NaOH, 1.5 mL 6% NaClO, 3.5 mL ddH2O). Age-synchronized popu-
lations of L1-larval nematodes were obtained as described previously [24]. Worms were
maintained and propagated in peptone-free modified nematode growth medium (mNGM)
at 20 ◦C using standard techniques. Worms were divided into the normal group treated
with live OP50, the p-OP50 group treated with pasteurized OP50 and the p-AKK group
treated with p-AKK. C. elegans (N2) fed normally until to the larval L4 stage and they were
then treated with different bacteria for 24 h.

2.2. Lifespan Assay

C. elegans were cultured on fresh mNGM plates without starvation and lifespan
analysis was conducted at 20 ◦C unless otherwise stated. Late L4 larvae were transferred
to mNGM plates containing live OP50 (normal group), p-OP50, or p-AKK and 0.12 mM
FUdR to inhibit progeny growth. The day that L4 larvae or young adults were transferred
to an mNGM plate was defined as test day 0. Then, the worms were transferred to fresh
plates with different bacteria every day until all nematodes were dead. The worms that
did not respond to a mechanical stimulus were scored as dead. The experiments were
independently repeated three times. Kaplan-Meier analysis was used to analyze survival
after treatments.

2.3. Healthy Lifespan: Body Bends/Movements on mNGM Plates

The L4 late larvae were transplanted onto experimental plates and cultured for 24 h.
At that time, nematodes were 4 d old. The body bends and movements of the 4-, 6-, 8-, 10-
and 12-d-old nematodes were counted.

The body movement frequency (normal locomotion) in each nematode was observed
and recorded at intervals of 30 s under a stereomicroscope (Nikon Eclipse E100) equipped
with TCapture Application video-recording software (version 3.9.0.604, Nikon Instruments,
Melville, NY, USA). There were 10 worms in each group and the experiments were inde-
pendently repeated three times. The body movement frequency was defined as the number
of sine waves in 30s [25,26].

In brief, worms were classified as class “A” when they showed spontaneous movement
or vigorous locomotion in response to prodding, class “B” when they did not move unless
prodded or appeared to have uncoordinated movement and class “C” when they moved
only their head and/or tail in response to prodding. Dead worms were classified as class
“D” [27].

2.4. ATP Quantification Assay

Worms in each group were washed from the plates with M9 buffer and transferred
to fresh tubes. Then, the homogenates of worms were prepared using an ultrasonic cell
crusher. After centrifuging at 8000× g for 10 min, the supernatants were used for the
next assay.

ATP levels were measured as described [28] and per the instructions of an ATP-
detection kit (Shanghai ZCIBIO Technology Co., Ltd., Shanghai, China). The protein con-
centration was quantified using a BCA protein assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.5. Triglyceride Quantification

Triglyceride quantification in C. elegans was conducted with a commercial TG assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Protein content was used
as the internal control to normalize the triglyceride level.

2.6. Oil Red O Staining

An Oil Red O staining assay was performed according to the previous protocol [29].
After collecting nematodes with M9 buffer, we added Oil Red O working solution and
stained them for 2 h. Then, we removed the excess dye by centrifugation and resuspended
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them with M9 buffer. Finally, 5 µL of worm solution was taken on 2% agarose, observed
under a microscope and photographed. Images were analyzed for color density using
Image J software.

2.7. Measurement of Reactive Oxygen Species (ROS)

The measurement of ROS scavenging assay was performed in accordance with the
literature method with slight modifications [30]. The treated nematodes were washed twice
with M9 buffer to remove bacterial interference. The worms were then transferred and
the worm concentration was adjusted to 1000 worms/mL with M9 buffer containing 5 µM
H2DCFDA (Sigma-Aldrich.Louis, MO, USA). They were pre-incubated for 3 h at 20 ◦C.
Then, 50 µL per well of M9 buffer with probe and nematodes were loaded in a 96-well
plate and read with a fluorescent microplate reader in a microplate photometer (Thermo
Scientific™ Multiskan™ FC, Waltham, MA, USA) for fluorescence quantification at an
excitation wavelength of 485 nm and an emission wavelength of 530 nm every 10 min for a
total time of 2 h. The quantified ROS was expressed as increase in fluorescence in 2 h.

2.8. Antioxidant Enzyme Assay

Catalase (CAT), glutathione peroxidase (GSH-PX) and superoxide dismutase (SOD)
activities were determined using Solarbio kits (Solarbio Science and Technology Co.,Ltd.,
Beijing, China) per the manufacturer’s instructions. The BCA protein assay kit was used to
quantify the protein concentrations of the worms’ homogenates.

2.9. Transcriptome Sequencing

Total RNA was extracted using Trizol reagent at 4 ◦C and the quality was assessed in a
Nanodrop2000 and checked using RNase-free agarose gel electrophoresis. The mRNA was
isolated and enriched using oligo(dT) magnetic beads. First-strand cDNA was generated
using random hexamer-primer reverse transcription, followed by synthesis of the second-
strand cDNA using RNase H and DNA polymerase I. Then, single-end and paired-end
RNA-Seq libraries were prepared following Illumina’s protocols and sequenced on the
Illumina NovaSeq 6000 by Shanghai Majorbio Biopharm Technology Co., Ltd. (Shanghai,
China).

Reads obtained from the sequencing machines needed to have the clean reads filtered,
aligned with ribosome RNA, aligned with the reference genome and the gene abundance
quantified. Finally, RNA differential expression analysis was performed using DESeq2 soft-
ware between two different groups and edgeR between two samples. The genes/transcripts
with a false discovery rate (FDR) below 0.05 and absolute fold change ≥ 2 were considered
differentially expressed genes (DEGs)/transcripts.

All DEGs were mapped to GO terms in the Gene Ontology database (http://www.
geneontology.org/, accessed on 7 January 2022). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were used to identify significant pathways.
The calculated p-value underwent FDR correction, with FDR ≤ 0.05 as a threshold.

2.10. Lipid Extraction and Gas Chromatography/Mass Spectrometry (GC-MS) Assays

Total fat was extracted and methylated as previously described, with slight modifi-
cations [31,32]. Several thousand adult worms were washed into a screw-cap glass bottle
and centrifuged at 1000× g for 1 min to remove as much water as possible. Then, 1 mL of
2.5% H2SO4 in methanol was used to extract fatty acids from tissues and trans methylate
them. The sample was capped and incubated at 80 ◦C for 1 h. After the addition of 0.3 mL
of hexane and 1.5 mL of H2O, the fatty acid methyl esters were extracted into the hexane
layer by shaking and centrifuging the tubes at low speed.

