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ABSTRACT

Introduction: Eugenol is a major component of essential oils of several plants, it exhibits significant
antiparasitic and acaricidal activities, yet its molecular targets remain unknown.

Objectives: We aimed to systematically investigate the mechanism of action and the potential targets of
eugenol against P. cuniculi, and evaluate the safety for laying the theoretical foundation for clinical appli-
cation as an acaricide.

Methods: Using RNA-Seq analysis, surface plasmon resonance analysis and RNA interference assay, the
mode of action of eugenol against Psoroptes cuniculi was investigated. The effect on the mitochondrial
membrane potential and complex I of PC12 cells and C6/36 cells was assayed to investigate the species
specificity of eugenol in insects and mammals. Finally, a safety evaluation of eugenol in vivo was per-
formed.

Results: Eugenol inhibited complex [ activity of the mitochondrial respiratory chain in the oxidative
phosphorylation pathway by binding to NADH dehydrogenase chain 2 and resulted in the death of mites.
The inhibition rates were 37.89% for 50 ng/mL and 60.26% for 100 pg/mL, respectively. Further experi-
ments indicated that the difference in the complex I sequence between insects and mammals led to
the different affinity of eugenol to specific peptide, resulting in species specificity. Eugenol exhibited sig-
nificant inhibitory effects against the mitochondrial membrane potential and complex I in Aedes albopic-
tus C6/36 cells but was not active in rat PC12 cells. Insect cells were particularly sensitive to eugenol. In
contrast to the known inhibitor rotenone, eugenol had better safety and did not result in Parkinson’s dis-
ease or other diseases in rats.
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Conclusion: This is the first report on acaricidal eugenol targeting complex I of the mitochondrial respi-
ratory chain. This work lays the foundation for the development of eugenol as an environmentally alter-

native acaricidal agent.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In recent decades, the development of drug resistance, environ-
mental pollution and other disorders of commercial antiparasitic
agents have hindered their applications [1,2]. The development
of ecofriendly alternative agents from sustainable natural products
has become increasingly attractive and is much needed in both
human and agricultural applications [2].

Plant essential oils have favorable ecotoxicological properties
that make them suitable for managing parasites or insects [3,4].
Eugenol (4-allyl-2-methoxyphenol), a major component of essen-
tial oils of several plants in the family Myrtaceae [5], has attracted
the attention of researchers with its remarkably broad spectrum of
activities [6-10]. Recent studies have shown that eugenol and its
analogs exhibit significant antiparasitic activity against various
parasites in both humans and animals (includes cattle and rabbits),
such as Leishmania infantum chagasi, Psoroptes ovis and Psoroptes
cuniculi [11-14]. Knio et al. reported that eugenol exhibited larvi-
cidal activity against Ochlerotatus caspius [15] by reducing the
mitochondrial membrane potential as shown in isolated rat liver
mitochondria [16]. Further studies showed that it could also be
used in contact insecticides and fumigants against household pests
to protect foods from microorganism contamination during storage
and in herbicides against certain grassy and broad-leaved weeds
[17]. Toxicity to plant pathogenic fungi and plant parasitic nema-
todes has also been found [18,19]. In our previous studies, we
found that eugenol and its analogs exhibited acaricidal activity
[14,20,21]. Ma et al. studied the potential mechanism of eugenol
on P. cuniculi using transcriptome analysis, and result showed that
eugenol may affect the PPAR, NF-kB, TNF and Ras signaling path-
ways of mites [13]. However, the verification tests for these path-
ways were lacked, and the useful information for uncovering the
mechanisms of eugenol were limited. The potential targets are still
unknown. In this study, we aimed to systematically investigate the
mechanism of action and the potential targets of eugenol against P.
cuniculi, and evaluate the safety for establishing the theoretical
foundation for clinical application as an acaricide.

Although mechanistic studies of drug action have a long history,
the discovery of potential targets of compounds still relies on affin-
ity chromatography and omics technologies [22-25]. In the current
study, surface plasmon resonance (SPR) and RNA-Seq analysis
were combined to investigate the potential acaricidal targets of
eugenol, and P. cuniculi was used as an example parasite. Subse-
quently, the enzyme-inhibitory activities of eugenol were studied
to confirm the potential targets identified as well as RNA interfer-
ence assay. Then, the effect on the mitochondrial membrane
potential (MMP) and complex I of PC12 cells and C6/36 cells was
assayed to investigate the species specificity of eugenol in insects
and mammals. Finally, a safety evaluation of eugenol in rats was
carried out.

