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1 | INTRODUCTION

Metabolic diseases, such as obesity and type-2 diabetes, have been
becoming severe health problems. Obesity is considered to be the
result of multiple genetic factors and environmental influences. In
modern society, foods and drinks rich in high energy including fat
and sugar can be seen everywhere. A high-fat and high-sugar diet
has become the main diet structure at present and is considered as
one of the main causes of obesity caused by the environment.

However, sugar-induced obesity is different from fat-induced
obesity. On the one hand, sugar can inhibit fat degradation; on the
other hand, it also can be oxidized and decarboxylated to acetyl-CoA
that is the material for the synthesis of fatty acid. As we have known
that glycolysis glucose is metabolized to acetyl-CoA from pyruvate
by pyruvate dehydrogenase under aerobic conditions, and acetyl-
CoA is the substrate of lipid biosynthesis. The rising blood glucose
level triggers the release of insulin, leading to the dephosphoryla-
tion and activation of acetyl-CoA carboxylase (ACC) by insulin-
dependent protein phosphatase. ACC catalyzes the formation of
the first intermediate “malonyl-CoA” of fatty acid synthesis, which
suppresses carnitine acyltransferase |, thereby preventing fatty
acid entry into the mitochondrial matrix for degradation through f-
oxidation (Zheng & Greenway, 2012).

Recently, more national authorities and the World Health
Organization (WHO) have provided advice on daily diets urging
a limited consumption of rapidly digestible starches and sugars
(Brouns, 2018). A low-energy diet and regular physical exercise are
generally considered safe ways to prevent obesity. Besides, star
molecular conjugated linoleic acid (CLA) has been widely applied to
adjuvant therapy for chronic metabolic disease. CLA plays a role in
the reduction of lipids storage, synthesis, and adipogenesis in ad-
ipocytes, and the enhanced fat utilization in muscle via fatty acid
B-oxidation (Park & Pariza, 2007). However, some researchers have
expressed concerns regarding the safety of CLA for humans (Kelley
& Erickson, 2003; Larsen et al., 2003; Riserus et al., 2002; Tricon &
Yagoob, 2006). The main concerns were the involvement of CLA in
fatty liver, lipodystrophy, oxidative stress, and glucose intolerance
(Clement et al., 2002; Pariza, 2004; Poirier et al., 2005; Tricon &
Yaqgoob, 2006). Therefore, it is essential to identify alternatives to
interfere with fat deposition.

Natural essential oil constituents present promising potential to
treat infection (Zhang et al., 2018), cancer (Xie et al., 2017), chronic
inflammation (Yao et al., 2018), and even Alzheimer's disease (Postu
et al., 2019). These constituents cover a group of biologically active
molecules, including monoterpenes, sesquiterpenes, oxygenated
monoterpenes, oxygenated sesquiterpenes, and phenolics among
others. As one of the major constituents of essential oil in Monarda
punctate, thymol (2-isopropyl-5-methylphenol) has antimicrobial
(Marchese et al., 2016), antioxidant (Luna et al., 2017), antiviral (Lai
etal.,2012), antitumor (Gunes-Bayiretal.,2019), and anti-inflamatory
(Yao et al., 2018) properties. More importantly, evaluations from the
Joint FAO/WHO Expert Committee on Food Additives (JECFA) have
indicated that there are no safety concerns on thymol in terms of

acceptable daily intake (ADI). Although multiple functions of thymol

have been revealed, a comprehensive analysis of thymol's function-
ality has not been conducted. Computation methodologies for the
repositioning of drug molecules onto their receptors have been ex-
tensively utilized to reveal novel functions of small chemical com-
pounds. Through reverse screening, we found that thymol may be
involved in the regulation of obesity. At present, studies on the ef-
fect of thymol on obesity are few and mainly focus on lipid-induced
obesity. The effect of thymol on sugar-induced obesity has not been
studied. This study will start from this point, and further through
the analysis of the glucose metabolism pathway to find the potential

target of the action of thymol.

2 | MATERIALS AND METHODS
2.1 | Strains and chemicals

The wild-type Caenorhabditis elegans strain N2 was obtained from the
C. elegans Genetics Center (University of Minnesota, Minneapolis,
MN, USA). The eggs of worms were incubated on nematode growth
medium (NGM) agar plates at 20°C and seeded with a live Escherichia
coli OP50 (E. coli OP50) as food resources.

2.2 | Inverse molecular docking of thymol with
human proteins

DRAR-CPI server, a tool of inverse molecular docking, was devel-
oped to predict the drug target based on structural characteristics
of protein (Luo et al., 2011). According to the algorithm in molecu-
lar docking program DOCK, the potential binding sites of receptor
molecule in DRAR-CPI are defined by overlapping spheres, conse-
quently, achieving the reverse docking of the drug with these binding
sites. Affinity for interaction energy in ligand receptors is evaluated
by scoring function and then ranked to predict the potential targets.
In this server, potential targets of a ligand can be obtained by sub-
mitting a mol2 formatted ligand file. In our study, the mol2-format
thymol file was downloaded from the following ZINC online website:
(https://zinc.docking.org/substance/1529592).

2.3 | Functional analysis for target genes

A PPI network was constructed to reveal the hub genes of the po-
tential target proteins on STRING (https://string-db.org/cgi/input.
pl), a web portal for undermining the integrated function of multiple
genes (Szklarczyk et al., 2015). Besides, on STRING, Gene Ontology
(GO) enrichment tool including biological processes (BPs), cellu-
lar components (CCs), and molecular functions (MFs) was used to
perform functional analysis of target proteins. Similarly, the Kyoto
Encyclopedia of Gene and Genomes (KEGG) enrichment tool was
used to analyze biological pathway enrichment to identify those
pathways that responded to thymol. It should be noted that the
protein name achieved from DRAR-CPI needs to be changed to a
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discernible gene name by UniProtKB before submitting to STRING.
The correlation degree for the proteins of interests was analyzed by
MCODE, a Cytoscape plugin that can be used to identify clusters

(highly interconnected regions) in a network.

