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Abstract: Persistent alcohol seeking despite the risk of aversive consequences is a crucial characteristic
of alcohol use disorders (AUDs). Therefore, an improved understanding of the molecular basis of
alcohol seeking despite aversive stimuli or punishment in animal models is an important strategy
to understand the mechanism that underpins the pathology of AUDs. Aversion-resistant seeking
(ARS) is characterized by disruption in control of alcohol use featured by an imbalance between the
urge for alcohol and the mediation of aversive stimuli. We exploited C. elegans, a genetically tractable
invertebrate, as a model to elucidate genetic components related to this behavior. We assessed the
seb-3 neuropeptide system and its transcriptional regulation to progress aversion-resistant ethanol
seeking at the system level. Our functional genomic approach preferentially selected molecular
components thought to be involved in cholesterol metabolism, and an orthogonal test defined
functional roles in ARS through behavioral elucidation. Our findings suggest that fimo-2 (flavin-
containing monooxygenase-2) plays a role in the progression of aversion-resistant ethanol seeking in
C. elegans.
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1. Introduction

Alcohol use disorders (AUDs) are a significant public health concern. Alcohol accounts
for 7.1% (for males) and 2.2% (for females) of the global burden of disease [1] and is also a
leading cause of preventable death in the United States [2]. The adverse effects of alcohol
abuse in humans have already been widely recognized. From the cellular toxicity of alcohol,
which is toxic to most organ systems, and other risk factors of heart disease, stroke, liver
disease, and digestive problems, to indirect contribution to injuries, such as via motor
vehicle crashes and violence, various negative consequences and risks in many respects
are well-known to many [1,3,4]. Nevertheless, the most noteworthy etiology of an AUD
is characterized by loss of control over alcohol use despite recognition of these critical
negative factors [5-8].

Aversion-resistant alcohol seeking behaviors have been studied in animals from nema-
todes to mammals as a model for this loss of control over alcohol use despite catastrophic
consequences, modeling a medical condition of human AUD [9-11]. Aversion-resistant
seeking (ARS) is characterized by an imbalance between the urge toward alcohol and
disruption of control of alcohol use; however, the molecular mechanisms of how this loss
of control progresses remain unclear. An ARS scale has been used in human genetic studies
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aversion-resistant alcohol intake was investigated via pairing the intake with bitter quinine
or a foot shock [9,10,15]. To better understand the underlying mechanisms of ethanol ARS,
we exploited C. elegans, a genetically tractable invertebrate, as a model to elucidate genetic
components related to ARS behavior. C. elegans has represented comparable physiological
effects to humans at similar blood alcohol concentrations: acute functional tolerance, with-
40/). drawal symptoms, and induction of preference [16-21]. The ethanol preference of worms
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is elicited via prolonged exposure to ethanol. Furthermore, worms reproduce key features
of mammalian alcohol-seeking behaviors: repeated attempts, endurance, and finally, ARS
with an increase in ethanol preference [11].

ARSin C. elegans has been demonstrated through application of two distinct behavioral
programs that conflict in the worm model: ethanol seeking and concurrent avoidance of
aversive stimuli that block ethanol seeking [11]. The avoidance behavior of worms through
the nociception process is directly related to the survival of the individual [22,23]. Thus,
an ARS model of worms, using nociceptive stimuli, is ecologically suitable for modeling
of persistent alcohol use despite aversive consequences in humans, which is increasingly
recognized as a pivotal characteristic of an AUD [9,24-26].

In rodent models, aversion-resistant alcohol intake emerged after longer-term drink-
ing [9,10,27-29]. In the worm model as well, prolonged exposure to ethanol resulted in
transcriptome changes associated with physiological changes that are relevant to AUDs [30].
Previously, we assessed the transcriptional regulation of the neuropeptides involved in the
progression of ARS in C. elegans at the system level. We have demonstrated that neuropep-
tides of the brain stress system interact in order to progress ARS [11]. The conserved role of
the membrane lipids involved in development of AUDs [20], along with the specific role
of these neuropeptides in stress responses including energy metabolism, highlighted the
altered expression of genes involved in cholesterol metabolism in our ethanol-dependent
worm model, and here, we propose the impact of cholesterol-metabolism coping with
stress as a possible mechanism that affects susceptibility to neuroplasticity that is associated
with ethanol preference and ARS. In this paper, we evaluate the role of cholesterol in
progression of ARS. We have shown that the lipid environment modulates the induction
of ethanol dependence in wild-type worms via showing alteration of the development of
ARS preference and progression. We further evaluated this lipid involvement in worm
ethanol dependence using susceptible dependent variants and additional variants that are
involved in lipid metabolism. We preferentially selected molecular components thought to
be involved in cholesterol metabolism, which is transcriptionally regulated by stress signals
that mediate progression of ARS. Among these genes, which are differentially expressed in
mutant strains that are susceptible to ethanol dependence, we verified the functional role of
fmo-2 (flavin-containing monooxygenase) in ARS; its mammalian orthologue is well-known
as a central regulator of cholesterol balance. Our data support that cholesterol and the
related pathways that regulate its homeostasis play a role in progression of ARS through
neuropeptide signaling, and that the neurobiological basis of aversion-resistant ethanol
seeking has been functionally conserved.

2. Results

C. elegans replicates alcohol-dependent-animal behavioral traits known from mam-
malian studies (such as enhanced acute functional tolerance, withdrawal symptoms, and
preference). More explicitly, ethanol preference is elicited in wild-type (WT) C. elegans spec-
imens that have experienced chronic ethanol exposure [11,19]. During chronic exposure to
ethanol, multiple factors and physiological pathways are involved in ethanol-preference
development and maintenance, which are important mechanisms of AUD progression.

Cholesterol, like other lipids, is an essential component that is involved in many
physiological processes, such as cell-barrier formation and signal transduction. Partic-
ularly, the nervous system has a rich lipid composition, so the human brain has both a
high lipid content and high diversity [31,32]. It has been consistently suggested that mi-
crodomains in membranes known as lipid rafts may have a functional role in development
of substance use disorders (SUDs). Additionally, in worms, it has been demonstrated that
membrane lipids play an important role in development of acute functional tolerance of
ethanol [20]. C. elegans is a cholesterol auxotroph. Although cholesterol is not synthesized,
it is an essential component involved in many physiological processes in C. elegans, such
as molting, reproduction, dauer formation, and metabolism [33-35]. These worms require
a dietary supply of this sterol and contain a wide range of saturated, monounsaturated,



Metabolites 2023, 13, 62

3of 14

and polyunsaturated fatty acids (PUFAs) similar to that in mammals [36-38]. Since worms
obtain cholesterol from their diet (bacteria and the culture media in the laboratory), an en-
vironment in which sterol lipids are removed from biological membranes can be effectively
established at the organism level. Hence, the characteristic of cholesterol auxotrophy was
used to assess the role of membrane lipids in progression of ethanol dependence.