Material and methods
Ethics statement

All experiments involving animals were reviewed and approved
by the Institute Animal Care and Use Committee of Lanzhou Insti-
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tute of Husbandry and Pharmaceutical Sciences of Chinese Acad-
emy of Agricultural Sciences (SYXK-2014-0002).

Chemicals

Eugenol (98%), acetylthiocholine iodine, 5,5’-dithiobis(2-nitro
benzoic acid), L-reduced glutathione and 1-chloro-2,4-
dinitrobenzene were purchased from Sigma-Aldrich Co. Ltd. (St.
Louis, USA); and ivermectin (95%) were purchased from Shanghai
Yuanye Biotechnology Co. Ltd. (Shanghai, China).

Target discovery

RNA-Seq analysis

A total of 2000 adult Psoroptes cuniculi were isolated from
infested rabbits according to methods previously described [20].
Briefly, eugenol was diluted with 10% DMSO to 100 pg/mL, and
then 350 pL of the solution (100 pg/mL) was added to Petri dishes
(@ 60 mm) for the treatment group, while 350 pL of 10% DMSO
was added for an untreated control group. The experiment was
repeated three times. Subsequently, the mites were placed in the
solution. All plates were incubated at 25 °C and 75% relative
humidity. At 8 h and 16 h, 100 pL of eugenol (100 pg/mL) or 10%
DMSO was added again to each well. After treatment for 24 h, trea-
ted and untreated mites (control group) were washed with cold
phosphate-buffered saline (PBS) to remove any contaminants on
the surface and immediately stored at —80 °C until use in RNA iso-
lation [26].

Total RNA was extracted from the mites using TRIzol reagent
(Invitrogen, USA) and the concentration and quality of RNA were
determined using an Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA). Sequencing libraries were generated using an
NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA).
First strand cDNA was synthesized using random hexamer primer
and M—MuLV Reverse Transcriptase (RNase H™), and second strand
cDNA was synthesized using DNA Polymerase I and RNase H. The
construction of a ¢cDNA library and sequencing were performed
using oligo (dT) magnetic beads, and mRNA was interrupted to
form short fragments after the addition of fragmentation buffer,
followed by cDNA synthesis. Double-stranded cDNA was purified
using the QiaQuick PCR Purification Kit (Qiagen, Germany) and
subjected to library preparation for sequencing analysis with an
Illumina HiSeq™ 2000 platform.

Raw reads were transformed into clean reads and de novo RNA-
Seq assembly was accomplished using Trinity software [26-28].
Databases were used to annotate all unigene sequences using
BLASTx. After assembly, clean reads were mapped to unigenes
using Bowtie2. Gene expression levels for each sample were calcu-
lated with RSEM. Differential expression analysis of two samples
was performed using DEGseq. The P value was adjusted using the
q value. Q < 0.005 and log,-fold change > 1 were set as the thresh-
old criteria for significantly differential expression.