2.4 | Blast with Caenorhabditis elegans proteins and
homologous modeling

Proteins associated with Glycolysis/Gluconeogenesis and fatty acid
degradation pathway were picked, and their homologs in nematodes
were identified by Blast analysis (https://blast.ncbi.nim.nih.gov/
Blast.cgi) (Hu et al., 2018). Three-dimensional structures of these
homologs were obtained through homology modeling using SWISS-
MODEL (https://www.swissmodel.expasy.org/) (Biasini et al., 2014).

2.5 | Analysis of inverse docking and targeting
sites prediction

Inverse docking was analyzed by Autodock 4.0, including AutoGrid
and AutoDock. AutoGrid calculates related energy in a grid contain-
ing Van der Waals force, electrostatic force, and hydrogen bond
force, while AutoDock conducts conformational search and evalu-
ation using the Lamarckian Genetic Algorithm. For example, the
docking of thymol with GAPDH could be realized by the following
steps. The first step is the preparation of the system's coordinate
files (PDBQT file) of GAPDH and thymol, including the removal of
H,O (Eliminate the interference of solvation effect) and the addi-
tion of hydrogens (X-ray diffraction technology cannot obtain the
coordinate data for H) in GAPDH molecule, and the setting of active
keys number in thymol. The second step is the setting of search sites,
mainly including the adjustment of grid size in “Grad Box.” The third
step is the establishment and operation of Autogrid parameter file
with GPF format for thymol, generating GLG file and a series of MAP
files of GAPDH that contain information of van der Waals forces,
electrostatic forces, and dissolvent forces of different atom probe
et al. The fourth step is the construction and running of Autodock
parameter file with DPF format for thymol. Finally, we will achieve
a DLG file of thymol. Docking files of GAPDH and thymol should be
prepared for Pymol analysis, including the selection of thymol with
the lowest energy, the sequence matching for GAPDH and thymol
in Notepad++. In the end, a PDB file from Notepad++ needs to be
opened in Pymol for the visualization and analysis of GAPDH-thymol
docking. We can adjust the appearance of their conformation and
search targeting site of thymol by observing its hydrogen bonding

site in Pymol.

2.6 | Fatstaining in Caenorhabditis elegans

Worms at the characteristic L4 larvae stage were chosen for synchro-

nization. The procedure for glucose induction treatment was carried

out as described previously (Zhao, 2015). Briefly, 1 mM and 5 mM glu-
cose were added to the 50°C molten NGM medium. To determine the
effect of thymol on lipid deposition, 1 pg/ml and 5 pg/ml of thymol
were added to the NGM medium. The lipid content in the nematodes
was evaluated by Oil Red O (ORO) (sigma) staining as described previ-
ously (Zhao, 2015). Caenorhabditis elegans at L4s were permeabilized
through fixation, freezing and thawing, and dehydration process.
Permeabilized worms were stained with ORO in the dark overnight at
1.07 g, 28°C. Decolorization of nematodes was then performed with
1, 2-propylene glycol and washed with PBS buffer. The retention of
ORO in nematodes could be observed with a 5x anatomical lens. The
quantitative analysis was carried by the method of elution by ethanol.
Specifically, quantified nematodes were eluted with absolute ethyl al-
cohol after discarding PBS buffer by centrifugation, and the collected
supernatant was transferred to a 96-well plate to measure the adsorp-
tion of ORO at 510 nm using a microreader.

Nile Red (Sigma) staining was also performed as described (Fouad
et al., 2017). Briefly, 0.5 ml of the freshly diluted Nile Red (1 pg/ml)
was added to plates seeded with E.coli OP50 and allowed to equili-
brate for a minimum of 2 hr. Then, L1s obtained from bleaching were
transferred to the plates and allowed to grow for the desired length
of time. Stained nematodes were imaged under a 10x objective
under a dark field and red fluorescence illumination with an inverted

fluorescent microscope.

2.7 | RNAisolation and qRT-PCR

The total RNA of nematodes was isolated using TRIzol® Reagent
(Invitrogen) and purified with DNase |, RNase-free (Thermo
Scientific™). cDNA was obtained using M-MuLV First Strand cDNA
Synthesis Kit (Sangon). Real-time PCR was performed using SYBR
Greenlprobes by QuantStudio® 3 System (Peng et al., 2016). Primer
sequences were listed in Table S1. Relative expression of genes was
determined using the 2-AACt method and act-1 was chosen as the

reference gene.

2.8 | Statistics analysis

All assays were repeated independently at least 3 times, and the ex-
perimental data were represented as mean + SD. The data between
two different treatments were compared statistically by one-way
ANOVA in SPSS. The significance of differences was defined at the
p < .05 level and p < .01.

3 | RESULTS

3.1 | Protein targets prediction and analysis

Analysis by DRAR-CPI servers revealed that 392 human proteins
have potential interaction with thymol. GO and KEGG analyses
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FIGURE 1 GO and KEGG pathway analysis of potential targets inferred to fat synthesis and metabolism. (a) KEGG pathway, (b) Cellular
components pathway, (c) Molecular function pathway, (d) biological process pathway. (e-h) MCODE of proteins of interest in the whole PPI

network

indicated that these targets of interest in glycolysis/gluconeogen-
esis and fatty acid degradation pathway were associated with car-
bon metabolism, tyrosine metabolism, pyruvate metabolism, retinol
metabolism, drug metabolism-cytochrome p450, metabolism of
xenobiotics by cytochrome p450, biosynthesis of amino acids and
chemical carcinogenesis pathways (Figure 1a). Furthermore, in
GO enrichment, these targets were mainly localized in the cytosol
(Figure 1b) and were associated with coenzyme binding, oxidore-
ductase activity, catalytic activity, oxidoreductase activity, acting
on the CH-OH group of donors, NAD or NADP as acceptor and
alcohol dehydrogenase activity, zinc-dependent (Figure 1c), and
involved in organic substance catabolic process, single-organism
biosynthetic process, small molecule metabolic process, xenobiotic
process, ethanol metabolic process, pyruvate metabolic process,
glucose metabolic process, oxidation-reduction process, and etha-
nol process (Figure 1d).