It has been reported that triacylglycerol (TAG) levels influence development of acute
functional tolerance (AFT) of ethanol in worms and showed that cholesterol depletion im-
paired AFT development [20]. Hence, we asked if cholesterol depletion altered development
of ethanol preference as well. Cholesterol-depleted animals were tested in a free-moving
preference assay on a four-well plate; only one of those wells contained ethanol (300 mM),
as previously described [11]. The locomotion trajectories of each individual animal, exhibit-
ing exploratory pattern, showed a distinct difference in the responses to ethanol between
cholesterol-fed and cholesterol-depleted animals. In contrast to the WT animals that were fed
cholesterol, the cholesterol-depleted animals showed no orientation toward the ethanol area
after chronic exposure to ethanol and spent more time exploring the area without ethanol
(Figure 1). Like the WT animals that were fed cholesterol, whose locomotory behavior was
not damaged through the ethanol pretreatment, cholesterol-depleted animals in both naive
and ethanol pretreated groups had unimpaired locomotor behavior.
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Figure 1. Cholesterol-depleted WT animals explored the nonethanol area even after ethanol pretreat-
ment while cholesterol-fed animals headed straight to and remained in the ethanol area. (a) Trajec-
tories of individual WT animals, cholesterol-fed (ethanol-pretreated for 4 h on 300 mM of ethanol).
(b) Trajectories of individual WT animals, cholesterol-depleted (ethanol-pretreated for 4 h on 300 mM
of ethanol). Ethanol-pretreated animals were placed in the middle of the assay plate, which contained
ethanol (300 mM) only in the top left well (red EtOH). All wells were marginally covered by media
that allowed free motion between the areas. Scale bar = 10 mm. (c) Behavioral quantification of
(a,b). Ethanol-pretreated WT animals (cholesterol-fed) spent more time in the ethanol area, whereas
cholesterol-depleted WT animals explored the nonethanol area more, even when ethanol-pretreated
under the same conditions. These data were analyzed employing a chi-square test, which indicated
df 66.42 and 1 z 8.150, p < 0.0001. Error bars shown to the right of each section (ethanol area or
non-ethanol area) of the bar graph is SEM (N = 6, cholesterol-fed; N = 14, cholesterol-depleted).
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We further investigated the behavioral changes caused via cholesterol depletion in the
established measurement for the motivational strength of ethanol preference. In the ARS
assay, we calculated the animals that had successfully reached ethanol over the aversive
Cu?* barrier in time, and the seeking index (SI) was obtained as described before [11]. The
increased SI at the 0 mM (no barrier) represented sole ethanol preference while the increases
at the 2 mM, 5 mM, and 10 mM barriers exhibited ARS. Reduced ethanol preference and
ARS were observed in cholesterol-depleted WT animals. Cholesterol-depleted animals did
not show preference for ethanol as much as did animals fed cholesterol after the ethanol
experience, but also showed no complete defect in ethanol preference, as ethanol preference
still appeared to develop. However, impaired ARS, which failed to cross the Cu?* barrier
for ethanol at low (2 mM, 5 mM) and high (10 mM) concentrations were identified (Figure 2).
This is consistent with the observation in Figure 1 and similar to the SI values seen in the
cholesterol-fed WT animals that were naive before ethanol treatment (Figure 2b).
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Figure 2. Behavioral quantification of ethanol preference and ARS of cholesterol-depleted WT animals
(ARS: aversion-resistant seeking). (a) Strength of ethanol seeking is represented by the SI under
different concentrations of a copper barrier (no barrier, 2 mM, 5 mM, and 10 mM). Compared to naive
WT animals grown in cholesterol-depleted conditions, cholesterol-depleted WT animals after ethanol
pretreatment for 4 h developed ethanol preference. They showed mild chemotaxis to ethanol in the
assay plate without an aversive barrier. However, few cholesterol-depleted WT animals crossed over
aversive barriers. One-way ANOVA, p = 0.0002, F (4, 24) = 8.454, post hoc multiple comparison test;
Dunnett’s (p < 0.05, *; p < 0.01, **; p < 0.001, ***). Each dot represents an assay that used a population
of 100-150. (b) Data sets (a) from cholesterol-depleted animals were compared to those of the control
group: cholesterol-fed WT animals. Cholesterol-fed WT animals developed ethanol preference and
ARS after chronic exposure to ethanol, whereas the developments of ethanol preference and ARS
were impaired in cholesterol-depleted WT animals. [Fcholesterol (1, 48) = 78.93, p < 0.0001; Fconc (3,
48) = 24.32, p < 0.0001; Fcholesterol x conc (3, 48) = 7.122, p = 0.0005]. N numbers were [0 mM = 10,
2mM =6,5mM =6, 10 mM = 10 for WT cholesterol-fed;, 0 mM=7,2mM =5,5mM =7,10 mM =5 for
WT cholesterol-depleted; and 0 mM = 6, 2 mM =5, 5 mM = 6, 10 mM = 6 for WT cholesterol-fed naive].
A two-way ANOVA comparison showed significant differences based on cholesterol feeding, barrier
concentration, and the interaction of the two. Significant post hoc differences (multiple comparison
correction using the Bonferroni method) between the cholesterol feedings (fed vs. depleted) at no
barrier, the 2 mM barrier, and the 5 mM barrier are shown (p < 0.0001, ****). Significant post hoc
differences (Bonferroni’s multiple comparison test) between naive vs. ethanol-treated at no barrier,
the 2 mM barrier, and the 5 mM barrier are shown (p < 0.01, ## p < 0.001, ###).

Based on the results that showed that cholesterol depletion reduced development of
ethanol preference and ARS in WT animals, we next asked whether cholesterol depletion
affected ethanol preference even in mutant strains that were susceptible to ethanol depen-
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dence. In particular, we assessed a stress model in ethanol-dependent worms, in which
the role of a mammalian orthologue was also involved in regulation of energy metabolism.
seb-3(eg696) gain-of-function (gf) animals were shown to be susceptible to ethanol depen-
dence, which was demonstrated by enhancement of all of the ethanol related behaviors of
the worms: acute functional tolerance to ethanol, withdrawal-induced tremors, repeated
attempts to seek ethanol, and finally, ARS [11,16]. Interestingly, in the seb-3(eg696) animals,
cholesterol depletion prevented a greater progression of ethanol preference, which was
significantly prominent in ARS. Cholesterol depletion suppressed the enhanced SI of the
seb-3(eg696) animals in the ARS assay (Figure 3). The cholesterol-depleted seb-3(¢g696)
animals exhibited significantly low SI values compared to the cholesterol-fed seb-3(eg696)
animals against higher-concentrated Cu®* barriers (Figure 3).
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Figure 3. Cholesterol depletion suppressed the development of ARS in seb-3 gf animals that were
susceptible to ethanol dependence (ARS: aversion-resistant seeking). (a) The cholesterol-depleted
seb-3(eg696) animals developed ethanol preference after ethanol pretreatment for 4 h. One-way
ANOVA, p = 0.0035, F (4, 30) = 4.948, post hoc multiple comparison test; Dunnett’s (p < 0.05, *;
p <0.01, **). Each dot represents an assay that used a population of 100-150. (b) Data sets (a) from
cholesterol-depleted animals were compared to the control group: cholesterol-fed seb-3(eg696) animals.
The cholesterol-depleted seb-3(eg696) animals demonstrated development of ethanol preference
as much as did the animals that were fed cholesterol, whereas significantly reduced Sls in the
5 mM and 10 mM barriers represented ARS. [Fcholesterol (1, 40) = 26.29, p < 0.0001; Fconc (3,
40) = 6.210, p = 0.0015; Fcholesterol x conc (3, 40) = 1.811, p = 0.1607]. N numbers were [five in
each cholesterol-fed seb-3(eg696) concentration and seven in each cholesterol-depleted seb-3(eg696)
concentration]. A two-way ANOVA comparison showed significant differences based on cholesterol
feeding, barrier concentration, and the interaction of the two. The Bonferroni method was used for
multiple comparison correction as a post hoc test, and found significant differences in ARS (at 5 mM
and 10 mM barriers) between cholesterol feedings (fed vs. depleted). p < 0.05, *; p < 0.001, ***.

C. elegans requires sterol, supplied as cholesterol, in its diet. Cholesterol deprivation
decreases brood size and delays growth to adulthood in the first generation of WT animals
cultured under cholesterol-depleted conditions [39]. With 1-day adults obtained for each
preference and ARS assay, the growth rate of the WT animals was confirmed for a control
experiment under cholesterol depletion conditions, and only worms that reached adulthood
(although delayed) were collected and used for the assay. Interestingly, we found that the
seb-3(eg696) animals exhibited growth rates similar to those of the cholesterol-fed animals,
overriding the delayed growth-rate effect of cholesterol depletion (Figure 4). Therefore,
assuming that cholesterol depletion-induced ARS reduction in adult seb-3(eg696) worm:s is
not due to a developmental defect, we postulated and pursued a possible pathway resulting
from transcriptional regulation by the stress system during chronic ethanol exposure.
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Figure 4. Cholesterol depletion altered developmental rates in WT C. elegans. The cholesterol
depletion culture condition is demonstrated as the delayed growth rate that the WT animals should
have shown. The number of animals in each developmental stage, after four days in embryos
that were synchronized to the stage of birth for 1 h, is shown (younger than L4 stage, L4 stage,
and adult). A total of 428 (WT-Chol_Fed), 628 (WT-Chol-depleted), 205 (seb-3-Chol_fed), and 189
(seb-3-Chol_depleted) worms from four replicates of biological samples were analyzed to obtain the
average growth rate (%). The delayed growth-rate effect of cholesterol depletion was suppressed in
the seb-3(eg696) variants. A chi-square test indicated **** p <0.0001. Error shown to the right of each
section of the bar graph is SEM.