Fatty acid methyl esters were then injected for GC-MS analysis using an HP-5MS
column (30 m × 0.25 mm × 0.25 µm) with helium as the carrier gas. The temperature of the
injector was 250 ◦C. The running condition was as follows: the initial temperature of 60 ◦C
was increased to 150 ◦C by 15 ◦C/min, held for 3 min, increased to 195 ◦C by 5 ◦C/min,
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held for 5 min, increased to 230 ◦C by 6 ◦C/min, held for 3min and increased to 260 ◦C by
3 ◦C/min. The desaturation index was calculated as the ratio of C18:1/C18:0.

2.11. qRT-PCR

Approximately 2000 synchronized late L4 larvae were transferred to mNGM plates
containing live OP50, p-OP50, or p-AKK and cultured at 20 ◦C for 24 h. Total RNA was
extracted using Trizol reagent and converted to cDNA using a HiScript ll Q RT SuperMix
Kit (Enzyme Biotech Co., Ltd., Beijing, China). The qRT-PCR reactions were performed
using Power SYBR Green PCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China)
and the Rotor-Gene Q system. The relative expression levels of the genes were evaluated
using the 2−∆∆CT method and normalized to the expression of the β-actin gene [33]. The
expression of the lipl-4, acs-2, ech-1.1, cpt-4, fat-5, fat-6, fat-7, nhr-49, sbp-1 and mdt-15 genes
was determined and the primers used here are listed in Supplementary Material S1.

2.12. Statistical Analysis

Statistical analysis of the fatty acid and qRT-PCR analyses was performed using an
independent sample t-test. Statistically significant differences and extremely significant
differences were defined as (*) p < 0.05 and (**) p < 0.01 compared to the normal group,
respectively. The results of other analyses were analyzed using a one-way analysis of
variance (ANOVA) with Duncan’s tests for post hoc comparison using IBM SPSS Statistic
25.0 software. The data were presented as the arithmetic mean ± standard deviation
(SD). The different letters above the columns denote significant differences (p < 0.05).
The diagrams were created using Graph Prism 6.0.1 for Windows. mRNA-seq analysis
was performed using the Majorbio Cloud Platform (www.majorbio.com, accessed on
7 January 2022).

3. Results
3.1. Effect of p-AKK on Healthy Lifespan in C. elegans

To explore whether p-AKK has health benefits of C. elegans, we evaluated the effects of
p-AKK on lifespan and age-related physiological functions, including motricity. p-AKK
had no significant effect on the lifespan of nematodes, with an average lifespan of 14 d,
which is like that of normal nematodes (Figure 1A). However, p-AKK had a certain effect on
the longest lifespan of nematodes, which reached 27 d, while the longest lifespan of p-OP50
group nematodes as the control was only 21 d (Table 1). In terms of healthy lifespan, the
body bends and movement of nematodes were used as health evaluation indicators during
the nematodes’ aging process. We analyzed the motility status of 4-, 6-, 8-, 10- and 12-d-old
nematodes grown on live OP50, p-OP50, or p-AKK diets. C. elegans’ locomotion activity
declined with age on both control and heat-killed bacteria diets (Figure 1B,C). By 8 d of age,
the movement speed of nematodes in the normal group decreased to half of the original
state and only 36% of the nematodes maintained sinusoidal wavelength movement. While
50% of the nematodes in the p-AKK group maintained sinusoidal wavelength movement,
the movement speed was significantly higher than that in the normal group and the p-OP50
group (p < 0.05). At the age of 12 day, the normally reared nematodes appeared aged and
most of the nematodes could not move normally, but the p-AKK group nematodes had a
higher coordinated movement ratio and speed. Therefore, these data show that p-AKK
has a positive effect on the healthy lifespan of nematodes and can delay the loss of motor
activity during aging.

www.majorbio.com
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Figure 1. Positive effect of p-AKK on nematodes’ healthy lifespan. (A) Analysis of lifespan of
nematodes fed with different bacteria. N = 3; (B) Analysis of normal locomotion frequency with
increasing age of nematodes fed with different bacteria. There were 10 worms in each group and
the experiments were independently repeated three times; (C) Analysis of changes in movement
state with increasing age of nematodes fed with different bacteria. The results are expressed as the
mean ± SD and p-values were calculated by Duncan’s tests. Significant differences between groups
are expressed by different letters (a,b) within the same day (p < 0.05). N = 3.

Table 1. Lifespans of nematodes treated with different types of bacteria.

Group Number of Worms Mean Lifespan (Days) Maximum Lifespan (Days) Median (Days)

Alive OP50 68 14.88 ± 0.57 23.00 15.00 ± 0.63
Pasteurized OP50 74 13.43 ± 0.58 21.00 15.00 ± 0.57
Pasteurized AKK 66 13.87 ± 0.80 27.00 14.00 ± 1.31

3.2. Effect of p-AKK on Energy Metabolism

The ATP content of the p-AKK and p-OP50 groups was significantly higher than that
of the normal group, which suggests that p-AKK enhanced the energy currency (Figure 2A).
The higher energy currency indicates that the metabolic activity of nematodes is stronger,
which reduces the excess energy metabolism and avoids fat deposition. C. elegans lacks
the dedicated adipocytes present in mammals, but this organism stores fat in droplets in
its intestinal and hypodermal cells. To assess the effects of p-AKK on the overall storage
of lipid in C. elegans, we examined the triglyceride level and stained nematodes with Oil
Red O. The triglyceride level was decreased by feeding with p-AKK; that is, it was 35%
lower than that of those fed p-OP50 (Figure 2B). The Oil Red O staining results showed
that less fat in the p-AKK group compared the OP50 and p-OP50 group, which suggested
that p-AKK intake resulted in lower fat accumulation in C. elegans (Figure 2C,D). That is
consistent with the triglyceride results. Therefore, these data suggest that p-AKK may play
an important role in increasing energy currency and reducing fat storage in C. elegans.
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3.3. Effect of p-AKK on Antioxidant Capacity in C. elegans

ROS accumulation level and antioxidant enzyme activity were assessed. As shown
in Figure 3A, the ROS level of the p-AKK and p-OP50 group was significantly lower than
that of the normal group (p < 0.05). SOD and GSH-PX were enhanced in the p-AKK group
(60.90% and 14.39% higher than those of the p-OP50 group, respectively). However, p-
AKK did not increase the CAT activity in C. elegans. These results suggest that p-AKK
could enhance the ability of ROS scavenging through increased SOD and GSH-PX activity
in worms.

3.4. Effect of p-AKK on Fatty Acid Composition in C. elegans

The fatty acid composition was analyzed using GC-MS in nematodes. In the p-AKK
group, the overall fatty acid levels measured decreased significantly and the ratio of
composition changed (Figure 4A,B). Palmitoleic acid (C16:1) and oleic acid (C18:1) are
two important substrates of triglyceride biosynthesis. p-AKK significantly reduced their
content, which was consistent with the triglyceride content detection results. The levels of
monounsaturated fatty acids (MUFAs), such as C15:1, C16:1, C18:1 and C20:1, were lower
in the p-AKK group than in the other two groups (Figure 4C). However, the saturated
fatty acid (SFA) and polyunsaturated fatty acid (PUFA) expression patterns were similar
in the p-AKK and p-OP50 groups, showing dynamic down regulation. Moreover, the
desaturation index of fatty acids was 32.93% lower in the p-AKK group than in the p-OP50
group (p < 0.01) (Figure 4D). These results suggest that p-AKK-reduced fat accumulation
may be related to the downregulation of the MUFA proportion in C. elegans.