SPR-MS experiment
Small-molecule microarray (SMM) preparation and SPR experiment

Experiments were carried out using a PlexArray®HT system,
which is based on the Three-dimensional (3D) SPR imaging tech-
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nique. 3D Photo-cross-linker Sensor CHIP™ used in this part was
provided by Betterways Inc. (Guangzhou, China). Firstly, the speci-
ficity of chips was validated, and DMSO and rapamycin (10 mM,
FBBP 12 inhibitor) were fixed in chips as negative control and pos-
itive control, respectively. FKBP12 (100 nM), a FK506-binding pro-
tein of 12 kD, as running solution was injected into the SPR system
and flowed through the rapamycin (FBBP 12 inhibitor) passage.
The response signal of DMSO and rapamycin were detected. After
the validation of 3D SPRi chips, eugenol solution (10 mM) were
spotted in a multiplex separated block using a Genetix Q Array 2
spotter and left for complete evaporation of DMSO at room tem-
perature in an N, atmosphere for 2 h. The slides were exposed to
UV irradiation 2.4 J/cm? (365 nm) in a UV chamber (Amersham life
science, USA). Next, the slides were washed with DMSO followed
by DMF, ethanol and distilled water for 15 min each on a table con-
centrator to remove noncovalently bound compounds and dried
with N,. Dried slides were assembled with a flow cell cover and
then mounted on the SPR instrument for measurement, and the
real-time binding signals were recorded and analyzed with a Plex-
Array SPRi system. Before the binding test, 100 ung/mL BSA in ddH,-
O was flowed through the surface at a rate of 1 uL/s for 15 min to
block the remaining binding sites on the chip surface to decrease
nonspecific absorption during the following procedures. The cell
sample of mites was harvested by centrifugation at 1200 rpm, RT
for 5 min. Before lysis, a final concentration of 1% (v:v) cocktail pro-
tease inhibition reagent (Thermo Fisher, United States) was added
to the sample, fully mixed and re-suspended. Then BWLS-17 lysate
buffer (Betterways Inc., China) was added for lysis at a volume
ratio of 3:4. The mixture was incubated on ice bath for 30 min,
then centrifuged at 12000 rpm, 4°C for 15 min. The supernatant
was transferred to a new EP tube and protein concentration was
calibrated with BCA Protein Assay Kit (Thermo Fisher, United
States). The concentration was adjusted using a lysate 1x stock
solution to a final concentration of 200 pg /mL. Lysate cell solu-
tions of mites with a concentration of 200 ug/mL in phosphate-
buffered solution (PBST, pH 7.0) were used as analytes with a flow
rate of 2 pL/s until the binding curve reached a plateau. The lysate
solutions included 20 mM HEPES (pH 7.2), 150 mM Nacl, 0.05% Tri-
ton X-100, 1% sodium deoxycholate, 2 mM sodium pyrophosphate,
25 mM B-glycerol phosphate disodium salt, 1 mM EDTA and 1 mM
sodium orthavanadium. Before using this solution, 50 uL of 0.5 ug/
mL leupeptin was added. Lysate solutions of mites with a concen-
tration of 200 pg/mL in phosphate-buffered solution (PBST, pH 7.0)
were used as analytes with a flow rate of 2 pL/s until the binding
curve reached a plateau. Then, the surface was washed with PBST
with a flow rate of 0.5 pL/s for 120 s, and the capturing channels
were sealed. After the capturing stage, the microfluidic valve on
SPR detector was switched to quality control channel and
100 nM FKBP12 flowed through the rapamycin passage. The SPR
detector automatically collects the binding signal of the FKBP12-
rapamycin as a system positive control and PBST-rapamycin as a
system negative control. All experiments were repeated at least
three times to ensure data repeatability.

LC-MS experiment

Before identifying the possible mite proteins being targeted by
eugenol using HPLC-MS/MS, the chips were digested in situ by
trypsin to obtain the proteins or peptides captured by eugenol. In
detail, after treatment of the chip surface with 30 uL of 10 mM
dithiothreitol and 30 pL of 55 mM iodoacetamide and washing
with 30 pL of 0.25 M triethylammonium bicarbonate, trypsin (Pro-
mega) was added for the digestion of captured proteins overnight
at 37 °C according to the ratio of protein:trypsin = 20:1. Finally, the
peptides were collected and dried under vacuum.

The peptides were desalted on Acclaim PepMap C18 Cartridges,
then analyzed on Nano-C18 Cartridges (Thermo Fisher Scientific,
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United States). MS experiments were performed on a Q Exactive
mass spectrometer coupled to a Nano Acquity UPLC system
(Waters Corporation, United States) to the detection. Peptides were
loaded onto a C18-reversed-phase column in solvent A (5% ace-
tonitrile and 0.1% formic acid, pH 2.5) and separated with a linear
gradient of solvent B (90% acetonitrile and 0.1% formic acid, pH 2.5)
at a flow rate of 300 nL/min over 60 min. The gradient profile was
from 2% B to 45% B at the given times. MS data were acquired using
a data-dependent top ten method in which the most abundant pre-
cursor ions were dynamically chosen for HCD fragmentation. The
instrument was run with peptide recognition mode enabled. MS
data were collected by Xcalibur (Thermo Scientific, version 2.2.0),
and MS experiments were performed triply for each sample. The
MS data were analyzed using MaxQuant software (COX LAB, ver-
sion 1.3.0.5). Peptides were identified by database searching and
the MS2 results for selected proteins that changed quantity
between sample types were annotated via BLASTP. The cut-off of
the global false discovery rate (FDR) for peptide and protein iden-
tification was set to 0.01. The data was performed using 2.5 Da pre-
cursor and 0.7 Da fragment ion tolerance while the Q-TOF search
used 10 ppm. The Andromeda search engine was used for the
MS/MS spectra search against the adopted transcriptome, which
was translated to protein code. Differential expression ratios for
proteins were obtained using Mascot software (Matrix Science,
version 2.4), which calculates protein ratios using only ratios from
the spectra that are distinct for each protein and excluding the
shared peptides of protein isoforms.