Persistent upregulation of reward-seeking results in long-term dysregulation of neu-
ronal gene expression profiles [40—-42]. Recently, Bettinger et al. revealed that ethanol-
induced transcriptional changes in worms underlie physiological responses that may
contribute to AUDs [20,30]. They showed differentially expressed gene profiling in re-
sponse to chronic exposure to ethanol. In our recent study, we analyzed the differentially
expressed gene expression profiles of seb-3(eg696) animals, a genetic variant that exhibits
exceedingly enhanced aversion-resistant ethanol seeking, and identified a total of 16 GO
terms in upregulated and downregulated gene clusters [11]. Here, gene profiling from
microarray datasets conducted previously [11] was reanalyzed and investigated as to
whether improved algorithms could improve the level of agreement between more diverse
platforms and identify candidates that were overlooked. We introduced an additional
platform (g:Profiler: [43]) to reanalyze the data sets.

Our unbiased transcriptional profiling linked the signal pathways involved in choles-
terol homeostasis to alcohol-relevant behavior ARS. We identified altered expression levels
of the genes involved in cholesterol balance in the seb-3(eg696) adults (Table 1). For further
prioritization of candidate genes, human orthologues were identified using DAVID (The
Database for Annotation, Visualization, and Integrated Discovery) [44,45], COBALT (a
constraint-based alignment tool; https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 4
October 2022), Multiple Sequence Alignment version 1.19.1 and version 1.22.0) [46], and
Ortholist2 [47]. In fact, fimo-2, the flavin-containing monooxygenase family, was the most
upregulated candidate in quantitative analysis, as shown in Table 1. Mammalian FMOs are
pleiotropic and have roles in NADPH-dependent oxidative metabolism of chemicals [48],
including functions relevant to roles in regulation of energy homeostasis and metabolic
aging [49,50]. In worms, activation of intestinal FMO-2 has been reported to promote
longevity and health span downstream of HIF-1 (hypoxia-inducible factor 1) [51]. FMO-2
is predicted to be an orthologue of mammalian FMO5/FMO3 [52], which reorganizing
cholesterol balance and signaling to lipid transporters such as ATP binding cassette (ABC)
transporters [53]. Hence, along with the results shown in Figure 3 and Table 1, we assessed
whether fimo-2 variants are involved in ARS regulation. The animals with fimo-2 overexpres-
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sion, the functional role of which in longevity and health span was demonstrated by Leiser
et al. [51], showed an enhanced SI at the 10 mM barrier, along with an upregulated graph
pattern in overall concentration (Figure 5a, one-way ANOVA), consistently with the results
shown in Figure 3 and Table 1, whereas knockout (KO) animals did not develop ethanol
preference (0 mM barrier) after pretreatment as much as did the WT animals, or cross both
low and high concentrations (5 mM, 10 mM) of the barrier in the ARS assay (Figure 5a).
As a result of the control experiments that used naive animals, aversive responses to Cu?*
stimuli were not defective in the fimo-2-overexpressing animals (Figure 5b), and thus, the
fmo-2-overexpressing animals appeared to exhibit enhanced ethanol preference, which
can override the interference of noxious stimuli after ethanol pre-exposure. To assess
whether the defective development of ethanol preference in the fimo-2 KO animals was
ethanol-specific, chemotaxis was performed using isoamyl alcohol (IAA) and diacetyl (DA).
Chemotaxis indexes were slightly decreased for both IAA and DA, however, the ability to
detect IAA/DA and reach the IAA/DA area was intact. Accordingly, we concluded that
fmo-2 contributes to progression of ARS.
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Figure 5. FMO-2 functions in modulation of ethanol preference and ARS. (a) fimo-2-overexpressing
animals that were pretreated with ethanol for 4 h surmounted a stronger aversive barrier for ethanol.
More fino-2-overexpressing animals crossed over the barrier for ethanol (demonstrating ARS) than
did the WT animals. The fino-2 KO animals showed impaired ethanol preference and ARS. Strength
of ethanol seeking was represented by SIs under different concentrations of the copper barrier (no
barrier, 5 mM, and 10 mM). A two-way ANOVA comparison of the strains over different barrier
concentrations showed significant differences based on genotype, concentration, and the interaction
of the two. [FGenotype (2, 41) = 65.25, p < 0.0001; FConcentration (2, 41) = 19.98, p < 0.0001; FGenotype
x Concentration (4, 41) = 2.668, p = 0.0456]. Significant post hoc differences (multiple comparison
correction using Dunnett’s method) between strains in each condition (no barrier, 5 mM, or 10 mM)
are shown (p < 0.05, *; p < 0.0001, ****). Each dot represents an assay that used a population of
100-150. (b) Naive animals were used as controls in the ARS assay. A two-way ANOVA comparison
of the strains over different barrier concentrations showed no significant differences based on the
interaction of genotype and concentration. [FGenotype x Concentration (4, 26) = 1.328, p = 0.2858].
Significant post hoc differences (multiple comparison correction using Dunnett’s method) were only
observed between the fi0-2 KO and the WT animals at a 5 mM barrier. p < 0.05, *. (c¢) Chemotaxis
control of the fmo-2 KO animals. Mann-Whitney (p < 0.01., **). IAA: isoamy] alcohol; DA: diacetyl.
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Table 1. ABC transporters and fmo-2, which are differentially expressed genes in seb-3(eg696) gf
animals, are prioritized to be involved in cholesterol homeostasis.

Altered

Gene ID

Gene FoldChange  FDR p_Value Description Human Orthologue

Up

WBGene00001477

Flavin containing FMO5 (ENSG00000131781),

fino-2 20.97 0.05 0.04 monooxygenase FMO3 (ENSG00000007933)

Down

WBGene00003995

ABCB1 (ENSG00000085563),
pgp-1 5.04 0.04 0.04 ABCB11 (ENSG00000073734),
ABCB4 (ENSG00000005471)

Down

WBGene00004002

ABCB1(ENSG00000085563),
pgp-8 2.65 0.05 0.04 ABCB11 (ENSG00000073734),
ABCB5 (ENSG00000004846)

Down

WBGene00004003

ABCB1(ENSG00000085563),
pgp-9 2.42 0.01 0.00 ABCB11 (ENSG00000073734),
ABC transporter family ~ ABCB4 (ENSG00000005471)

Down

WBGene00001817

(ABCB) ABCB9 (ENSG00000150967),

haf-7 2.05 0.01 0.00 TAP1 (ENSG00000168394)

Down *

WBGene00004004

ABCB1 (ENSG00000085563),

pep-10 2.34 0.05 0.02 ABCB4 (ENSG00000005471)

Down *

WBGene00004005

ABCB1 (ENSG00000085563),
pgp-11 2.26 0.05 0.02 ABCB11 (ENSG00000073734),
ABCB5 (ENSG00000004846)

Down *

WBGene00015479

ABC transporter family ~ ABCG1 (ENSG00000160179),

wht-1 1.60 0.05 0.03 (ABCG) ABCG4 (ENSG00000172350)

Down *

WBGene00000023

ABCAL1 (ENSG00000085563),

ABC transporter family ~ ABCA3 (ENSG00000167972),

(ABCA) ABCA12 (ENSG00000144452),
ABCA1 (ENSG00000179869)

abt-5 2.53 0.05 0.01

* indicates the differentially expressed gene candidates indentified without FUDR treatment.