3.5. p-AKK Upregulates Energy Metabolic Pathways

To further reveal the potential mechanism by which p-AKK reduces lipid accumulation
via increased energy metabolism in nematodes, RNA-Seq was used to determine the
alternation of biological processes and the expression of key genes by p-AKK in nematodes.
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Figure 3. Increase in antioxidant capacity and decrease in accumulation of ROS in C. elegans after p-
AKK treatment. (A) Results of ROS labeling and detection after treating L4 nematodes with different
bacteria for 24 h. N = 3. (B–D) SOD, CAT and GSH-PX content in L4 nematodes after feeding with
different bacteria for 24 h. N = 3. The results are expressed as the mean ± SD and p-values were
calculated by Duncan’s tests. Significant differences between groups are expressed by different letters
(a–c) (p < 0.05).

3.5.1. Identification of DEGs

A rigorous comparison at adjusted p ≤ 0.05 and log2FC fold change ≥ 2 was performed
to identify the number of DEGs for different groups. In total, the gene expression analysis
showed that 3958 genes were significantly differentially expressed, including 2506 upreg-
ulated and 1452 downregulated genes in the p-AKK group compared with the normal
group. Of a total of 3247 DEGs in C. elegans, 2050 genes were upregulated and 1197 genes
were downregulated under p-AKK diets compared with p-OP50 diets (Figure 5A). In
the two comparisons, 1984 DEGs were counted (Figure 5B). IPath 3.0 software (version 3,
https://pathways.embl.de/, accessed on 7 January 2022) was used to visually analyze the
metabolic pathways involved in these DEGs and the metabolic information of the whole
biological system was apparent. Most of the DEGs were enriched in energy metabolism
(Supplementary Material S2), which was consistent with previous detection indicators.
Next, a general overview of the expression pattern was visualized in a heatmap, which
provided an overall understanding of the changes in gene expression. The C. elegans fed
p-OP50 and those fed live OP50 showed similar gene expression patterns, while those fed
p-AKK and p-OP50 exhibited opposite gene expression patterns (Figure 5C).

https://pathways.embl.de/
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Figure 4. Decrease in the proportion of MUFAs by p-AKK treatment. (A) Total fatty acid profiles
of C. elegans treated with different bacteria analyzed using GC-MS (N = 3). The contents of each
fatty acid were calculated. (B) The contents of total fatty acids in each group of nematodes were
calculated (N = 3). (C) SFA, MUFA and PUFA levels in worms fed different bacteria (N = 3). (D) The
desaturation index of fatty acid in each group were calculated (N = 3). Error bars represent SD. Using
an independent sample t-test, statistically significant differences and extremely significant differences
were defined as (*) p < 0.05 and (**) p < 0.01 compared to the OP50 group, respectively. (##) p < 0.01
compared to the p-OP50 group.

Therefore, to explore the metabolic changes in nematodes fed p-AKK, we chose the
p-OP50 group as the control group for further comparison. In GO and KEGG functional
analyses, we focused on the differential genes related to energy metabolism induced by
A. muciniphila.

3.5.2. Functional- and Pathway-Enrichment Analyses of DEGs Induced by p-AKK

Based on GO and KEGG pathway annotation analysis (Supplementary Material S3),
identified gene targets were functionally related to energy-related terms (such as transport
and catabolism) and lipid metabolism pathways. Therefore, the dietary regulation of
p-AKK may have a significant effect on lipid metabolism. Figure 5D shows the top 15
ranked KEGG pathway terms of DEGs. Generally, the larger the enrichment factor, the
more significant the influence. The pathways with enrichment factors above 0.4 were
retinol metabolism, fatty acid degradation, cysteine and methionine metabolism, steroid
biosynthesis and fatty acid prolongation. These enrichment pathways are closely related to
energy metabolism, especially fatty acid metabolism. These results could provide essential
information on the effect of p-AKK on fatty acid metabolism.
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Figure 5. Changes in gene expression profiles of worms fed different bacteria affect energy
metabolism. (A) Numbers of DEGs in pairwise comparisons of three treatments. (B) Venn dia-
gram showing the number of DEGs in different treatments. (C) Heatmap diagrams showing relative
expression levels of total DEGs among three treatments. (D) Top 15 statistics of KEGG pathway
enrichment analysis of worms fed p-AKK and p-OP50.

3.5.3. Identification of DEGs Induced by p-AKK in C. elegans

Fat metabolism is an important source of energy and this metabolic pathway is highly
conserved in organisms. Therefore, we looked further at the differential metabolism genes
related to fatty acid metabolism to understand which metabolic enzymes are affected (see
Supplementary Material S4). In the fatty acid degradation pathway, the following related
genes were significantly upregulated: lipl-4 (encoding lipase), acs-1 and acs-2 (encoding
fatty acid CoA synthetase), cpt-4 (encoding carnitine palmitoyl-transferase I) and acdh-
8 (encoding acetyl-CoA dehydrogenase). Significantly downregulated genes included
acox-1.2/-3 (encoding acetyl-CoA oxidase) and ech-1.1/-6/-7/-9 (encoding hydratase). In
the PPAR signaling pathway, the expression of men-1 (encoding malate dehydrogenase)
and fat-7 (encoding delta (9)-fatty acid desaturase) was downregulated. In the fatty acid
prolongation pathway, acaa-2 (encoding acetyl-CoA transferase), elo-2/-3/-5/-9 (encoding
long-chain fatty acid elongation protein) and art-1 (encoding very-long-chain enoyl-CoA
reductase) were downregulated, while ppt-1 (encoding palmitoyl-protein thio-esterase 1)
was upregulated. An analysis of the functions of the above differential genes suggested
that p-AKK can release energy by promoting lipid hydrolysis and fatty acid β-oxidation
while inhibiting fatty acid synthesis to reduce fat accumulation. Finally, it affects the energy
currency of nematodes, providing sufficient energy to balance the energy consumption
caused by exercise.
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3.6. qRT-PCR Validation of DEGs

To further verify the accuracy of transcriptomic data and the possible mechanism
of p-AKK affecting lipid metabolism in nematodes, we selected five genes related to
lipid degradation for qRT-PCR validation. Supplementary Material S5 confirmed that the
expression patterns of these genes were very similar to the transcriptome sequencing data.
Therefore, the mRNA-Seq sequencing data are reliable and consistent with our hypothesis.