Our analysis also showed that module 1 (Figure 1e) was im-
portant in the whole PPl network, with the highest score of
19.714. GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) is
a node in module 1 with the MCODE—score of 12.72, which has

the highest complexity in 12 proteins responding to thymol, pre-
dicting it may be the central protein in glycolysis. Independent of
its glycolytic activity, the encoded protein has additionally been
identified to have uracil DNA glycosylase activity in the nucleus
(Meyer-Siegler et al., 1991). Also, GAPDH harbors a region that
confers antimicrobial activity against Staphylococcus bacteria
(Ong et al., 2019). Studies of a similar protein in mice have as-
signed a variety of additional functions including nitrosylation of
nuclear proteins, the regulation of mRNA stability, and acting as a
transferrin receptor on the cell surface of macrophage (Kornberg
et al., 2010; Raje et al., 2007; Rodriguez-Pascual et al., 2008).
Module 2 (Figure 1f) had a score of 4.939 and included ADH1A
and ADH1B nodes with the MCODE-score of 11, respectively.
Module 3 (Figure 1g) had a score of 3.636 and was involved in
the TPI note. Module 4 had a score of 3.273 and included three
nodes involved in it including PKLR, LDHB, and ADH7 (Figure 1h).
Besides, two other proteins (ACAT1 and FBP1) were not present
in the module. The functional annotation of these representative
proteins and reported experimental correlation with thymol were
described in Table 1.
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TABLE 1 Function annotation of potential targets of thymol

Predicted

PDB ID Protein name docking score

1ZNQ Glyceraldehyde-3-phosphate  -22.3993

dehydrogenase

Protein function and reported connection with diseases

CWILEY--27

Reported experimental
correlation with thymol

Catalyze the reversible oxidative phosphorylation in No
the presence of inorganic phosphate and nicotinamide

adenine dinucleotide (NAD) in carbohydrate
metabolism. Suppress proliferation and invasion of
lung and esophageal squamous cell carcinomas (Hao

et al., 2015)

1HSO Alcohol dehydrogenase 1A -23.3497

Catalyze the oxidation of alcohols to aldehydes. Variant No

confers susceptibility to esophageal squamous cell
carcinoma (Cui et al., 2018).

Polymorphisms in ADH1B associated with the increased
risk of gastric cancer (Ghosh et al., 2017).

1HSZ Alcohol dehydrogenase 1B -22.79

1D1T Alcohol dehydrogenase class  -25.5514

4 mu/sigma chain

Same as ADH1A No

Same as ADH1A and ADH1B, however, the enzyme is No
inefficient in ethanol oxidation, but it is the most active

as a retinol dehydrogenase, thus it may participate in
the synthesis of retinoic acid, a hormone important
for cellular differentiation. A single nucleotide
polymorphism ADH?7 is associated with the risk of
squamous cell carcinoma of the head and neck (Wei

et al., 2010).

110Z L-lactate dehydrogenase B -25.1132

Catalyze the interconversion of pyruvate and lactate No

chain with concomitant interconversion of NADH and NAD*
in a post-glycolysis process. Correlate With unfavorable
survival in hepatocellular carcinoma (Chen et al., 2015),
and promotion of pancreatic cancer progression (Cui

et al., 2015).

2VGB Pyruvate kinase PKLR -24.1893

Catalyze the transphosphorylation of No

phohsphoenolpyruvate into pyruvate and ATP, which is
the rate-limiting step of glycolysis.

Correlate the promotion colorectal cancer liver
colonization(Nguyen et al., 2016).

1HTI Triosephosphate isomerase -22.7411

Catalyze the isomerization of glyceraldehydes No

3-phosphate (G3P) and dihydroxy-acetone phosphate
(DHAP) in glycolysis and gluconeogenesis. Variant
(Arg189GlIn) causes neurologic deficits (Roland

etal., 2019).

2F2S Acetyl-CoA -22.6297

acetyltransferase

ACAT1 catalyzes the reversible formation of acetoacetyl- No
CoA from two molecules of acetyl-CoA. As a

therapeutic target for Alzheimer's disease (Shibuya

et al., 2015).

ACAT1 suppresses diet-induced obesity (Huang

et al., 2018).

1FTA Fructose-1,6-
bisphosphatase 1

-21.4765

FBP-1 catalyzes the hydrolysis of fructose No
1,6-bisphosphate to fructose 6-phosphate and

inorganic phosphate.
Opposes renal carcinoma progression (Li et al., 2014),
and regulates obesity(Lin et al., 2019).

3.2 | Molecular docking

To confirm the activity of thymol on lipid synthesis and metabolism
in vivo, we chosen nematodes as experimental models due to their
advantages such as a short cycle, a fast reproduction rate, and high
homology with human genes. Homologous genes of thymol's tar-
gets in nematodes were identified by Blast analysis (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). These analyses revealed GPD-1, GPD-2,

GPD-3, GPD-4,H24K24.3, TPI-1, PYK-1, PYK-2, 1DH-1, KAT-1, T02G5.7,
and FBP-1 in nematodes. However, their 3D structures remain un-
known except for TPI-1. Therefore, we constructed the 3D struc-
ture of the remaining protein by homology modeling technology.
Homology modeling is a technique that can build a 3D structure for
proteins based on the 3D structure of a similar protein. A homol-
ogy model can provide an alternative for subsequent receptor-ligand

analyses such as molecular docking.
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In our study, we constructed models of these homology proteins
by SWISS-MOL and examined interactions between thymol and
these proteins through Autodock 4.0 (Figure 2). Docking analysis
revealed that thymol potentially interacts with the different amino

acids of these proteins (except 1DH-1) in nematodes (Table 2).