3. Discussion

ARS has been defined as repetitive attempts and achievement of ethanol seeking
despite facing adverse barriers. It models the medical condition of a human AUD, char-
acterized by an impaired ability to control alcohol use despite adverse consequences [54].
The progression of ARS in C. elegans is hypothesized to be imbalanced between enhanced
ethanol seeking and loss of a controlling avoidance program. C. elegans has 32 presumed
chemosensory neurons that detect a variety of olfactory and gustatory cues [23,55-57],
and its avoidance programs are mediated by polymodal sensory neurons for nocicep-
tion [23,58]. Ethanol exposure did not impair the ability to sense aversive stimuli in WT
worms and reliably elicited preference and ARS. The frmo-2-overexpressing worms that were
pre-exposed to ethanol represented a preference for ethanol in an environment in which
ethanol was presented, and more animals readily crossed the aversive chemical barrier to
reach the ethanol area. The fmo-2-overexpressing naive animals in the ARS assay showed
that their ability to detect aversive stimuli was still intact. Thus, enhanced ARS of fimo-2-
overexpressing animals could be an endophenotype for compulsive-like ethanol seeking.
Having defined enhanced ARS in overexpressing animals, we next investigated whether
fmo-2 functioned in modulation of ethanol preference and ARS. We tested whether the de-
velopmental impairment of ethanol preference in fino-2 KO animals was ethanol-specific or
whether knockout of the fmo-2 gene generally disrupted chemotactic responses to volatile
odorants. C. elegans is intrinsically attracted to certain odors in a concentration-dependent
manner [59]. We evaluated the chemotaxis ability appropriately in fmo-2 KO animals using
volatile attractant odorants with chemotaxis mediated by distinct neurons and pathways.
We analyzed the chemotaxis to the volatile attractant odorant isoamyl alcohol (IAA), which
is detected and mediated by AWC olfactory sensory neurons, and to diacetyl (DA), which
is mediated by AWA sensory neurons [55]. Although a slight reduction was observed in
the chemotaxes to both IAA and DA, sensory perception and subsequent chemotaxes were
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intact. Consequently, our data suggest that fimo-2 is required for ethanol preference and
ARS elicited via prolonged exposure to ethanol.

fmo-2 has been reported as an FMO in C. elegans, and activation of fimo-2 has been
demonstrated to promote longevity and health span in hypoxic responses or under dietary
restriction [51]. It is known that there are five FMOs in both mammals and C. elegans, all of
which have been derived from a single ancestral FMO [60]. FMO5/FMO3, the mammalian
orthologue of FMO-2, are the major forms of FMOs in livers of mammals [61,62] and have
been known to play important roles in regulation of cholesterol and fat metabolism [49,63],
in particular reorganizing cholesterol balance and signaling to lipid transporters such as
ATP-binding cassette (ABC) transporters [54]. ARS in C. elegans has been demonstrated
to be facilitated and progressed by coordination and interactions between conserved neu-
ropeptide signaling, which is also involved in regulation of energy metabolism and fat
deposition [64,65]. Cholesterol, known as a structural component of cell membranes, has
recently emerged as a direct major regulator of ion channel function. Cholesterol has also
been shown to indirectly regulate channel function in a way that affects the biophysical
properties of the membrane. In our expression profiling analysis, using our stress-induced
ethanol-susceptible model, molecular components with significant associations in both di-
rect and indirect regulation via cholesterol were identified. We therefore hypothesized that
cholesterol metabolism in response to stress signals may contribute to the progression of
ARS indirectly via regulation of the microdomain of the membrane and directly via specific
ion channels. Assuming roles in the nervous system, it may occur in state-dependent inte-
gration of multisensory information during mediation of ethanol perception and mediation
of aversive stimuli. Accordingly, this further highlights the need to investigate whether
cholesterol metabolic pathways play an important role in progression of ARS. However,
since fmo-2 is expressed in diverse tissues, such as intestinal tissues, as well as in neuronal
cells, specific tissues that rescue defective ethanol preference and ARS in fmo-2 KO animals
or specific tissues in which overexpression enhances ethanol preference and ARS will be
important for further investigation.

Recently, transcriptional regulation of genes involved in cholesterol homeostasis
during persistent neural adaptation of alcohol consumption in rodent models has been
reported in specific brain regions [66]. Chronic alcohol consumption with forced abstinence
was reported to lead to altered expressions of genes involved in cholesterol synthesis,
transport, and degradation. Furthermore, among these genes, ABCA1 was downregulated
via CRF signaling in the initial critical stage of atherosclerosis [67]. Accumulation of
cholesterol in arterial macrophages is pivotal during the pathogenesis of atherosclerotic
cardiovascular disease. ABC transporter families, such as ABCA1 and ABCGI1, play
important roles in this modulation [68], and ABCA1 is extensively studied in relation to
the reverse cholesterol pathway and cellular cholesterol homeostasis, while other ABC
transporters have been studied in relation to multidrug resistance in tumor cells [69].
An increase in active ABCA1 in the plasma membranes of Baby hamster kidney (BHK)
cells causes a redistribution of cholesterol, sphingomyelin, and caveolin, resulting in an
expanded nonraft membrane fraction [70].

Cholesterol metabolism has been reported to be perturbed by various types of stress.
For examples, cholesterol metabolism is perturbed by amyloid-beta-induced, membrane-
associated oxidative stress in the pathogenesis of Alzheimer’s disease (AD) [71]. ER stress
contributes to dysregulation of lipid metabolism [72]. Interestingly, psychological stress,
such as chronic social defeat stress, also induces unfavorable lipid profiles when combined
with a high-fat diet [73]. Importantly, the molecular components of the pathways involved
in this cholesterol homeostasis and the neuropeptide signaling that regulates it are well-
conserved from nematodes to humans.

Our findings support the mechanism of regulation of cholesterol homeostasis via neu-
ropeptide signaling, as described above. We have shown that lipid environments modulate
induction of ethanol dependence in worms. Our data suggest conservation of the functional
role of fimo-2 (flavin-containing monooxygenase) in progression of ARS, suggesting a possible
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mechanism of ARS along with a role of ionic factors in reorganization and reinforcement
of lipid-membrane microdomains via downregulation of ABC transporter orthologues, as
shown in Table 1. In particular, it is noteworthy here that the decrease in ARS by cholesterol
depletion in seb-3(eg696) animals did not completely impair ARS, but was restored to the
extent that developed in WT animals. Two distinct but closely related regulatory processes of
cholesterol metabolism in response to ethanol may be suggested, which directly or indirectly
affect the biophysical properties of the membrane, either regulation of the gating property of
the channels or regulation of the microdomains of the membranes. Considering the pathologi-
cal aspect of AUD patients, which uncontrolled alcohol use despite negative consequences,
further investigation of the effect of ethanol on lipid metabolism will provide more diverse
and effective intervention for the treatment of AUDs.

4. Materials and Methods

All strains were maintained on nematode growth media (NGM) plates with Escherichia
coli (OP50) at 20 °C [74], and the hermaphrodite thereof was used for behavioral analysis.
The wild-type animals used for the experiment were of the Bristol N2 strain. seb-3(eg696) gf
had been previously isolated from our genetic screening [16]. The VC1668, fmo-2 (0k2147)
and KAEI10, seaSi40 [(pCFJ448) (eft-3p::fmo-2 + H2B::GFP) + Cbr-unc-119( + )] I strains, which
validated as fmo-2 KO and fmo-2-overexpressed in [51], were obtained from Caenorhabditis
Genetics Center (CGC, Minneapolis, MN, USA).

4.1. Cholesterol-Depleted Animals

WT or seb-3(eg696) animals were cultured in completely cholesterol-depleted NGM
provided with Escherichia coli (OP50) grown directly in sterol-free media and were termed
cholesterol-depleted animals. Complete cholesterol deprivation was achieved following the
protocol demonstrated before, in [39]. Bacterial and C. elegans media had to contain 3.5 mM
of Tris.Cl, 2 mM of Tris, 34 mM of NaCl, and, importantly, 3.1 g/L of ether-extracted
peptone. The ether-extracted peptone was prepared in a large beaker in a fume hood.
Peptone powder was mixed with an excess volume of ether, allowed to settle, and decanted,
and the process was repeated twice more. The extracted peptone was allowed to dry
overnight in the hood to remove the remaining ether. For the growth rate of cholesterol-
depleted animals, WT 1-day gravid adult animals were allowed to lay eggs for 1 h either
on the NGM that contained cholesterol or the cholesterol-depleted NGM seeded with
cholesterol-depleted OP50, and then the adults were removed to produce synchronized
embryos. After 4 days at 20 °C, the stages of the worms were defined and counted based
on characteristics at each stage, as described in [39,75,76]. Worms determined to be in the
gravid adult stage were used for further assays of ethanol preference and ARS.