Further analysis revealed that nhr-49 is functionally like mammalian PPAR, which
is necessary for fatty acid β-oxidation, fatty acid-binding and fatty acid desaturation. In
mammals and nematodes, nhr-49/mdt-15 has a similar function, as it regulates the energy
balance and part of the metabolic genes [34,35]. Sbp-1 is a coactivating transcription factor
of mdt-15, a homolog of the mammalian sterol regulatory element-binding protein (SREBP).
As the upstream regulator of stearoyl-CoA desaturase (SCD), it is responsible for the
rate-limiting link of catalyzing saturated fatty acids to monounsaturated fatty acids. In
nematodes, SCD is encoded by fat-5, fat-6 and fat-7. Therefore, we analyzed the expression
of the above genes. Figure 6 shows that p-AKK significantly upregulated the expression of
acs-2, lipl-4, cpt-4, nhr-49, sbp-1 and mdt-15 and it upregulated the expression of the acs-2
gene by nearly 30-fold. However, p-AKK significantly downregulated the expression of
fat-7 and ech-1.1. The above genes are involved in lipid hydrolysis, fatty acid β-oxidation
and fatty acid synthesis. These results suggest that p-AKK upregulates the nhr-49 pathway
to enhance fatty acid β-oxidation and prevent fat accumulation in nematodes.
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4. Discussion

Increasing evidence shows that p-AKK offers unique health benefits for various prob-
lems, such as obesity, insulin resistance and glucose tolerance [36]. However, due to the
disadvantages of current models, it has been difficult to conduct in-depth research. There-
fore, the mechanism by which p-AKK regulates obesity and reduces the risk of metabolic
diseases remains unclear. Unlike these models, a nematode model may be more appro-
priate to explore dietary intervention and the indirect intake of p-AKK in vivo-mediated
regulation of fat metabolism and its exact mechanism.

This study investigated the effect of dietary intake of p-AKK on lifespan and energy
metabolism in C. elegans. p-AKK contributes to a healthy lifespan in nematodes, improves
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motor activity during aging and enhances thermogenic effects. This is consistent with
previous studies in rodent models [21]. The increase in heat production and energy con-
sumption is often accompanied by an acceleration in metabolism. Previous studies have
reported that the intestinal flora contributes to the absorption of carbohydrates and lipids
and confirmed the crucial roles of A. muciniphila in energy metabolism [37]. Moreover, in
one study, p-AKK increased the energy in mouse feces, indicating a decrease in energy
absorption in the body, which may explain the decrease in weight gain [36]. In our study,
p-AKK increased the level of ATP in nematodes but significantly decreased fat storage.
This may be because p-AKK reduces the energy absorption of nematodes and converts
energy into heat for the energy consumption of exercise.

An excess in the availability of nutrients can lead to mitochondrial dysfunction and
even increased ROS production. However, these changes were associated with alterations
in adipogenesis, lipolysis and fatty acid esterification [38]. The adipokines generated
from adipose tissues induce the production of ROS, which generates oxidative stress [39].
Antioxidant enzymes protect organisms against oxidative stress. If a large amount of ROS
is produced and it overcomes the antioxidant defense, it damages DNA and membrane
lipids, which induces the lipid peroxidation of polyunsaturated fatty acids [40] and fat
accumulation [41]. In the current study, p-AKK decreased ROS content to resist oxidative
stress in C. elegans and this protective effect was related to enhancing SOD and GSH-PX
content in C. elegans. p-AKK protected nematodes from oxidative stress and avoided PUFA
peroxidation. Although the fatty acid ratio showed a dynamic balance, it significantly
reduced the total fatty acid content in nematodes. This suggests that p-AKK resistance to
oxidative stress can assist nematodes in reducing fat storage in healthy status. Although
p-OP50 has a similar impact in these aspects as p-AKK, the effect of p-AKK was more
pronounced, perhaps due to the difference in bacterial components.

Based on the above results, we further comprehensively studied the effect of p-AKK on
the energy metabolism, particularly lipid metabolism, of C. elegans. The possible mechanism
is further explored using transcriptome data. Changes in diet can have a profound impact
on gene expression, particularly those that encode metabolic enzymes [42]. RNA-Seq data
show that an increase in the level of genes involved in fat metabolism, particularly some
metabolic enzymes, affects the balance of energy conversion. The lipl-4 gene is related to the
hydrolytic activity of lipase and its upregulated expression can accelerate lipid hydrolysis
and release free fatty acids. Fatty acid degradation requires the activation of fatty acyl-
CoA synthase (acs-2 gene-encoded) before it can enter the mitochondria for β-oxidative
decomposition under the transport of carnitine palmitoyl-transferase I (CPT-4) [43]. Thus,
acs-2 is the key catalysis enzyme for fatty acids to enter β-oxidation and the upregulation
of its expression level indicates the enhancement of fatty acid oxidation.

In this study, p-AKK increased the transcription of lipl-4, cpt-4 and acs-2 and enhanced
the biological process of fatty acid β-oxidation. nhr-49 is a key transcription factor for
regulation of β-oxidation and the peroxisome pathway, which is the regulatory center of
lipid metabolism [44]. ech-1.1 genes encode mitochondrial hydratase, which participates
in the β-oxidation of lipids [45]. In addition, ech-1.1 and acs-2 are both downstream target
genes of nhr-49 that positively regulate lipolysis [46]. mdt-15 specifically binds to nhr-49
and is positively correlated with acs-2 [35,47]. p-AKK increased the expression of nhr-49
and mdt-15 genes, particularly the acs-2 gene, but inhibited the transcriptional level of
ech-1.1. The overexpression of acs-2 makes nematodes show a low-fat phenotype, which
indicates that it is a key target for p-AKK to regulate lipid metabolism. Meanwhile, several
studies have reported that natural products can reduce fat by upregulating the acs-2 gene,
providing support for the above hypothesis [48].

Sbp-1 plays an important role in overall fat synthesis. Sbp-1, as a transcriptional
coregulator of mdt-15, positively feeds back to δ9 fatty acid desaturase (SCD-1), which
is a signal target for regulating lipid synthesis [22]. The results indicated that p-AKK
upregulated the expression of the sbp-1 gene, but had no positive effect on SCD-1 enzyme.
This situation maybe that sbp-1 is affected by other lipid metabolism genes, making it
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counteract to execute feedback commands. Besides, p-AKK inhibited the expression of fat-7
(encodes SCD-1) and altered stearic to oleic acid ratios, resulting in a decrease in the content
of total fatty acids in nematodes. This suggests that inhibiting the expression level of SCD-1
may help reduce overall fat storage. Moreover, Marc R. found that RNAi of fat-7 causing
reduced fat content and increased expression of genes in β-oxidation, including acs-2 [49].
This evidence supports our results and demonstrating that fat-7 can regulates β-oxidation
through an apparent negative feedback mechanism. This mechanism is similar to that of
leptin downregulating SCD-1 and increasing lipid oxidation to express uncoupling proteins
and induce the body to burn excess calories [50].