3.3 | Thymol reduces fat deposition due to high
glucose exposure in nematodes

Fat accumulation induced by high-dose glucose (1 mM or 5 mM) in
nematodes is inheritable across several generations (Zhao, 2015). So
we chose 1mM or 5mM of glucose to induce fat deposition in nema-
todes. ORO allows for the quantification of total lipid levels, while Nile

Thymol-Gly 209

H24K24.3

Thymol-Thr 326 and Thr 191

TO2G5.7

Thymol-Ser 248

red facilitates the evaluation of lipid distribution among tissues such
as the hypodermis, intestine, and the germline. When used in con-
junction, ORO and Nile Red enable the researchers to determine how
genotype and environmental changes affect lipid accumulation and
wherein the worm these changes are occurring (Wilber et al., 2017).
The statistic result of ORO and Nile Red staining suggests both 1mM
and 5mM of glucose are capable of inducing fat accumulation in the
second generation of nematodes, and 5 mM-induced fat accumulation
is more significant than 1mM-induced in the nematode (Figure 3b).
Total lipid levels and lipid droplets were visualized by staining with
ORO (Figure 3a) and Nile Red (Figure 3c), respectively. Further, the
treatment of thymol can reduce lipid content. Importantly, 1 pg/ml
and 5 pg/ml thymol treatment significantly reduced lipid deposition in
glucose-induced nematodes, indicating thymol can reduce fat content.

Thymol-Asn 273

PYK-1

Sl

§- | R

Thymol-Arg 204 and lle 159

FIGURE 2 Homologous modeling of homologous proteins in nematodes at SWISS-MODEL network, evaluation of their 3D structure by
SAVES, and molecular docking between target proteins and thymol through AutoDock 4.0
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3.4 | Thymol restores the change of transcriptional
level of genes in p-oxidation induced by high-
dose glucose

Our experimental data verified thymol could reduce lipid deposition
in worms. We mentioned above that glucose-induced fat accumula-
tion is on the one hand due to the synthesis of acetyl-CoA from glu-
cose through glycolysis, which is the substrate of lipid biosynthesis,
on the other hand, is due to the inhibition of fat degradation by the
activation of acetyl-CoA carboxylase (ACC) triggered by the rising
blood glucose level. Therefore, we suspected that the reduction of
fat accumulation by thymol might be achieved by regulating the up-
stream glycolysis pathway and downstream of fatty acid p oxidation.
To confirm this idea, we determined the transcriptional level of key
genes correlating with p-oxidation including carnitine palmitoyltrans-
ferase (cpt-1), acyl-CoA oxidase (aco), fatty acid-binding protein (fabp)
in the process of B-oxidation and tryptophan hydroxylase (tph-1) in the
upstream pathway of p-oxidation. The result of qRT-PCR suggested
that the decreased level of cpt-1, aco, fabp, and tph-1 in nematodes

TABLE 2 Potential targets and
corresponding amino acid action site of

Potential targets
thymol

GPD-1

GPD-2

GPD-3

GPD-4

H24K24.3

PYK-2

1DH-1

KAT-1

T02G5.7

1MOO0

CWILEY--2¥

exposed by 1 mM glucose was upregulated after the exposure of thy-
mol (Figure 4). These findings suggest the reduction of fat deposition
caused by thymol is related to the oxidation of fatty acids.

4 | DISCUSSION

In silico approaches can improve our ability to predict drug targets,
thereby streamlining and accelerating the discovery process of a
novel function of the drug. In this study, we found that thymol has
a potential interaction with proteins associated with glycolysis/glu-
coneogenesis and fatty acid degradation pathway through reverse
molecular docking approaches. These proteins included GAPDH,
ADH1A, ADH1B, TPI-1, PKLR, ADH7, LDHB, ACAT1, and FBP1 in
humans. The homologous proteins in nematode are GPD-1, GPD-
2, GPD-3, GPD-4, H24K24.3, TPI-1, PYK-1, PYK-2, 1DH-1, KAT-1,
T02G5.7, and FBP-1, respectively. Some of the putative thymol
targets have been identified as having an association with fat stor-
age previously. For example, kat-1, the major nematodes fat storage

Corresponding amino acid Three-dimensional structure

action site interaction diagrams
Gly 209 g

Lys 57 and Arg 20 Q

Pro 242 ?

GIn 210 ’ z r

Thr 326 and Thr 191 1‘

Asn 17 and Lys 377

Asn 273

Ala 290 and Val 27

Ser 248

Arg 204 and lle 159
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O through alcohol decolorization, *p < .05, **p < .01. (c) Fluorescent pictures of glucose-induced nematodes treated with different
concentrations of thymol and stained with Nile Red under an inverted fluorescent microscope

tissue, acts in the intestine. The gene transcription level of kat-1 was
upregulated during fat feeding (Mak et al., 2006) and down-regulated
after treatment with the hesperidin (Peng et al., 2016). In nematodes,
four genes designated gpd-1 through gpd-4 encode glyceraldehyde-
3-phosphate dehydrogenase, and 2gpd-1 can cause greatly raised
triglycerides (Hegele et al., 2014). However, there is no known link
between the remaining genes (including pyk-2, tpi-1, 1dh1, to2g5.7,
d2063.1, h24k24.3, and sodh-2) and obesity. These provide us with
proof that this method has reliability for the prediction of thymol.
Our experimental results in vivo verified that thymol inhibited
lipid deposition induced by high-dose glucose in nematodes. To un-
derstand how thymol makes a function in inhibiting fat accumula-
tion, we detected the expression level of key genes correlation with
B-oxidation by gRT-PCR. The findings suggested that thymol could
recover the changes in the expression levels of these genes induced
by high-dose glucose, including cpt-1, aco, fabp, and tph-1. So thymol
probably accelerates p-oxidation according to the determination of
gRT-PCR combined with bioinformatics prediction. Furthermore, we
suppose that thymol may accelerate glucose metabolism by regulat-
ing the targets of GPD-1, GPD-2, GPD-3, GPD-4, PYK-2, 1DH-1, and
1MOQO in the glycolytic pathway, causing the reduction of blood glu-
cose level and ACC inactivation. ACC inhibition resulted in the reduc-

tion of malonyl-CoA, which releases carnitine palmitoyltransferase
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FIGURE 4 Transcriptional level of serotonin synthesis gene tph-
1 and cpt-1, aco, fabp in the process of p-oxidation for the group of
N2, glucose treatment, and thymol treatment, *p < .05, **p < .01

(CPT) from inhibition and causes the transport of fatty acids into the
mitochondria for p-oxidation. And the protein targets we predicted
including H24K24.3, KAT-1, and T02G5.7 in the fatty acid degrada-
tion pathway may be located downstream of key genes correlating
with B-oxidation (Figure 5).