4.2. Trajectory Analysis of C. elegans Locomotion in the Free-Moving Ethanol Preference Assay on
a 4-Well Plate

This was conducted as described before, in [11]. All 4 wells and the other regions
(1.9 cm?) were filled up equally, to the top, with NGM. Ethanol was added to only one of
the four wells to a concentration of 300 mM. One-day adult animals were trained to develop
ethanol preference, as described in [11,19]. Thirty-minute locomotion was recorded, and
trajectories were analyzed with Wormlab software Ver. 2020 (MBF Bioscience, Williston,
VT, USA).

4.3. Aversion-Resistant Seeking (ARS) of Ethanol Assay

Ethanol pretreatment was conducted as described in [16-18]. Simply summarized,
OP50 was seeded to a half-region of an NGM plate 3 days prior to the ethanol treatment.
For cholesterol-depleted animals on ethanol, cholesterol-depleted OP50 was seeded in the
same way on the cholesterol-depleted plate. Ethanol was added to the unseeded region
and allowed to diffuse for 2 h; the plates were sealed with parafilm to keep the ethanol
from evaporating. One-day adult animals were incubated on a 300 mM ethanol plate with
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OP50 for 4 h and then trained worms were used for ethanol preference and ARS assay,
which was conducted as described before in [11]. A chemotaxis assay was conducted, as
described. Forty minutes later, the number of animals in each marked section (A, ethanol
region; B, opposite of ethanol region; C, crossing barrier toward ethanol region; and D, not
crossing barrier toward B region) was counted to calculate the seeking index. This index
was calculated with [(number of animals in A—number of animals in B)/total number of
animals [seeking index SI = (A—B)/Total (A+B+C+D)]. The Sl in each trial was obtained
from an assay of a population of 100 to 150.

4.4. Statistical Analysis

The mean and the standard error of the mean (SEM) were determined for each exper-
imental parameter. The data were analyzed employing a chi-square test or an ANOVA
(GraphPad Prism version 8.0.1). Values below 0.05 were considered to be significant.

4.5. Gene Ontology Enrichment Analysis

Previously, microarray analysis had revealed 716 transcripts that are differentially
expressed in seb-3(eg696) gf animals (>1.5x) compared to WT animals, as described
before. Gene ontology enrichment analysis was conducted in an additional platform
(g:Profiler: [44]), which had been updated with new data from Ensemble and Wormbase
ParaSite, to reanalyze the data sets. Additionally, we identified the human orthologues
that corresponded to prioritized, differentially expressed genes, using the gene ID conver-
sion tool in the DAVID (Database for Annotation, Visualization, and Integrated Discov-
ery) [44,45], the g:Profiler gene ID conversion tool [43], and Ortholist2 [47]. Subsequently,
gene ontology enrichment analysis was conducted in DAVID and g:Profiler, using the
data set of orthologous candidates. Based on the ethanol preference shown by cholesterol-
depleted worms and the significance of the lipid environment of the membranes in ARS,
among the clusters identified via DAVID and g:Profiler analysis, the lipid-metabolism-
process cluster (GO:0006629) was highlighted, and associated genes are shown in Table 1.
Furthermore, we also analyzed data from FUdR-untreated samples [WT vs. seb-3(eg696)],
used only to confirm that FUdR treatment in previous studies did not affect the expression
profiling of WT animals (e.g., WT vs. WI-FUdR); additional candidate genes (marked
as *) for lipid transporters are shown in Table 1. Previous studies analyzed pharmacolog-
ically germline-inhibited samples [5'-fluorodeoxyuridine (FUdR) treatment] to improve
the chances of identifying differentially expressed genes in somatic cells, including neu-
ronal tissue. The candidate genes in Table 1 were further analyzed using COBALT (a
constraint-based alignment tool) [46].

4.6. Chemotaxis Analysis

Chemotaxis assays were performed as described in [55]. Briefly, chemotaxis plates
were prepared with 10cm Petri dishes that contained 10 mL of assay agar (2% agar, 5 mM
of KPOy [pH6], 1 mM of CaCl,, 1 mM of MgSOy). The worms were washed twice in S-basal
and once in distilled water and placed onto spots on the plates. A 1 uL. amount of 1:10
TIAA:EtOH was placed on one end test spot of each chemotaxis assay plate (10 cm), and
1 uL of ethanol was applied to the opposite endpoint as control. An amount of 1 uL of 1 M
NaN3 was applied to immobilize the worms when they reached each spot. After one hour
of chemotaxis, the animals were counted. The assay of chemotaxis to DA (1 pL of 1:100
DA:EtOH) was performed in the same way.

Author Contributions: Conceptualization, C.J.; formal analysis, C.J.; funding acquisition, C.J.; inves-
tigation, C.J., E.B., and C.S,; resources, E.B.; writing, C.J. All authors have read and agreed to the
published version of this manuscript.

Funding: This work was supported by the College of Medicine, University of Tennessee Health
Science Center (UTHSC).

Institutional Review Board Statement: Not applicable.



Metabolites 2023, 13, 62 12 of 14

Informed Consent Statement: Not applicable.

Data Availability Statement: All genetic variants used in this study can be obtained from Caenorhab-
ditis Genetics Center (CGC, Minneapolis, MN, USA).

Acknowledgments: We thank the C. elegans Genetics Center (CGC), which is funded by the NIH
Office of Research Infrastructure Programs (P40 OD010440), for providing strains.

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

References

1. World Health, O. Global Status Report on Alcohol and Health 2018; World Health Organization: Geneva, Switzerland, 2018.

2. Esser, M.B.; Sherk, A ; Liu, Y,; Naimi, T.S.; Stockwell, T.; Stahre, M.; Kanny, D.; Landen, M.; Saitz, R.; Brewer, R.D. Deaths and
Years of Potential Life Lost from Excessive Alcohol Use — United States, 2011-2015. MMWR Morb. Mortal. Wkly. Rep. 2020,
69, 1428-1433. [CrossRef] [PubMed]

3. Rusyn, L; Bataller, R. Alcohol and toxicity. J. Hepatol. 2013, 59, 387-388. [CrossRef] [PubMed]

4. Rehm, J.; Baliunas, D.; Borges, G.L.; Graham, K ; Irving, H.; Kehoe, T.; Parry, C.D.; Patra, J.; Popova, S.; Poznyak, V.; et al. The
relation between different dimensions of alcohol consumption and burden of disease: An overview. Addiction 2010, 105, 817-843.
[CrossRef] [PubMed]

5. Belin, D.; Everitt, B.J. Cocaine seeking habits depend upon dopamine-dependent serial connectivity linking the ventral with the
dorsal striatum. Neuron 2008, 57, 432-441. [CrossRef] [PubMed]

6. Fontenelle, L.F.; Oostermeijer, S.; Harrison, B.J.; Pantelis, C.; Yticel, M. Obsessive-compulsive disorder, impulse control disorders
and drug addiction: Common features and potential treatments. Drugs 2011, 71, 827-840. [CrossRef]

7.  Baler, R.D.; Volkow, N.D. Drug addiction: The neurobiology of disrupted self-control. Trends Mol. Med. 2006, 12, 559-566.
[CrossRef]

8.  Koob, G.F; Volkow, N.D. Neurobiology of addiction: A neurocircuitry analysis. Lancet Psychiatry 2016, 3, 760-773. [CrossRef]

9.  Seif, T,; Chang, S.-].].; Simms, J.A.; Gibb, S.L.; Dadgar, J.; Chen, B.T.; Harvey, B.K.; Ron, D.; Messing, R.O.; Bonci, A.; et al. Cortical
activation of accumbens hyperpolarization-active NMDARs mediates aversion-resistant alcohol intake. Nat. Neurosci. 2013,
16, 1094-1100. [CrossRef]

10. Hopf, EW.,; Lesscher, H.M. Rodent models for compulsive alcohol intake. Alcohol 2014, 48, 253-264. [CrossRef]

11. Salim, C.; Kan, A.K.; Batsaikhan, E.; Patterson, E.C.; Jee, C. Neuropeptidergic regulation of compulsive ethanol seeking in
C. elegans. Sci. Rep. 2022, 12, 1804. [CrossRef]

12.  Flannery, B.A.; Roberts, A.].; Cooney, N.; Swift, R.M.; Anton, R.F.; Rohsenow, D.J. The role of craving in alcohol use, dependence,
and treatment. Alcohol Clin. Exp. Res. 2001, 25, 299-308. [CrossRef] [PubMed]