Because the P. cuniculi genome was not available, de novo tran-
scriptome data were used for protein identification; that is, we
translated the database into the amino acid code. The MS data
were analyzed using MaxQuant software version 1.3.0.5. The cutoff
of the global false discovery rate for peptide and protein identifica-
tion was set to 0.01. The Andromeda search engine was used for
the MS/MS spectra search against the adopted transcriptome. Dif-
ferential expression ratios for proteins were obtained using Mascot
software.

Enzyme activities

Isolation of the mitochondria

According to the manual of the Mitochondrial Isolation Kit
(Solarbio, China), the mitochondria of mites were isolated for fur-
ther tests. Briefly, 500 mites (P. cuniculi) were collected immedi-
ately from infested rabbits and then placed to glass homogenizer,
and they were homogenized for 5 min with 600 pL of lysis buffer
in ice water. The homogenates were transferred to a centrifuge
tube and centrifuged at 1,000 x g at 4 °C for 10 min, and then
the supernatant was collected and centrifuged again at
12,000 x g at 4 °C for 10 min. Subsequently, 0.5 mL of wash buffer
was added to the sediments and centrifuged again at 1,000 x g at
4 °C for 5 min. Finally, the mitochondrial fractions of mites were
collected and stored at —70 °C. The protein concentrations were
assayed using the bicinchoninic acid method [29].

Mitochondrial complex I activity of mites treated with eugenol
Firstly, 200 pL of eugenol (50 or 100 pg/mL), which was pre-
pared in 10% DMSO was added to 24-well for the treatment group,
and 10% DMSO (200 pL) was added for an untreated control group.
Then, a total of 500 adult P. cuniculi were isolated from infested
rabbits and were placed in the solution. The well were sealed by
parafilm. All plates were incubated at 25 °C and 75% relative
humidity. At 8 h and 16 h, 100 pL of eugenol (100 pg/mL) or 10%
DMSO was added again to each well. After 24 h of treatment with
eugenol, adult P. cuniculi mites were collected and the mitochon-
dria isolated; 10% DMSO alone was applied to an untreated control
group. After the isolation of 50 g of mitochondria according to the
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above method, the mitochondria (2 pg) were used to evaluate the
complex I activities of mites in each group using a Mitochondrial
Activity Assay Kit (Solarbio, China). The absorbance of samples
were determined using a Multiskan Go Microplate Spectropho-
tometer (Thermo Scientific., U.S. A) at 340 nm at room temperature
for 2 min. The AA value measured the decrease in absorbance from
1 min to 2 min, and complex I activity (nmol/min/mg prot) was
calculated to evaluate the effect of eugenol on mitochondrial com-
plex I in mites. All treatments were replicated three times [30].

Effect of eugenol on the complex I activity of mitochondria isolated
from mites

The inhibition of complex I activity in the electron transport
chain was measured using a Mitochondrial Complex I Activity
Colorimetric Assay Kit (Biovision, U.S.A.) following the manufac-
turer’s protocol. Eugenol at final concentrations of 2, 10 and
20 ng/mL was used as an inhibitor in this test, rotenone (2 ng/
mL) was used as a positive control, and 10% DMSO was used as a
negative control. The activity was determined by measuring the
decrease in absorbance/min at room temperature at 600 nm with
an enzyme-linked immunosorbent assay microplate reader (Mul-
tiskan MK3, Thermo Scientific, U.S.A.). Absorbance was recorded
every 1 min for 5 min. Three replicates were performed for each
group.

To study the effect of succinate on the inhibition of complex I by
eugenol, a polarographic study was performed. Eugenol at a final
concentration of 20 ng/mL was used as an inhibitor in this test,
succinate (2-20 ng/mL) was added independently or concurrently
with eugenol, and 10% DMSO was used as a negative control. The
activity was determined by measuring the decrease in absorbance
in OD/min at room temperature at 600 nm. Absorbance was
recorded for 5 min, and inhibition rates of chemicals against com-
plex I activity were calculated. Three replicates were performed for
each group.