BAN ET AL.

Glucose

’
1
]
]
1
1
1
1
\
AY
\

Glucose
Glycoly5|s
Pyruvate (GPD-1, GPD-2, GPD-3,
GPD-4, PYK-2, 1DH-1)
l cpt-17°
Acetyl-CoA7l aco

Fatt id
ACC (Limit) ~ yaCI tﬁb@’;“
MannyI-CoAN~®\,

FIGURE 5
glucose

Diagram of thymol alleviating the obesity induced by

ACKNOWLEDGMENTS

This work was sponsored by the National Natural Science Foundation
of China (31601567 and 31671952), Natural Science Foundation
of Henan Province (202300410158), and Program for Science &
Technology Innovation Talents in Universities of Henan Province
(18HASTITO37).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Fangfang Ban: Data curation (equal); Formal analysis (equal);

( )
Investigation (equal); Methodology (equal); Software (equal);
Validation (equal); Visualization (equal); Writing-original draft (equal).
Liangbin Hu: Conceptualization (equal); Funding acquisition (equal);
Project administration (equal); Supervision (equal); Writing-review &
editing (equal). Xiao-Hui Zhou: Conceptualization (equal); Writing-
review & editing (equal). Yanyan Zhao: Project administration
(equal); Software (equal); Supervision (equal). HaiZhen Mo: Project
administration (equal); Writing-review & editing (equal). Hongbo Li:
Project administration (equal); Supervision (equal); Writing-review &
editing (equal). Wei Zhou: Conceptualization (equal); Funding acqui-
sition (equal); Project administration (equal); Writing-review & edit-

ing (equal).

ETHICAL STATEMENTS

This study does not involve any human or animal testing.

CWILEY- -

ORCID
Fangfang Ban
Wei Zhou

https://orcid.org/0000-0002-3128-6457
https://orcid.org/0000-0002-5081-4710

REFERENCES

Biasini, M., Bienert, S., Waterhouse, A., Arnold, K., Studer, G.,
Schmidt, T., Kiefer, F., Cassarino, T. G., Bertoni, M., Bordoli, L., &
Schwede, T. (2014). SWISS-MODEL: modelling protein tertiary
and quaternary structure using evolutionary information. Nucleic
Acids Research, 42(W1), W252-W258. https://doi.org/10.1093/
nar/gku340

Brouns, F. (2018). Overweight and diabetes prevention: Is a low-
carbohydrate-high-fat diet recommendable? European Journal
of Nutrition, 57(4), 1301-1312. https://doi.org/10.1007/s0039
4-018-1636-y

Chen, R., Zhou, X,, Yu, Z., Liu, J., & Huang, G. (2015). Low expression of
LDHB correlates with unfavorable survival in hepatocellular carci-
noma: Strobe-compliant article. Medicine (Baltimore), 94(39), e1583.
https://doi.org/10.1097/MD.0000000000001583

Clément, L., Poirier, H., Niot, |., Bocher, V., Guerre-Millo, M., Krief, S.,
Staels, B., & Besnard, P. (2002). Dietary trans-10, cis-12 conjugated
linoleic acid induces hyperinsulinemia and fatty liver in the mouse.
Journal of Lipid Research, 43(9), 1400-1409. https://doi.org/10.1194/
jlr.m20008-jIr200

Cui, J., Quan, M., Jiang, W., Hu, H., Jiao, F,, Li, N., Jin, Z., Wang, L., Wang,
Y. U, & Wang, L. (2015). Suppressed expression of LDHB pro-
motes pancreatic cancer progression via inducing glycolytic pheno-
type. Medical Oncology, 32(5), 143. https://doi.org/10.1007/s1203
2-015-0589-8

Cui, Q., Peng, L., Wei, L., Chang, J., Tan, W,, Luo, Y., Huang, X., Zhao, Y., Li,
J.,Chu, J,, Shao, M., Zhang, C,, Li, C., Tan, W,, Lin, D., & Wu, C. (2018).
Genetic variant repressing ADH1A expression confers susceptibility
to esophageal squamous-cell carcinoma. Cancer Letters, 421, 43-50.
https://doi.org/10.1016/j.canlet.2017.12.020

Fouad, A. D., Pu, S. H., Teng, S., Mark, J. R., Fu, M., Zhang, K., Huang,
J., Raizen, D. M., & Fang-Yen, C. (2017). Quantitative assessment
of fat levels in Caenorhabditis elegans using dark field microscopy.
G3 (Bethesda, Md.), 7(6), 1811-1818. https://doi.org/10.1534/
g3.117.040840

Ghosh, S., Bankura, B., Ghosh, S., Saha, M. L., Pattanayak, A. K., Ghatak,
S., Guha, M., Nachimuthu, S. K., Panda, C. K., Maji, S., Chakraborty,
S., Maity, B., & Das, M. (2017). Polymorphisms in ADH1B and ALDH2
genes associated with the increased risk of gastric cancer in West
Bengal. India. BMC Cancer, 17(1), 782. https://doi.org/10.1186/s1288
5-017-3713-7

Gunes-Bayir, A., Kocyigit, A., Guler, E. M., & Kiziltan, H. S. (2019). Effects
of thymol, a natural phenolic compound, on human gastric adeno-
carcinoma cells in vitro. Alternative Therapies in Health and Medicine,
25(2), 12-21.