13.  Anton, R.F; Moak, D.H.; Latham, PK. The obsessive compulsive drinking scale: A new method of assessing outcome in
alcoholism treatment studies. Arch. Gen. Psychiatry 1996, 53, 225-231. [CrossRef] [PubMed]

14. Modell, ].G; Glaser, E.B.; Cyr, L.; Mountz, ].M. Obsessive and compulsive characteristics of craving for alcohol in alcohol abuse
and dependence. Alcohol. Clin. Exp. Res. 1992, 16, 272-274. [CrossRef] [PubMed]

15. Radke, A K.; Nakazawa, K.; Holmes, A. Cortical GluN2B deletion attenuates punished suppression of food reward-seeking.
Psychopharmacology 2015, 232, 3753-3761. [CrossRef] [PubMed]

16. Jee, C.; Lee, J.; Lim, J.P; Parry, D.; Messing, R.O.; McIntire, S.L. SEB-3, a CRF receptor-like GPCR, regulates locomotor activity
states, stress responses and ethanol tolerance in Caenorhabditis elegans. Genes Brain Behav. 2013, 12, 250-262. [CrossRef]

17.  Davies, A.G.; Pierce-Shimomura, J.T.; Kim, H.; VanHoven, M.K,; Thiele, T.R.; Bonci, A.; Bargmann, C.I.; McIntire, S.L. A central
role of the BK potassium channel in behavioral responses to ethanol in C. elegans. Cell 2003, 115, 655-666. [CrossRef]

18. Davies, A.G.; Bettinger, ].C.; Thiele, T.R.; Judy, M.E.; McIntire, S.L. Natural variation in the npr-1 gene modifies ethanol responses
of wild strains of C. elegans. Neuron 2004, 42, 731-743. [CrossRef]

19. Lee,].; Jee, C.; MclIntire, S.L. Ethanol preference in C. elegans. Genes Brain Behav. 2009, 8, 578-585. [CrossRef]

20. Bettinger, ].C.; Leung, K.; Bolling, M.H.; Goldsmith, A.D.; Davies, A.G. Lipid environment modulates the development of acute
tolerance to ethanol in Caenorhabditis elegans. PloS ONE 2012, 7, €35192. [CrossRef]

21. Alaimo, ].T;; Davis, S.J.; Song, S.S.; Burnette, C.R.; Grotewiel, M.; Shelton, K.L.; Pierce-Shimomura, ].T.; Davies, A.G.; Bettinger,
J.C. Ethanol Metabolism and Osmolarity Modify Behavioral Responses to Ethanol in C. elegans. Alcohol. Clin. Exp. Res. 2012,
36, 1840-1850. [CrossRef]

22. Sun, L.; Wu, Q,; Liao, K,; Yu, P;; Cui, Q.; Rui, Q.; Wang, D. Contribution of heavy metals to toxicity of coal combustion related
fine particulate matter (PM2.5) in Caenorhabditis elegans with wild-type or susceptible genetic background. Chemosphere 2016,
144, 2392-2400. [CrossRef] [PubMed]

23. Hilliard, M.A.; Bargmann, C.I; Bazzicalupo, P.C. elegans responds to chemical repellents by integrating sensory inputs from the
head and the tail. Curr. Biol. CB 2002, 12, 730-734. [CrossRef] [PubMed]

24. Deroche-Gamonet, V.; Belin, D.; Piazza, P.V. Evidence for addiction-like behavior in the rat. Science 2004, 305, 1014-1017.

[CrossRef] [PubMed]


http://doi.org/10.15585/mmwr.mm6939a6
http://www.ncbi.nlm.nih.gov/pubmed/33001874
http://doi.org/10.1016/j.jhep.2013.01.035
http://www.ncbi.nlm.nih.gov/pubmed/23391479
http://doi.org/10.1111/j.1360-0443.2010.02899.x
http://www.ncbi.nlm.nih.gov/pubmed/20331573
http://doi.org/10.1016/j.neuron.2007.12.019
http://www.ncbi.nlm.nih.gov/pubmed/18255035
http://doi.org/10.2165/11591790-000000000-00000
http://doi.org/10.1016/j.molmed.2006.10.005
http://doi.org/10.1016/S2215-0366(16)00104-8
http://doi.org/10.1038/nn.3445
http://doi.org/10.1016/j.alcohol.2014.03.001
http://doi.org/10.1038/s41598-022-05256-1
http://doi.org/10.1111/j.1530-0277.2001.tb02213.x
http://www.ncbi.nlm.nih.gov/pubmed/11236847
http://doi.org/10.1001/archpsyc.1996.01830030047008
http://www.ncbi.nlm.nih.gov/pubmed/8611059
http://doi.org/10.1111/j.1530-0277.1992.tb01375.x
http://www.ncbi.nlm.nih.gov/pubmed/1590549
http://doi.org/10.1007/s00213-015-4033-8
http://www.ncbi.nlm.nih.gov/pubmed/26223494
http://doi.org/10.1111/j.1601-183X.2012.00829.x
http://doi.org/10.1016/S0092-8674(03)00979-6
http://doi.org/10.1016/j.neuron.2004.05.004
http://doi.org/10.1111/j.1601-183X.2009.00513.x
http://doi.org/10.1371/journal.pone.0035192
http://doi.org/10.1111/j.1530-0277.2012.01799.x
http://doi.org/10.1016/j.chemosphere.2015.11.028
http://www.ncbi.nlm.nih.gov/pubmed/26610299
http://doi.org/10.1016/S0960-9822(02)00813-8
http://www.ncbi.nlm.nih.gov/pubmed/12007416
http://doi.org/10.1126/science.1099020
http://www.ncbi.nlm.nih.gov/pubmed/15310906

Metabolites 2023, 13, 62 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Vengeliene, V.; Celerier, E.; Chaskiel, L.; Penzo, F.; Spanagel, R. Compulsive alcohol drinking in rodents. Addict. Biol. 2009,
14, 384-396. [CrossRef]

Barbier, E.; Johnstone, A.L.; Khomtchouk, B.B.; Tapocik, J.D.; Pitcairn, C.; Rehman, E; Augier, E.; Borich, A.; Schank, J.R.; Rienas,
C.A,; et al. Dependence-induced increase of alcohol self-administration and compulsive drinking mediated by the histone
methyltransferase PRDM2. Mol. Psychiatry 2017, 22, 1746-1758. [CrossRef]

Vendruscolo, L.E; Barbier, E.; Schlosburg, J.E.; Misra, K.K.; Whitfield, T.W.,, Jr.; Logrip, M.L.; Rivier, C.; Repunte-Canonigo, V.;
Zorrilla, E.P,; Sanna, PP; et al. Corticosteroid-dependent plasticity mediates compulsive alcohol drinking in rats. ]. Neurosci. 2012,
32,7563-7571. [CrossRef]

Funk, D.; Coen, K.; Tamadon, S.; Lé, A.D. Effect of chronic alcohol vapor exposure on reinstatement of alcohol seeking induced
by U50,488. Neuropharmacology 2019, 148, 210-219. [CrossRef]

Hopf, EW.,; Chang, S.J.; Sparta, D.R.; Bowers, M.S.; Bonci, A. Motivation for alcohol becomes resistant to quinine adulteration
after 3 to 4 months of intermittent alcohol self-administration. Alcohol. Clin. Exp. Res. 2010, 34, 1565-1573. [CrossRef]

Sterken, M.G.; van Wijk, M.H.; Quamme, E.C.; Riksen, ].A.G.; Carnell, L.; Mathies, L.D.; Davies, A.G.; Kammenga, ].E.; Bettinger,
J.C. Transcriptional analysis of the response of C. elegans to ethanol exposure. Sci. Rep. 2021, 11, 10993. [CrossRef]

Hamilton, J.A.; Hillard, C.J.; Spector, A.A.; Watkins, P.A. Brain uptake and utilization of fatty acids, lipids and lipoproteins:
Application to neurological disorders. J. Mol. Neurosci. 2007, 33, 2-11. [CrossRef]

Bozek, K.; Wei, Y.; Yan, Z.; Liu, X; Xiong, J.; Sugimoto, M.; Tomita, M.; Pdébo, S.; Sherwood, C.C.; Hof, P.R.; et al. Organization
and evolution of brain lipidome revealed by large-scale analysis of human, chimpanzee, macaque, and mouse tissues. Neuron
2015, 85, 695-702. [CrossRef] [PubMed]