RNA interference

Design and synthesis of dsRNA

Double stranded RNA (dsRNA) were synthesized by Yangling
Tianaorunke Bio. (China) according to the sequence of the target
gene NADH dehydrogenase subunit 2 (Psoroptes cuniculi) (NCBI
NC_024675.1) (MTDN2). The forward primer was 5'-TAATACGACT
CACTATAGGGTCCTCCCTACTCTCCTTCATAATC-3’, and the reverse
primer was 5-TAATACGACTCACTATAGGGAGGGAAGGTACACCA
TAGGT AG-3'. dsRNA was quantified using Nano-drop spectropho-
tometer (Thermo Fischer Scientific, Waltham, USA). Finally, the
dsRNA was diluted in normal saline (Solarbio, China) to a final con-
centration of 500 nM and stored at —20C.

MTDN2 gene knockdown assays

P. cuniculi was isolated from the ear cerumen of naturally
infested rabbits. After washing mites with distilled water two
times, they were placed in 24-cell culture plates and incubated
with 500 nM MTDN2-dsRNA (500 pL) as well as advanced transfec-
tion reagent (ZETA, U.S.A) at 25 + 1 °C under 75% relative humidity
for 48 h, and 500 pL of distilled water was added to control group.

Gene expression quantification by RT-qPCR

After washing dsRNA treated- mites and control with PBS two
times, and the total RNA was extracted using total RNA extraction
kit (Qiagen, Germany). After assaying the concentrations and pur-
ity, RNA were reverse transcribed into cDNAs according to the pro-
tocol of RT-PCR kit (Qiagen, Germany). PCR primers of MTDNZ2 gene
for the analysis were forward: 5‘-TCCTCCCTACTCTCCTTCATAATC-
3, reverse: 5'-“AGGGAAGGTACACCATAGGTAG-3".
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Acaricidal activity in vitro

Mites of dsRNA treated group and control group were collected
and placed in Petri dishes, and then 100 pg/mL eugenol were
added into 24-cell culture plates, and the liquid excess was
absorbed with filter paper. As well as above described, 50 UL euge-
nol were added again at 8 h and 16 h, respectively. For the next
24 h, the viability of the mites was checked, and the mites were
recorded as dead if the body and appendages did not move under
a microscope. Five replicates were performed [20].

Cytotoxicity test against PC12 and C6/36 cells in vitro

PC12 cells purchased from Procell Life Sci & Tech. Co. Ltd.
(Wuhan, China) were grown in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented at 37 °C in a humidified CO,
(5%) incubator. Aedes albopictus clone C6/36 cells purchased from
the China Center for Type Culture Collection (Wuhan, China) were
grown in MEM (minimal essential medium) supplemented at 28 °C
in a humidified CO, (5%) incubator. PC12 cells (5 x 10%) and C6/36
cells (1 x 10°) were seeded in 96-well plates and cultivated for
24 h, and then a CCK-8 test was carried out to evaluate the cytotox-
icity [31].

Effects of eugenol on MMP of PC12 and C6/36 cells

Briefly, PC12 cells (5 x 10%) and C6/36 cells (1 x 10°) were
seeded in 96-well plates and cultivated for 24 h, respectively. Then,
50 pL of eugenol (0-100 pg/mL) was added to the cells and incu-
bated for 36 h, and the cells were harvested, washed and incubated
with Rhodamine 123 (2 uM) (Beyotime, China) in PBS for 60 min at
37 °C in darkness and washed with PBS. 1% DMSO was applied to
an untreated group as control. The fluorescence was measured
with a fluorescence spectrophotometer using 507 nm excitation
and 529 nm emission filter settings [32]. The inhibition rate of
eugenol on MMP was calculated by using the formula (1):

ODc — ODe
T} x 100% (1)

where ODc represents the optical density of the control and
ODe represents the optical density of eugenol.