Hao, L., Zhou, X, Liu, S., Sun, M., Song, Y., Du, S., Sun, B., Guo, C., Gong,
L., Hu, J., Guan, H., & Shao, S. (2015). Elevated GAPDH expression is
associated with the proliferation and invasion of lung and esophageal
squamous cell carcinomas. Proteomics, 15(17), 3087-3100. https://
doi.org/10.1002/pmic.201400577

Hegele, R. A., Ginsberg, H. N., Chapman, M. J., Nordestgaard, B. G.,
Kuivenhoven, J. A., Averna, M., Borén, J., Bruckert, E., Catapano, A.
L., Descamps, O. S., Hovingh, G. K., Humphries, S. E., Kovanen, P. T.,
Masana, L., Pajukanta, P., Parhofer, K. G., Raal, F. J., Ray, K. K., Santos,
R. D., ... Wiklund, O. (2014). The polygenic nature of hypertriglyce-
ridaemia: Implications for definition, diagnosis, and management.
Lancet Diabetes Endocrinol, 2(8), 655-666. https://doi.org/10.1016/
$2213-8587(13)70191-8

Hu, L. B,, Ban, F. F,, Li, H. B, Qian, P. P,, Shen, Q. S., Zhao, Y. Y., Mo, H.-Z., &
Zhou, X. (2018). Thymol induces conidial apoptosis in Aspergillus flavus


https://orcid.org/0000-0002-3128-6457
https://orcid.org/0000-0002-3128-6457
https://orcid.org/0000-0002-5081-4710
https://orcid.org/0000-0002-5081-4710
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1007/s00394-018-1636-y
https://doi.org/10.1007/s00394-018-1636-y
https://doi.org/10.1097/MD.0000000000001583
https://doi.org/10.1194/jlr.m20008-jlr200
https://doi.org/10.1194/jlr.m20008-jlr200
https://doi.org/10.1007/s12032-015-0589-8
https://doi.org/10.1007/s12032-015-0589-8
https://doi.org/10.1016/j.canlet.2017.12.020
https://doi.org/10.1534/g3.117.040840
https://doi.org/10.1534/g3.117.040840
https://doi.org/10.1186/s12885-017-3713-7
https://doi.org/10.1186/s12885-017-3713-7
https://doi.org/10.1002/pmic.201400577
https://doi.org/10.1002/pmic.201400577
https://doi.org/10.1016/S2213-8587(13)70191-8
https://doi.org/10.1016/S2213-8587(13)70191-8

BAN ET AL.

4252

via stimulating K(+) eruption. Journal of Agricultural and Food Chemistry,
66(32), 8530-8536. https://doi.org/10.1021/acs.jafc.8b02117

Huang, L. H., Melton, E. M., Li, H., Sohn, P., Jung, D., Tsai, C. Y., Ma, T,
Sano, H., Ha, H., Friedline, R. H., Kim, J. K., Usherwood, E., Chang,
C. C. Y, & Chang, T.-Y. (2018). Myeloid-specific Acatl ablation at-
tenuates inflammatory responses in macrophages, improves insulin
sensitivity, and suppresses diet-induced obesity. Amerian Journal
of Physiology. Endocrinology and Metabolism, 315(3), e340-e356.
https://doi.org/10.1152/ajpendo.00174.2017

Kelley, D. S., & Erickson, K. L. (2003). Modulation of body composition
and immune cell functions by conjugated linoleic acid in humans and
animal models: Benefits vs. risks. Lipids, 38(4), 377-386. https://doi.
org/10.1007/s11745-003-1072-2

Kornberg, M. D., Sen, N., Hara, M. R,, Juluri, K. R., Nguyen, J. V. K,
Snowman, A. M., Law, L., Hester, L. D., & Snyder, S. H. (2010). GAPDH
mediates nitrosylation of nuclear proteins. Nature Cell Biology, 12(11),
1094-1100. https://doi.org/10.1038/ncb2114

Lai, W. L., Chuang, H. S., Lee, M. H., Wei, C. L., Lin, C. F,, & Tsai, Y. C.
(2012). Inhibition of herpes simplex virus type 1 by thymol-related
monoterpenoids. Planta Medica, 78(15), 1636-1638. https://doi.
org/10.1055/5s-0032-1315208

Larsen, T. M., Toubro, S., & Astrup, A. (2003). Efficacy and safety of
dietary supplements containing CLA for the treatment of obesity:
Evidence from animal and human studies. Journal of Lipid Research,
44(12), 2234-2241. https://doi.org/10.1194/jIr.R300011-JLR200

Li, B. O., Qiu, B. O,, Lee, D. S. M., Walton, Z. E., Ochocki, J. D., Mathew,
L. K., Mancuso, A., Gade, T. P. F,, Keith, B., Nissim, I., & Simon, M. C.
(2014). Fructose-1,6-bisphosphatase opposes renal carcinoma pro-
gression. Nature, 513(7517), 251-255. https://doi.org/10.1038/natur
el13557

Lin, C., Lin, Y., Chen, Y., Xu, J., Li, J., Cao, Y., Su, Z., & Chen, Y. (2019).
Effects of momordica saponin extract on alleviating fat accumulation
in Caenorhabditis elegans. Food Function, 10(6), 3237-3251. https://
doi.org/10.1039/c9fo00254e

Luna, A., Lema-Alba, R. C., Dambolena, J. S., Zygadlo, J. A., Labaque, M.
C., & Marin, R. H. (2017). Thymol as natural antioxidant additive for
poultry feed: Oxidative stability improvement. Poultry Science, 96(9),
3214-3220. https://doi.org/10.3382/ps/pex158

Luo, H., Chen, J., Shi, L., Mikailov, M., Zhu, H., Wang, K., He, L., & Yang,
L. (2011). DRAR-CPI: a server for identifying drug repositioning po-
tential and adverse drug reactions via the chemical-protein interac-
tome. Nucleic Acids Research, 39(suppl_2), W492-W498. https://doi.
org/10.1093/nar/gkr299