In summary, this study proposed that, through dietary intake, p-AKK activates the
nhr-49 pathway, enhances fatty acid transport and β-oxidation and negatively feeds back
to SCD-1 to reduce fat production and keep nematodes in a low-energy state to improve
health. However, due to resource limitations, we did not carry out target verification on
nematode mutants. Nevertheless, this study’s experimental results provided the relation-
ship between thermal p-AKK and health status and supplemented the basic evidence on
p-AKK’s regulation of energy metabolism.

5. Conclusions

p-AKK can improve spontaneous exercise ability, support a healthy lifespan, enhance
antioxidant capacity and reduce triglyceride content in C. elegans. Oil Red O staining also
confirmed the effect of p-AKK on fat accumulation in C. elegans. These results, along with
those of the RNA-seq and qRT-PCR analyses, suggest that the molecular mechanism of p-
AKK decreased fat accumulation in C. elegans may be that lipl-4 participates in fat hydrolysis
by upregulating expression, which can hydrolyze fat into fatty acids and glycerol. Fatty
acids may be activated by the action of acyl-CoA synthase, which catalyzes the formation of
fatty acyl-CoA. Then, it would enter the mitochondria for β-oxidation under the transport
of carnitine palmitoyl-transferase I. Under the catalysis of acyl-CoA dehydrogenase, it was
dehydrogenated to trans-double-bond fatty acyl-CoA and promoted the hydration process.
However, p-AKK may inhibit the activity of hydratase, resulting in an abundance of fatty
acyl-CoA dehydrogenase. Thus, the expression of acs-2 was significantly upregulated.
Furthermore, p-AKK upregulates expression of nhr-49 and mdt-15 which, as upstream
genes of acs-2, further accelerates the accumulation of acs-2. Meanwhile, p-AKK inhibits
lipid biosynthesis by inhibiting the expression of long-chain fatty acid elongation proteins,
acetyl-CoA transferase, malate dehydrogenase and δ9 fatty acid desaturase (Figure 7).
Therefore, p-AKK may accelerate fatty acid β-oxidation and inhibit lipid synthesis by
activating the nhr-49 pathway to balance the increased energy consumption of exercise and
reduce fat accumulation of C. elegans.

Molecules 2022, 27, 6159  14  of  17 
 

 

5. Conclusions 

p‐AKK  can  improve  spontaneous  exercise  ability,  support  a healthy  lifespan,  en‐

hance antioxidant capacity and reduce triglyceride content in C. elegans. Oil Red O stain‐

ing also confirmed the effect of p‐AKK on fat accumulation in C  .elegans. These results, 

along with those of the RNA‐seq and qRT‐PCR analyses, suggest that the molecular mech‐

anism of p‐AKK decreased fat accumulation in C. elegans may be that lipl‐4 participates in 

fat hydrolysis by upregulating expression, which can hydrolyze fat into fatty acids and 

glycerol. Fatty acids may be activated by the action of acyl‐CoA synthase, which catalyzes 

the formation of fatty acyl‐CoA. Then,  it would enter the mitochondria for β‐oxidation 

under the transport of carnitine palmitoyl‐transferase I. Under the catalysis of acyl‐CoA 

dehydrogenase,  it was dehydrogenated  to  trans‐double‐bond  fatty  acyl‐CoA  and pro‐

moted the hydration process. However, p‐AKK may inhibit the activity of hydratase, re‐

sulting in an abundance of fatty acyl‐CoA dehydrogenase. Thus, the expression of acs‐2 

was significantly upregulated. Furthermore, p‐AKK upregulates expression of nhr‐49 and 

mdt‐15 which, as upstream genes of acs‐2, further accelerates the accumulation of acs‐2. 

Meanwhile, p‐AKK inhibits lipid biosynthesis by inhibiting the expression of long‐chain 

fatty acid elongation proteins, acetyl‐CoA transferase, malate dehydrogenase and δ9 fatty 

acid desaturase (Figure 7). Therefore, p‐AKK may accelerate fatty acid β‐oxidation and 

inhibit lipid synthesis by activating the nhr‐49 pathway to balance the increased energy 

consumption of exercise and reduce fat accumulation of C. elegans.   

 

Figure 7. The molecular mechanism of p‐AKK reduces fat accumulation. 

Supplementary  Materials:  The  following  supporting  information  can  be  downloaded  at: 

https://www.mdpi.com/article/10.3390/molecules27196159/s1. Supplementary Material S1. Primer 

sequences; Supplementary Material S2. IPath 3.0 visually analyze the metabolic pathways of nema‐

todes fed with different bacteria; Supplementary Material S3. GO and KEGG analysis of DEGs be‐

tween worms fed p‐AKK and p‐OP50; Supplementary Material S4. KEGG Pathway; Supplementary 

Material S5. DEGs and mRNA levels in fat metabolism of worms treated with p‐AKK and p‐OP50. 

Author Contributions: Data curation, X.C.; Formal analysis, Y.X.; Investigation, F.Z.; Methodology, 

J.C.; Project administration, Z.W.; Resources, Y.X., A.H. and Y.W.; Software, F.Z. and X.C.; Writ‐

ing—original draft, Z.W.; Writing—review & editing, Z.L. All authors have read and agreed to the 

published version of the manuscript. 

Figure 7. The molecular mechanism of p-AKK reduces fat accumulation.



Molecules 2022, 27, 6159 14 of 16

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27196159/s1. Supplementary Material S1. Primer se-
quences; Supplementary Material S2. IPath 3.0 visually analyze the metabolic pathways of nematodes
fed with different bacteria; Supplementary Material S3. GO and KEGG analysis of DEGs between
worms fed p-AKK and p-OP50; Supplementary Material S4. KEGG Pathway; Supplementary Material
S5. DEGs and mRNA levels in fat metabolism of worms treated with p-AKK and p-OP50.

Author Contributions: Data curation, X.C.; Formal analysis, Y.X.; Investigation, F.Z.; Methodol-
ogy, J.C.; Project administration, Z.W.; Resources, Y.X., A.H. and Y.W.; Software, F.Z. and X.C.;
Writing—original draft, Z.W.; Writing—review & editing, Z.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Project support of Hunan Province Agricultural Industry
Technologe system (No. 2019105).

Institutional Review Board Statement: Not applicable to this study.

Informed Consent Statement: Not applicable to this study.

Data Availability Statement: The datasets used and analyzed during the current study are available
from the corresponding author on reasonable request.

Conflicts of Interest: No conflict of interest exits in the submission of this manuscript and the
manuscript is approved by all authors for publication. I would like to declare on behalf of my
co-authors that the work described is original research that has not been published previously and
not under consideration for publication elsewhere, in whole or in part. All the authors listed have
approved the manuscript that is enclosed.