Hieb, W.E,; Rothstein, M. Sterol requirement for reproduction of a free-living nematode. Science 1968, 160, 778-780. [CrossRef]
[PubMed]

Matyash, V.; Entchev, E.V,; Mende, F.; Wilsch-Brauninger, M.; Thiele, C.; Schmidt, A.W.; Knolker, H.].; Ward, S.; Kurzchalia,
T.V. Sterol-derived hormone(s) controls entry into diapause in Caenorhabditis elegans by consecutive activation of DAF-12 and
DAF-16. PLoS Biol. 2004, 2, €280. [CrossRef] [PubMed]

Rauthan, M.; Pilon, M. The mevalonate pathway in C. elegans. Lipids Health Dis. 2011, 10, 243. [CrossRef]

Satouchi, K.; Hirano, K.; Sakaguchi, M.; Takehara, H.; Matsuura, F. Phospholipids from the free-living nematode Caenorhabditis
elegans. Lipids 1993, 28, 837-840. [CrossRef]

Kniazeva, M.; Crawford, Q.T.; Seiber, M.; Wang, C.Y.; Han, M. Monomethyl branched-chain fatty acids play an essential role in
Caenorhabditis elegans development. PLoS Biol. 2004, 2, E257. [CrossRef]

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

Merris, M.; Wadsworth, W.G.; Khamrai, U.; Bittman, R.; Chitwood, D.J.; Lenard, J. Sterol effects and sites of sterol accumulation
in Caenorhabditis elegans developmental requirement for 4a-methyl sterols. J. Lipid Res. 2003, 44, 172-181. [CrossRef]

Unal, C.T,; Beverley, J.A.; Willuhn, L; Steiner, H. Long-lasting dysregulation of gene expression in corticostriatal circuits after
repeated cocaine treatment in adult rats: Effects on zif 268 and homer 1a. Eur. J. Neurosci. 2009, 29, 1615-1626. [CrossRef]

Zhou, Z.; Enoch, M.-A.A.; Goldman, D. Gene expression in the addicted brain. Int. Rev. Neurobiol. 2014, 116, 251-273. [CrossRef]
Ribeiro, E.A.; Scarpa, J.R.; Garamszegi, S.P.; Kasarskis, A.; Mash, D.C.; Nestler, E.]. Gene Network Dysregulation in Dorsolateral
Prefrontal Cortex Neurons of Humans with Cocaine Use Disorder. Sci. Rep. 2017, 7, 5412. [CrossRef] [PubMed]

Raudvere, U.; Kolberg, L.; Kuzmin, I.; Arak, T.; Adler, P; Peterson, H.; Vilo, J. g:Profiler: A web server for functional enrichment
analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 2019, 47, W191-W198. [CrossRef] [PubMed]

Huang da, W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44-57. [CrossRef] [PubMed]

Huang da, W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res. 2009, 37, 1-13. [CrossRef] [PubMed]

Papadopoulos, J.S.; Agarwala, R. COBALT: Constraint-based alignment tool for multiple protein sequences. Bioinformatics 2007,
23,1073-1079. [CrossRef]

Kim, W.; Underwood, R.S.; Greenwald, I.; Shaye, D.D. OrthoList 2: A New Comparative Genomic Analysis of Human and
Caenorhabditis elegans Genes. Genetics 2018, 210, 445-461. [CrossRef]

Krueger, S.K.; Williams, D.E. Mammalian flavin-containing monooxygenases: Structure/function, genetic polymorphisms and
role in drug metabolism. Pharmacol. Ther. 2005, 106, 357-387. [CrossRef]

Veeravalli, S.; Omar, B.A.; Houseman, L.; Hancock, M.; Gonzalez Malagon, S.G.; Scott, F.; Janmohamed, A.; Phillips, L.R.; Shephard,
E.A. The phenotype of a flavin-containing monooyxgenase knockout mouse implicates the drug-metabolizing enzyme FMO1 as a
novel regulator of energy balance. Biochem. Pharmacol. 2014, 90, 88-95. [CrossRef]

Gonzalez Malagon, S.G.; Melidoni, A.N.; Hernandez, D.; Omar, B.A.; Houseman, L.; Veeravalli, S.; Scott, F.; Varshavi, D.; Everett,
J.; Tsuchiya, Y.; et al. The phenotype of a knockout mouse identifies flavin-containing monooxygenase 5 (FMOb) as a regulator of
metabolic ageing. Biochem. Pharmacol. 2015, 96, 267-277. [CrossRef]

Leiser, S.F.; Miller, H.; Rossner, R.; Fletcher, M.; Leonard, A.; Primitivo, M.; Rintala, N.; Ramos, E]J.; Miller, D.L.; Kaeberlein,
M. Cell nonautonomous activation of flavin-containing monooxygenase promotes longevity and health span. Science 2015,
350, 1375-1378. [CrossRef]


http://doi.org/10.1111/j.1369-1600.2009.00177.x
http://doi.org/10.1038/mp.2016.131
http://doi.org/10.1523/JNEUROSCI.0069-12.2012
http://doi.org/10.1016/j.neuropharm.2019.01.017
http://doi.org/10.1111/j.1530-0277.2010.01241.x
http://doi.org/10.1038/s41598-021-90282-8
http://doi.org/10.1007/s12031-007-0060-1
http://doi.org/10.1016/j.neuron.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25661180
http://doi.org/10.1126/science.160.3829.778
http://www.ncbi.nlm.nih.gov/pubmed/4869093
http://doi.org/10.1371/journal.pbio.0020280
http://www.ncbi.nlm.nih.gov/pubmed/15383841
http://doi.org/10.1186/1476-511X-10-243
http://doi.org/10.1007/BF02536239
http://doi.org/10.1371/journal.pbio.0020257
http://doi.org/10.1073/pnas.092064799
http://doi.org/10.1194/jlr.M200323-JLR200
http://doi.org/10.1111/j.1460-9568.2009.06691.x
http://doi.org/10.1016/B978-0-12-801105-8.00010-2
http://doi.org/10.1038/s41598-017-05720-3
http://www.ncbi.nlm.nih.gov/pubmed/28710498
http://doi.org/10.1093/nar/gkz369
http://www.ncbi.nlm.nih.gov/pubmed/31066453
http://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
http://doi.org/10.1093/bioinformatics/btm076
http://doi.org/10.1534/genetics.118.301307
http://doi.org/10.1016/j.pharmthera.2005.01.001
http://doi.org/10.1016/j.bcp.2014.04.007
http://doi.org/10.1016/j.bcp.2015.05.013
http://doi.org/10.1126/science.aac9257

Metabolites 2023, 13, 62 14 of 14

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

Hoppe, ].M.; Frick, A.; Ahs, E; Linnman, C.; Appel, L.; Jonasson, M.; Lubberink, M.; Langstrom, B.; Frans, 0O.; von Knorring, L.;
et al. Association between amygdala neurokinin-1 receptor availability and anxiety-related personality traits. Transl. Psychiatry
2018, 8, 168. [CrossRef] [PubMed]

Warrier, M.; Shih, D.M.; Burrows, A.C.; Ferguson, D.; Gromovsky, A.D.; Brown, A.L.; Marshall, S.; McDaniel, A.; Schugar, R.C.;
Wang, Z.; et al. The TMAO-Generating Enzyme Flavin Monooxygenase 3 Is a Central Regulator of Cholesterol Balance. Cell Rep.
2015, 10, 326-338. [CrossRef] [PubMed]

De Felipe, C.; Herrero, ].F.; O’Brien, J.A.; Palmer, ].A; Doyle, C.A.; Smith, A.J.; Laird, ].M.; Belmonte, C.; Cervero, F; Hunt, S.P.
Altered nociception, analgesia and aggression in mice lacking the receptor for substance P. Nature 1998, 392, 394-397. [CrossRef]
[PubMed]

Bargmann, C.I.; Hartwieg, E.; Horvitz, H.R. Odorant-selective genes and neurons mediate olfaction in C. elegans. Cell 1993,
74,515-527. [CrossRef] [PubMed]

Sengupta, P.; Colbert, H.A.; Bargmann, C.I. The C. elegans gene odr-7 encodes an olfactory-specific member of the nuclear receptor
superfamily. Cell 1994, 79, 971-980. [CrossRef]