Mak, H. Y., Nelson, L. S., Basson, M., Johnson, C. D., & Ruvkun, G. (2006).
Polygenic control of Caenorhabditis elegans fat storage. Nature
Genetics, 38(3), 363-368. https://doi.org/10.1038/ng1739

Marchese, A., Orhan, I. E., Daglia, M., Barbieri, R., Di Lorenzo, A., Nabavi,
S. F., Gortzi, O., Izadi, M., & Nabavi, S. M. (2016). Antibacterial and
antifungal activities of thymol: A brief review of the literature.
Food Chemistry, 210, 402-414. https://doi.org/10.1016/j.foodc
hem.2016.04.111

Meyer-Siegler, K., Mauro, D. J., Seal, G., Wurzer, J., deRiel, J. K., & Sirover,
M. A. (1991). A human nuclear uracil DNA glycosylase is the 37-kDa
subunit of glyceraldehyde-3-phosphate dehydrogenase. Proceedings
of the National Academy of Science of the United States of America,
88(19), 8460-8464. https://doi.org/10.1073/pnas.88.19.8460

Nguyen, A, Loo, J. M., Mital, R., Weinberg, E. M., Man, F.Y., Zeng, Z., Paty,
P.B., Saltz, L., Janjigian, Y. Y., de Stanchina, E., & Tavazoie, S. F. (2016).
PKLR promotes colorectal cancer liver colonization through induc-
tion of glutathione synthesis. The Journal of Clinical Investigation, 126,
681-694. https://doi.org/10.1172/JCI83587

Ong, J. S., Taylor, T. D., Wong, C. B., Khoo, B. Y., Sasidharan, S., Choi,
S. B., Ohno, H., & Liong, M. T. (2019). Extracellular transglycosylase
and glyceraldehyde-3-phosphate dehydrogenase attributed to the
anti-staphylococcal activity of Lactobacillus plantarum USM861.

Journal of Biotechnology, 300, 20-31. https://doi.org/10.1016/j.jbiot
ec.2019.05.006

Pariza, M. W. (2004). Perspective on the safety and effectiveness of con-
jugated linoleic acid. The American Journal of Clinical Nutrition, 79(6
Suppl), 1132s-1136s. https://doi.org/10.1093/ajcn/79.6.1132S

Park, Y., & Pariza, M. W. (2007). Mechanisms of body fat modulation
by conjugated linoleic acid (CLA). Food Research International, 40(3),
311-323. https://doi.org/10.1016/j.foodres.2006.11.002

Peng, H., Wei, Z., Luo, H., Yang, Y., Wu, Z., Gan, L., & Yang, X. (2016).
Inhibition of fat accumulation by hesperidin in Caenorhabditis ele-
gans. Journal of Agricultural and Food Chemistry, 64(25), 5207-5214.
https://doi.org/10.1021/acs.jafc.6b02183

Poirier, H., Niot, I., Clement, L., Guerre-Millo, M., & Besnard, P. (2005).
Development of conjugated linoleic acid (CLA)-mediated li-
poatrophic syndrome in the mouse. Biochimie, 87(1), 73-79. https://
doi.org/10.1016/j.biochi.2004.11.006

Postu, P. A., Sadiki, F. Z., El Idrissi, M., Cioanca, O., Trifan, A., Hancianu,
M., & Hritcu, L. (2019). Pinus halepensis essential oil attenuates
the toxic Alzheimer's amyloid beta (1-42)-induced memory im-
pairment and oxidative stress in the rat hippocampus. Biomedicine
& Pharmacotherapy, 112, 108673. https://doi.org/10.1016/j.
biopha.2019.108673

Raje, C. 1., Kumar, S., Harle, A., Nanda, J. S., & Raje, M. (2007). The macro-
phage cell surface glyceraldehyde-3-phosphate dehydrogenase is a
novel transferrin receptor. The Journal of Biological Chemistry, 282(5),
3252-3261. https://doi.org/10.1074/jbc.M608328200

Riserus, U., Basu, S., Jovinge, S., Fredrikson, G. N., Arnlov, J., & Vessby,
B. (2002). Supplementation with conjugated linoleic acid causes
isomer-dependent oxidative stress and elevated C-reactive pro-
tein: A potential link to fatty acid-induced insulin resistance.
Circulation, 106(15), 1925-1929. https://doi.org/10.1161/01.
cir.0000033589.15413.48

Rodriguez-Pascual, F., Redondo-Horcajo, M., Magan-Marchal, N,
Lagares, D., Martinez-Ruiz, A., Kleinert, H., & Lamas, S. (2008).
Glyceraldehyde-3-phosphate dehydrogenase regulates endothelin-1
expression by a novel, redox-sensitive mechanism involving mRNA
stability. Molecular and Cellular Biology, 28(23), 7139-7155. https://
doi.org/10.1128/MCB.01145-08

Roland, B. P, Richards, K. R., Hrizo, S. L., Eicher, S., Barile, Z. J., Chang,
T.-C., Savon, G., Bianchi, P., Fermo, E., Ricerca, B. M., Tortorolo, L.,
Vockley, J., VanDemark, A. P., & Palladino, M. J. (2019). Missense
variant in TPI1 (Argl189GIn) causes neurologic deficits through
structural changes in the triosephosphate isomerase catalytic site
and reduced enzyme levels in vivo. Biochimica Et Biophysica Acta
(BBA) - Molecular Basis of Disease, 1865(9), 2257-2266. https://doi.
org/10.1016/j.bbadis.2019.05.002

Shibuya, Y., Chang, C. C., & Chang, T. Y. (2015). ACAT1/SOAT1 as a ther-
apeutic target for Alzheimer's disease. Future Medicinal Chemistry,
7(18), 2451-2467. https://doi.org/10.4155/fmc.15.161