References
1. Li, J.; Song, J.; Zaytseva, Y.Y.; Liu, Y.; Rychahou, P.; Jiang, K.; Starr, M.E.; Kim, J.T.; Harris, J.W.; Yiannikouris, F.B.; et al. An

obligatory role for neurotensin in high-fat-diet-induced obesity. Nature 2016, 533, 411–415. [CrossRef] [PubMed]
2. Samuel, V.T.; Shulman, G.I. The pathogenesis of insulin resistance: Integrating signaling pathways and substrate flux. J. Clin.

Investig. 2016, 126, 12–22. [CrossRef]
3. Girousse, A.; Virtue, S.; Hart, D.; Vidal-Puig, A.; Murgatroyd, P.R.; Mouisel, E.; Sengenes, C.; Savage, D.B. Surplus fat rapidly

increases fat oxidation and insulin resistance in lipodystrophic mice. Mol. Metab. 2018, 13, 24–29. [CrossRef] [PubMed]
4. Machado, M.V.; Cortez-Pinto, H. Diet, Microbiota, Obesity and NAFLD: A Dangerous Quartet. Int. J. Mol. Sci. 2016, 17, 481.

[CrossRef] [PubMed]
5. Wu, H.; Gao, Y.; Shi, H.-L.; Qin, L.-Y.; Huang, F.; Lan, Y.-Y.; Zhang, B.-B.; Hu, Z.-B.; Wu, X.-J. Astragaloside IV improves lipid

metabolism in obese mice by alleviation of leptin resistance and regulation of thermogenic network. Sci. Rep. 2016, 6, 30190.
[CrossRef]

6. Gesta, S.; Tseng, Y.-H.; Kahn, C.R. Developmental origin of fat: Tracking obesity to its source. Cell 2007, 131, 242–256. [CrossRef]
[PubMed]

7. Bouter, K.E.; van Raalte, D.H.; Groen, A.K.; Nieuwdorp, M. Role of the Gut Microbiome in the Pathogenesis of Obesity and
Obesity-Related Metabolic Dysfunction. Gastroenterology 2017, 152, 1671–1678. [CrossRef]

8. Boulange, C.L.; Neves, A.L.; Chilloux, J.; Nicholson, J.K.; Dumas, M.-E. Impact of the gut microbiota on inflammation, obesity,
and metabolic disease. Genome Med. 2016, 8, 42. [CrossRef]

9. Zhai, R.; Xue, X.; Zhang, L.; Yang, X.; Zhao, L.; Zhang, C. Strain-Specific Anti-inflammatory Properties of Two Akkermansia
muciniphila Strains on Chronic Colitis in Mice. Front. Cell. Infect. Microbiol. 2019, 9, 239. [CrossRef]

10. Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, J.; Maiter, D.;
Delzenne, N.M.; et al. Supplementation with Akkermansia muciniphila in overweight and obese human volunteers: A proof-of-
concept exploratory study. Nat. Med. 2019, 25, 1096. [CrossRef]

11. Yang, M.; Bose, S.; Lim, S.; Seo, J.; Shin, J.; Lee, D.; Chung, W.-H.; Song, E.-J.; Nam, Y.-D.; Kim, H. Beneficial Effects of Newly
Isolated Akkermansia muciniphila Strains from the Human Gut on Obesity and Metabolic Dysregulation. Microorganisms 2020,
8, 1413. [CrossRef] [PubMed]

12. Kim, S.; Lee, Y.; Kim, Y.; Seo, Y.; Lee, H.; Ha, J.; Lee, J.; Choi, Y.; Oh, H.; Yoon, Y. Akkermansia muciniphila Prevents Fatty Liver
Disease, Decreases Serum Triglycerides, and Maintains Gut Homeostasis. Appl. Environ. Microbiol. 2020, 86, e03004–e03019.
[CrossRef] [PubMed]

13. Xu, Y.; Wang, N.; Tan, H.Y.; Li, S.; Zhang, C.; Feng, Y. Function of Akkermansia muciniphila in Obesity: Interactions with Lipid
Metabolism, Immune Response and Gut Systems. Front. Microbiol. 2020, 11, 1–2. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules27196159/s1
https://www.mdpi.com/article/10.3390/molecules27196159/s1
http://doi.org/10.1038/nature17662
http://www.ncbi.nlm.nih.gov/pubmed/27193687
http://doi.org/10.1172/JCI77812
http://doi.org/10.1016/j.molmet.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29789270
http://doi.org/10.3390/ijms17040481
http://www.ncbi.nlm.nih.gov/pubmed/27043550
http://doi.org/10.1038/srep30190
http://doi.org/10.1016/j.cell.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17956727
http://doi.org/10.1053/j.gastro.2016.12.048
http://doi.org/10.1186/s13073-016-0303-2
http://doi.org/10.3389/fcimb.2019.00239
http://doi.org/10.1038/s41591-019-0495-2
http://doi.org/10.3390/microorganisms8091413
http://www.ncbi.nlm.nih.gov/pubmed/32937828
http://doi.org/10.1128/AEM.03004-19
http://www.ncbi.nlm.nih.gov/pubmed/31953338
http://doi.org/10.3389/fmicb.2020.00219
http://www.ncbi.nlm.nih.gov/pubmed/32153527


Molecules 2022, 27, 6159 15 of 16

14. Grajeda-Iglesias, C.; Durand, S.; Daillere, R.; Iribarren, K.; Lemaitre, F.; Derosa, L.; Aprahamian, F.; Bossut, N.; Nirmalathasan, N.;
Madeo, F.; et al. Oral administration of Akkermansia muciniphila elevates systemic antiaging and anticancer metabolites. Aging-Us
2021, 13, 6375–6405. [CrossRef]

15. Sugahara, H.; Yao, R.; Odamaki, T.; Xiao, J.Z.J.B.M. Differences between live and heat-killed bifidobacteria in the regulation of
immune function and the intestinal environment. Benef. Microbes 2017, 8, 463. [CrossRef]

16. Ting, W.-J.; Kuo, W.-W.; Hsieh, D.J.-Y.; Yeh, Y.-L.; Day, C.-H.; Chen, Y.-H.; Chen, R.-J.; Padma, V.V.; Chen, Y.-H.; Huang, C.-Y. Heat
Killed Lactobacillus reuteri GMNL-263 Reduces Fibrosis Effects on the Liver and Heart in High Fat Diet-Hamsters via TGF-beta
Suppression. Int. J. Mol. Sci. 2015, 16, 25881–25896. [CrossRef]

17. Chung, K.-S.; Choi, J.W.; Shin, J.-S.; Kim, S.-Y.; Han, H.-S.; Kim, S.-Y.; Lee, K.-Y.; Kang, J.-Y.; Cho, C.-W.; Hong, H.-D.; et al.
Strain-Specific Identification and In Vivo Immunomodulatory Activity of Heat-Killed Latilactobacillus sakei K040706. Foods 2021,
10, 3034. [CrossRef]