Bargmann, C.I.; Horvitz, H.R. Chemosensory neurons with overlapping functions direct chemotaxis to multiple chemicals in
C. elegans. Neuron 1991, 7, 729-742. [CrossRef]

Hilliard, M.A.; Bergamasco, C.; Arbucci, S.; Plasterk, R.H.; Bazzicalupo, P. Worms taste bitter: ASH neurons, QUI-1, GPA-3 and
ODR-3 mediate quinine avoidance in Caenorhabditis elegans. EMBO ]. 2004, 23, 1101-1111. [CrossRef]

Bargmann, C.I. Chemosensation in C. elegans. WormBook Online Rev. C. elegans Biol. 2006. [CrossRef]

Hernandez, D.; Janmohamed, A.; Chandan, P; Phillips, I.R.; Shephard, E.A. Organization and evolution of the flavin-containing
monooxygenase genes of human and mouse: Identification of novel gene and pseudogene clusters. Pharmacogenetics 2004,
14, 117-130. [CrossRef]

Overby, L.H.; Carver, G.C.; Philpot, R.M. Quantitation and kinetic properties of hepatic microsomal and recombinant flavin-
containing monooxygenases 3 and 5 from humans. Chem. Biol. Interact. 1997, 106, 29-45. [CrossRef]

Cherrington, N.J.; Cao, Y.; Cherrington, J.W.; Rose, R.L.; Hodgson, E. Physiological factors affecting protein expression of
flavin-containing monooxygenases 1, 3 and 5. Xenobiotica 1998, 28, 673-682. [CrossRef] [PubMed]

Shih, D.M.; Wang, Z.; Lee, R.; Meng, Y.; Che, N.; Charugundla, S.; Qi, H.; Wu, J.; Pan, C.; Brown, ].M.; et al. Flavin containing
monooxygenase 3 exerts broad effects on glucose and lipid metabolism and atherosclerosis. J. Lipid Res. 2015, 56, 22-37. [CrossRef]
[PubMed]

Ashrafi, K.; Chang, EY.; Watts, J.L.; Fraser, A.G.; Kamath, R.S.; Ahringer, J.; Ruvkun, G. Genome-wide RNAIi analysis of
Caenorhabditis elegans fat regulatory genes. Nature 2003, 421, 268-272. [CrossRef] [PubMed]

Richard, D.; Lin, Q.; Timofeeva, E. The corticotropin-releasing factor family of peptides and CRF receptors: Their roles in the
regulation of energy balance. Eur. |. Pharmacol. 2002, 440, 189-197. [CrossRef]

Alsebaaly, J.; Dugast, E.; Favot, L.; Khabbaz, L.; Solinas, M.; Thiriet, N. Persistent Neuroadaptations in the Expression of Genes
Involved in Cholesterol Homeostasis Induced by Chronic, Voluntary Alcohol Intake in Rats. Front. Mol. Neurosci. 2018, 11, 457.
[CrossRef]

Cho, W.; Kang, ].L.; Park, Y.M. Corticotropin-Releasing Hormone (CRH) Promotes Macrophage Foam Cell Formation via Reduced
Expression of ATP Binding Cassette Transporter-1 (ABCA1). PLoS ONE 2015, 10, e0130587. [CrossRef]

Oram, J.E; Vaughan, A.M. ATP-Binding cassette cholesterol transporters and cardiovascular disease. Circ. Res. 2006, 99, 1031-1043.
[CrossRef] [PubMed]

Klappe, K.; Hummel, I.; Hoekstra, D.; Kok, J.W. Lipid dependence of ABC transporter localization and function. Chem. Phys.
Lipids 2009, 161, 57-64. [CrossRef]

Landry, Y.D.; Denis, M.; Nandi, S.; Bell, S.; Vaughan, A.M.; Zha, X. ATP-binding cassette transporter Al expression disrupts raft
membrane microdomains through its ATPase-related functions. . Biol. Chem. 2006, 281, 36091-36101. [CrossRef]

Cutler, R.G; Kelly, ]J.; Storie, K.; Pedersen, W.A.; Tammara, A.; Hatanpaa, K.; Troncoso, ]J.C.; Mattson, M.P. Involvement of
oxidative stress-induced abnormalities in ceramide and cholesterol metabolism in brain aging and Alzheimer’s disease. Proc.
Natl. Acad. Sci. USA 2004, 101, 2070-2075. [CrossRef]

Zhou, H.; Liu, R. ER stress and hepatic lipid metabolism. Front. Genet. 2014, 5, 112. [CrossRef] [PubMed]

Chuang, ].C.; Cui, H.; Mason, B.L.; Mahgoub, M.; Bookout, A.L.; Yu, H.G.; Perello, M.; Elmquist, ].K.; Repa, ].].; Zigman, ].M.;
et al. Chronic social defeat stress disrupts regulation of lipid synthesis. J. Lipid Res. 2010, 51, 1344-1353. [CrossRef] [PubMed]
Brenner, S. The genetics of Caenorhabditis elegans. Genetics 1974, 77, 71-94. [CrossRef] [PubMed]

Corsi, A.K.,; Wightman, B.; Chalfie, M. A Transparent Window into Biology: A Primer on Caenorhabditis elegans. Genetics 2015,
200, 387-407. [CrossRef]

Bandyopadhyay, J.; Lee, J.; Lee, ].; Lee, ].I; Yu, ].-R.R; Jee, C.; Cho, ].-H.H.; Jung, S.; Lee, M.H.; Zannoni, S.; et al. Calcineurin, a
calcium/calmodulin-dependent protein phosphatase, is involved in movement, fertility, egg laying, and growth in Caenorhabditis
elegans. Mol. Biol. Cell 2002, 13, 3281-3293. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/s41398-018-0163-1
http://www.ncbi.nlm.nih.gov/pubmed/30154470
http://doi.org/10.1016/j.celrep.2014.12.036
http://www.ncbi.nlm.nih.gov/pubmed/25600868
http://doi.org/10.1038/32904
http://www.ncbi.nlm.nih.gov/pubmed/9537323
http://doi.org/10.1016/0092-8674(93)80053-H
http://www.ncbi.nlm.nih.gov/pubmed/8348618
http://doi.org/10.1016/0092-8674(94)90028-0
http://doi.org/10.1016/0896-6273(91)90276-6
http://doi.org/10.1038/sj.emboj.7600107
http://doi.org/10.1895/wormbook.1.123.1
http://doi.org/10.1097/00008571-200402000-00006
http://doi.org/10.1016/S0009-2797(97)00055-0
http://doi.org/10.1080/004982598239254
http://www.ncbi.nlm.nih.gov/pubmed/9711811
http://doi.org/10.1194/jlr.M051680
http://www.ncbi.nlm.nih.gov/pubmed/25378658
http://doi.org/10.1038/nature01279
http://www.ncbi.nlm.nih.gov/pubmed/12529643
http://doi.org/10.1016/S0014-2999(02)01428-0
http://doi.org/10.3389/fnmol.2018.00457
http://doi.org/10.1371/journal.pone.0130587
http://doi.org/10.1161/01.RES.0000250171.54048.5c
http://www.ncbi.nlm.nih.gov/pubmed/17095732
http://doi.org/10.1016/j.chemphyslip.2009.07.004
http://doi.org/10.1074/jbc.M602247200
http://doi.org/10.1073/pnas.0305799101
http://doi.org/10.3389/fgene.2014.00112
http://www.ncbi.nlm.nih.gov/pubmed/24847353
http://doi.org/10.1194/jlr.M002196
http://www.ncbi.nlm.nih.gov/pubmed/20129912
http://doi.org/10.1093/genetics/77.1.71
http://www.ncbi.nlm.nih.gov/pubmed/4366476
http://doi.org/10.1534/genetics.115.176099
http://doi.org/10.1091/mbc.e02-01-0005

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Cholesterol-Depleted Animals 
	Trajectory Analysis of C. elegans Locomotion in the Free-Moving Ethanol Preference Assay on a 4-Well Plate 
	Aversion-Resistant Seeking (ARS) of Ethanol Assay 
	Statistical Analysis 
	Gene Ontology Enrichment Analysis 
	Chemotaxis Analysis 

	References