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D.,
Huerta-Cepas, J., Simonovic, M., Roth, A., Santos, A., Tsafou, K. P,
Kuhn, M., Bork, P., Jensen, L. J., & von Mering, C. (2015). STRING
v10: Protein-protein interaction networks, integrated over the tree
of life. Nucleic Acids Research, 43(Database issue), D447-D452.
https://doi.org/10.1093/nar/gku1003

Tricon, S., & Yaqoob, P. (2006). Conjugated linoleic acid and human
health: A critical evaluation of the evidence. Current Opinion Clinical
Nutrition Metabolic Care, 9(2), 105-110. https://doi.org/10.1097/01.
mco0.0000214567.44568.fb

Wei, S., Liu, Z., Zhao, H., Niu, J., Wang, L.-E., EI-Naggar, A. K., Sturgis, E.
M., & Wei, Q. (2010). A single nucleotide polymorphism in the alcohol
dehydrogenase 7 gene (alanine to glycine substitution at amino acid
92) is associated with the risk of squamous cell carcinoma of the head
and neck. Cancer, 116(12), 2984-2992. https://doi.org/10.1002/
cncr.25058


https://doi.org/10.1021/acs.jafc.8b02117
https://doi.org/10.1152/ajpendo.00174.2017
https://doi.org/10.1007/s11745-003-1072-2
https://doi.org/10.1007/s11745-003-1072-2
https://doi.org/10.1038/ncb2114
https://doi.org/10.1055/s-0032-1315208
https://doi.org/10.1055/s-0032-1315208
https://doi.org/10.1194/jlr.R300011-JLR200
https://doi.org/10.1038/nature13557
https://doi.org/10.1038/nature13557
https://doi.org/10.1039/c9fo00254e
https://doi.org/10.1039/c9fo00254e
https://doi.org/10.3382/ps/pex158
https://doi.org/10.1093/nar/gkr299
https://doi.org/10.1093/nar/gkr299
https://doi.org/10.1038/ng1739
https://doi.org/10.1016/j.foodchem.2016.04.111
https://doi.org/10.1016/j.foodchem.2016.04.111
https://doi.org/10.1073/pnas.88.19.8460
https://doi.org/10.1172/JCI83587
https://doi.org/10.1016/j.jbiotec.2019.05.006
https://doi.org/10.1016/j.jbiotec.2019.05.006
https://doi.org/10.1093/ajcn/79.6.1132S
https://doi.org/10.1016/j.foodres.2006.11.002
https://doi.org/10.1021/acs.jafc.6b02183
https://doi.org/10.1016/j.biochi.2004.11.006
https://doi.org/10.1016/j.biochi.2004.11.006
https://doi.org/10.1016/j.biopha.2019.108673
https://doi.org/10.1016/j.biopha.2019.108673
https://doi.org/10.1074/jbc.M608328200
https://doi.org/10.1161/01.cir.0000033589.15413.48
https://doi.org/10.1161/01.cir.0000033589.15413.48
https://doi.org/10.1128/MCB.01145-08
https://doi.org/10.1128/MCB.01145-08
https://doi.org/10.1016/j.bbadis.2019.05.002
https://doi.org/10.1016/j.bbadis.2019.05.002
https://doi.org/10.4155/fmc.15.161
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1097/01.mco.0000214567.44568.fb
https://doi.org/10.1097/01.mco.0000214567.44568.fb
https://doi.org/10.1002/cncr.25058
https://doi.org/10.1002/cncr.25058

BAN ET AL.

Wilber, E., Dana, L.R.,James, N., & Sean, P. C. (2017). Quantitative assess-
ment of fat levels in Caenorhabditis elegans using dark field micros-
copy. G3 (Bethesda, Md.), 7(6), 1811-1818. https://doi.org/10.1534/
g3.117.040840

Xie, B., Nagalingam, A., Kuppusamy, P., Muniraj, N., Langford, P., Gyérffy,
B., Saxena, N. K., & Sharma, D. (2017). Benzyl Isothiocyanate po-
tentiates p53 signaling and antitumor effects against breast can-
cer through activation of p53-LKB1 and p73-LKB1 axes. Scientific
Reports, 7, 40070. https://doi.org/10.1038/srep40070

Yao, L., Hou, G., Wang, L., Zuo, X. S., & Liu, Z. (2018). Protective
effects of thymol on LPS-induced acute lung injury in mice.
Microbial Pathogenesis, 116, 8-12. https://doi.org/10.1016/j.micpa
th.2017.12.065

Zhang, Y., Liu, Y., Qiu, J., Luo, Z. Q., & Deng, X. (2018). The herbal com-
pound thymol protects mice from lethal infection by Salmonella
Typhimurium. Frontiers in Microbiology, 9, 1022. https://doi.
org/10.3389/fmich.2018.01022

Zhao, L. J. (2015). Epigenetic study of fat deposition in nematodes induced
by glucose. Master Dissertation of Hefei University of Technology.

CWILEY- -2

Zheng, J., & Greenway, F. L. (2012). Caenorhabditis elegans as a model
for obesity research. International Journal of Obesity, 36(2), 186-194.
https://doi.org/10.1038/ij0.2011.93

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Ban, F.,, Hu L., Zhou X.-H., Zhao Y., Mo
H., Li H., & Zhou W. Inverse molecular docking reveals a novel
function of thymol: Inhibition of fat deposition induced by
high-dose glucose in Caenorhabditis elegans. Food Science &
Nutrition. 2021,9,4243-4253. https://doi.org/10.1002/
fsn3.2392



https://doi.org/10.1534/g3.117.040840
https://doi.org/10.1534/g3.117.040840
https://doi.org/10.1038/srep40070
https://doi.org/10.1016/j.micpath.2017.12.065
https://doi.org/10.1016/j.micpath.2017.12.065
https://doi.org/10.3389/fmicb.2018.01022
https://doi.org/10.3389/fmicb.2018.01022
https://doi.org/10.1038/ijo.2011.93
https://doi.org/10.1002/fsn3.2392
https://doi.org/10.1002/fsn3.2392