18. Yoda, K.; He, F.; Miyazawa, K.; Kawase, M.; Kubota, A.; Hiramatsu, M. Orally administered heat-killed Lactobacillus gasseri
TMC0356 alters respiratory immune responses and intestinal microbiota of diet-induced obese mice. J. Appl. Microbiol. 2012, 113,
155–162. [CrossRef]

19. Cani, P.D.; Knauf, C. A newly identified protein from Akkermansia muciniphila stimulates GLP-1 secretion. Cell Metab. 2021, 33,
1073–1075. [CrossRef]

20. Anhe, F.F.; Marette, A. A microbial protein that alleviates metabolic syndrome. Nat. Med. 2017, 23, 11–12. [CrossRef]
21. Depommier, C.; Van Hul, M.; Everard, A.; Delzenne, N.M.; De Vos, W.M.; Cani, P.D. Pasteurized Akkermansia muciniphila

increases whole-body energy expenditure and fecal energy excretion in diet-induced obese mice. Gut Microbes 2020, 11, 1231–1245.
[CrossRef]

22. Lin, C.; Lin, Y.; Chen, Y.; Xu, J.; Li, J.; Cao, Y.; Su, Z.; Chen, Y. Effects of Momordica saponin extract on alleviating fat accumulation
in Caenorhabditis elegans. Food Funct. 2019, 10, 3237–3251. [CrossRef]

23. Xiao, X.; Tan, C.; Sun, X.; Zhao, Y.; Zhang, J.; Zhu, Y.; Bai, J.; Dong, Y.; Zhou, X. Fermented Barley β-lucan Regulates Fat Deposition
in Caenorhabditis elegans. J. Sci. Food Agric. 2020, 100, 3408–3417. [CrossRef]

24. Solis, G.M.; Petrascheck, M. Measuring Caenorhabditis elegans Life Span in 96 Well Microtiter Plates. Jove-J. Vis. Exp. 2011, 49, e2496.
[CrossRef]

25. Kingsley, S.F.; Seo, Y.; Allen, C.; Ghanta, K.S.; Tissenbaum, H.A.; Finkel, S. Bacterial processing of glucose modulates C. elegans
lifespan and healthspan. Sci. Rep. 2021, 11, 5931. [CrossRef] [PubMed]

26. Seo, Y.; Kingsley, S.; Walker, G.; Mondoux, M.A.; Tissenbaum, H.A. Metabolic shift from glycogen to trehalose promotes lifespan
and healthspan in Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 2018, 115, E2791–E2800. [CrossRef]

27. Kwon, G.; Lee, J.; Lim, Y.-H. Dairy Propionibacterium extends the mean lifespan of Caenorhabditis elegans via activation of the
innate immune system. Sci. Rep. 2016, 6, 31713. [CrossRef]

28. Ji, C.; Guo, W.; Zhang, M.; Lu, X.; Ni, Y.; Guo, X.J.G. Caenorhabditis elegans ucp-4 regulates fat metabolism: Suppression of ucp-4
expression induced obese phenotype and caused impairment of insulin like pathway. Gene 2012, 491, 158–164. [CrossRef]

29. Almotayri, A.; Thomas, J.; Munasinghe, M.; Weerasinghe, M.; Heydarian, D.; Jois, M. Metabolic and behavioral effects of
olanzapine and fluoxetine on the model organism Caenorhabditis elegans. Saudi Pharm. J. 2021, 29, 917–929. [CrossRef]

30. del Valle Carranza, A.; Saragusti, A.; Alberto Chiabrando, G.; Carrari, F.; Asis, R. Effects of chlorogenic acid on thermal stress
tolerance in C. elegans via HIF-1, HSF-1 and autophagy. Phytomedicine 2020, 66, 153132. [CrossRef]

31. Watts, J.L.; Browse, J. Genetic dissection of polyunsaturated fatty acid synthesis in Caenorhabditis elegans. Proc. Natl. Acad. Sci.
USA 2002, 99, 5854–5859. [CrossRef] [PubMed]

32. Fanny, M.M.; Berenice, F.J.; Elizabeth, M.A.; Alain, H.-V.; Marco, M.A.; Saul, G.-M.; Jaime, M.Q.; Karla, C.; Antonio, V.A.; Daniel,
O.C. The MXL-3/SBP-1 Axis Is Responsible for Glucose-Dependent Fat Accumulation in C. elegans. Gene 2017, 8, 307. [CrossRef]

33. Zhu, Y.; Bai, J.; Zhou, Y.; Zhang, Y.; Zhao, Y.; Dong, Y.; Xiao, X. Water-soluble and alkali-soluble polysaccharides from bitter
melon inhibited lipid accumulation in HepG2 cells and Caenorhabditis elegans. Int. J. Biol. Macromol. 2021, 166, 155–165. [CrossRef]
[PubMed]

34. Zhang, X.; Li, W.; Tang, Y.; Lin, C.; Cao, Y.; Chen, Y. Mechanism of Pentagalloyl Glucose in Alleviating Fat Accumulation in
Caenorhabditis elegans. J. Agric. Food Chem. 2019, 67, 14110–14120. [CrossRef]

35. Taubert, S.; Van Gilst, M.R.; Hansen, M.; Yamamoto, K.R. A Mediator subunit, MDT-15, integrates regulation of fatty acid
metabolism by NHR-49-dependent and -independent pathways in C. elegans. Genes Dev. 2006, 20, 1137–1149. [CrossRef]

36. Plovier, H.; Everard, A.; Druart, C.; Depommier, C.; Hul, M.V.; Geurts, L.; Chilloux, J.; Ottman, N.; Duparc, T.;
Lichtenstein, L.; et al. A purified membrane protein from Akkermansia muciniphila or the pasteurized bacterium improves
metabolism in obese and diabetic mice. Nat. Med. 2016, 23, 107. [CrossRef]

37. Baeckhed, F.; Ley, R.E.; Sonnenburg, J.L.; Peterson, D.A.; Gordon, J.I. Host-Bacterial Mutualism in the Human Intestine. Science
2005, 307, 1915–1920. [CrossRef]

38. Pérez-Torres, I.; Castrejón-Téllez, V.; Soto, M.E.; Rubio-Ruiz, M.E.; Manzano-Pech, L.; Guarner-Lans, V. Oxidative Stress, Plant
Natural Antioxidants, and Obesity. Int. J. Mol. Sci. 2021, 22, 1786. [CrossRef]

39. Fernández-Sánchez, A.; Madrigal-Santillán, E.; Bautista, M.; Esquivel-Soto, J.; Morales-González, Á.; Esquivel-Chirino, C.;
Durante-Montiel, I.; Sánchez-Rivera, G.; Valadez-Vega, C.; Morales-González, J.A. Inflammation, Oxidative Stress, and Obesity.
Int. J. Mol. Sci. 2011, 12, 3117–3132. [CrossRef]

http://doi.org/10.18632/aging.202739
http://doi.org/10.3920/BM2016.0158
http://doi.org/10.3390/ijms161025881
http://doi.org/10.3390/foods10123034
http://doi.org/10.1111/j.1365-2672.2012.05316.x
http://doi.org/10.1016/j.cmet.2021.05.004
http://doi.org/10.1038/nm.4261
http://doi.org/10.1080/19490976.2020.1737307
http://doi.org/10.1039/C9FO00254E
http://doi.org/10.1002/jsfa.10375
http://doi.org/10.3791/2496
http://doi.org/10.1038/s41598-021-85046-3
http://www.ncbi.nlm.nih.gov/pubmed/33723307
http://doi.org/10.1073/pnas.1714178115
http://doi.org/10.1038/srep31713
http://doi.org/10.1016/j.gene.2011.10.001
http://doi.org/10.1016/j.jsps.2021.07.006
http://doi.org/10.1016/j.phymed.2019.153132
http://doi.org/10.1073/pnas.092064799
http://www.ncbi.nlm.nih.gov/pubmed/11972048
http://doi.org/10.3390/genes8110307
http://doi.org/10.1016/j.ijbiomac.2020.10.128
http://www.ncbi.nlm.nih.gov/pubmed/33172614
http://doi.org/10.1021/acs.jafc.9b06167
http://doi.org/10.1101/gad.1395406
http://doi.org/10.1038/nm.4236
http://doi.org/10.1126/science.1104816
http://doi.org/10.3390/ijms22041786
http://doi.org/10.3390/ijms12053117


Molecules 2022, 27, 6159 16 of 16

40. Beaudoin-Chabot, C.; Wang, L.; Smarun, A.V.; Vidovic, D.; Shchepinov, M.S.; Thibault, G. Deuterated Polyunsaturated Fatty
Acids Reduce Oxidative Stress and Extend the Lifespan of C. elegans. Front. Physiol. 2019, 10, 641. [CrossRef]

41. Sergin, I.; Razani, B. Self-eating in the plaque: What macrophage autophagy reveals about atherosclerosis. Trends Endocrinol.
Metab. 2014, 25, 225–234. [CrossRef] [PubMed]

42. Schumacker, S.T.; Chidester, C.A.; Enke, R.A.; Marcello, M.R. RNA Sequencing Dataset Characterizing Transcriptomic Responses
to Dietary Changes in Caenorhabditis elegans. Data Brief 2019, 25, 104006. [CrossRef] [PubMed]

43. Zhang, Y.; Zou, X.; Ding, Y.; Wang, H.; Wu, X.; Liang, B. Comparative genomics and functional study of lipid metabolic genes in
Caenorhabditis elegans. BMC Genom. 2013, 14, 164. [CrossRef] [PubMed]

44. Ahmed, S.; Atlas, E. Bisphenol S- and bisphenol A-induced adipogenesis of murine preadipocytes occurs through direct
peroxisome proliferator-activated receptor gamma activation. Int. J. Obes. 2016, 40, 1566–1573. [CrossRef] [PubMed]

45. Pathare, P.P.; Lin, A.; Bornfeldt, K.E.; Taubert, S.; Van Gilst, M.R. Coordinate Regulation of Lipid Metabolism by Novel Nuclear
Receptor Partnerships. PLoS Genet. 2012, 8, 333–350. [CrossRef] [PubMed]

46. 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. Jove-J. Vis. Exp. 2018, 133, e57352. [CrossRef] [PubMed]

47. Yang, F.; Vought, B.; Satterlee, J.; Walker, A.; Sun, Z.; Watts, J.; Debeaumont, R.; Saito, R.; Hyberts, S.; Yang, S.J.N. An
ARC/Mediator subunit required for SREBP control of cholesterol and lipid homeostasis. Nature 2006, 442, 700–704. [CrossRef]

48. Moreno-Arriola, E.; Hafidi, M.E.; Ortega-Cuéllar, D.; Carvajal, K. AMP-Activated Protein Kinase Regulates Oxidative Metabolism
in Caenorhabditis elegans through the NHR-49 and MDT-15 Transcriptional Regulators. PLoS ONE 2016, 11, e0148089. [CrossRef]

49. Gilst, M.R.V.; Hadjivassiliou, H.; Jolly, A.; Yamamoto, K.R. Nuclear Hormone Receptor NHR-49 Controls Fat Consumption and
Fatty Acid Composition in C. elegans. PLoS Biol. 2005, 3, e53. [CrossRef]

50. Dobrzyn, A.; Ntambi, J.M. The role of stearoyl-CoA desaturase in body weight regulation. Trends Cardiovasc. Med. 2004, 14, 77–81.
[CrossRef]

http://doi.org/10.3389/fphys.2019.00641
http://doi.org/10.1016/j.tem.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24746519
http://doi.org/10.1016/j.dib.2019.104006
http://www.ncbi.nlm.nih.gov/pubmed/31223636
http://doi.org/10.1186/1471-2164-14-164
http://www.ncbi.nlm.nih.gov/pubmed/23496871
http://doi.org/10.1038/ijo.2016.95
http://www.ncbi.nlm.nih.gov/pubmed/27273607
http://doi.org/10.1371/journal.pgen.1002645
http://www.ncbi.nlm.nih.gov/pubmed/22511885
http://doi.org/10.3791/57352
http://www.ncbi.nlm.nih.gov/pubmed/29553519
http://doi.org/10.1038/nature04942
http://doi.org/10.1371/journal.pone.0148089
http://doi.org/10.1371/journal.pbio.0030053
http://doi.org/10.1016/j.tcm.2003.12.005

	Introduction 
	Materials and Methods 
	Reagents and Strains 
	Lifespan Assay 
	Healthy Lifespan: Body Bends/Movements on mNGM Plates 
	ATP Quantification Assay 
	Triglyceride Quantification 
	Oil Red O Staining 
	Measurement of Reactive Oxygen Species (ROS) 
	Antioxidant Enzyme Assay 
	Transcriptome Sequencing 
	Lipid Extraction and Gas Chromatography/Mass Spectrometry (GC-MS) Assays 
	qRT-PCR 
	Statistical Analysis 

	Results 
	Effect of p-AKK on Healthy Lifespan in C. elegans 
	Effect of p-AKK on Energy Metabolism 
	Effect of p-AKK on Antioxidant Capacity in C. elegans 
	Effect of p-AKK on Fatty Acid Composition in C. elegans 
	p-AKK Upregulates Energy Metabolic Pathways 
	Identification of DEGs 
	Functional- and Pathway-Enrichment Analyses of DEGs Induced by p-AKK 
	Identification of DEGs Induced by p-AKK in C. elegans 

	qRT-PCR Validation of DEGs 

	Discussion 
	Conclusions 
	References