The decreased MMP (%) = |

Mitochondrial complex I activity of PC12 and C6/36 cells treated with
eugenol

In this test, PC12 cells (5 x 10*/mL) and C6/36 cells (1 x 10°/
mL) were seeded in 6-well plates for 2 mL each well and cultivated
for 24 h, and then eugenol was added to the medium to the final
concentrations of 25 and 50 pg/mL for the incubation. Rotenone
(50 pg/mL) was used as control. Each group was set to 6 multiple
well. After treatment for 48 h, PC12 cells and C6/36 cells were col-
lected. Then, the cells were harvested and combined to isolate the
mitochondria; 1% DMSO was applied to an untreated group.
According to the above methods, mitochondria (protein concentra-
tion 0.5 mg/mL) were isolated from PC12 and C6/36 cells, and 1 pg
of mitochondria was used to determine the respective complex I
activity using a Mitochondrial Complex I Activity Colorimetric
Assay Kit (Biovision, U.S.A.). Five replicates were performed.

Safety evaluation in vivo

Wistar rats (180-220 g) were randomly divided into two euge-
nol treatment groups (5 rats/group), a positive control group (rote-
none, 5 rats), and a negative control group (3 rats). Eugenol was
dissolved in distilled water and injected intraperitoneally (i.p.) or
subcutaneously (i.h.) for 35 consecutive days at doses of 2.5 mg/
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kg, respectively, and the negative control group was orally admin-
istered distilled water. The positive control group was adminis-
tered rotenone by intraperitoneal injection (2.5 mg/kg). Food and
water were available ad libitum throughout the experiment. The
behavioral changes, clinical signs of toxicity and mortality were
observed and recorded, and the body weights of each animal were
measured at 7, 14, 21, 28, and 35 days. At the end of the treatment,
the animals were fasted overnight, and then they were anes-
thetized by intraperitoneal injection 10% chloral hydrate (3 mL/
kg body weight), and blood samples were collected. After euthana-
sia with the over-dose 10% chloral hydrate, target organs were col-
lected for subsequent analyses.

Hematological and biochemical parameters were assayed by an
automatic hematology analyzer (BC-2800Vet, Mindray Co., China)
and an automatic biochemistry analyzer (BS-420, Mindray Co.,
China). The brains and livers were collected, weighed, fixed in
10% buffered formalin and subjected to a routine histological pro-
cess for paraffin embedding and light-microscopic examination.
The brains were cut coronally using a frozen sliding microtome,
and the sections were incubated with H,0, (10%) for 30 min and
then blocked with 10% normal goat serum for 1 h at room temper-
ature. After that, sections were incubated in primary antibody for
24 h at 4 °C. Antibody detection was carried out with a
Histostain-Plus Bulk Kit (Invitrogen) against rabbit IgG, and 3,3'di-
aminobenzidine was used to visualize the final product. All sec-
tions were photographed with a BA200 Digital camera (Motic
Electric Group Co., Ltd) [33].

Results and discussion
RNA-Seq and SPR analysis of mites treated with eugenol

Importantly, mass spectrometry (MS) assays provide an
unprecedented opportunity for integrating SPR and omics to reveal
the potential targets and mechanisms of action [34]. To exploit the
possible targets, RNA-Seq and SPR analysis were used. Expression
profiles of genes with or without exposure to eugenol were
mapped to provide valuable information on the functions of euge-
nol in parasites.

We used RNA-Seq analysis to identify 779 genes that were sig-
nificantly regulated in response to eugenol exposure, including 270
downregulated genes and 509 upregulated genes (Fig. S1). The dif-
ferentially expressed genes were enriched in 228 pathways, and 27
pathways were significantly enriched (P < 0.05), mainly associated
with the ribosome (60 genes) and oxidative phosphorylation (28
genes) (Fig. S2). In the latter pathway, most of the significantly reg-
ulated genes were related to mitochondrial structure and function.
Moreover, 12 genes encoding subunits of complex I (MTNDI,
MTND2, MTND3, MTND4, and MTND5), complex III (CYB), complex
IV (MTCO1, MTCO2 and MTCO3), and complex V (ATP6VOC, ATP6V1F
and TCIRG1) were upregulated by 2.07 ~ 8.42-fold by eugenol
(Fig. 1a, b). This result is not consistent to the previous report
[13]. Ma et al. found that to regulated pathways, the main up-
regulated pathway was PPAR signaling pathway, and the down-
regulated were associated with NF-xB and some inflammatory
pathways [13]. However, authors did not list the more detailed
information about the regulated genes, and if the differentially reg-
ulated genes were associated with oxidative phosphorylation? In
this test, we found that after the treatment of eugenol, most of
genes associated with oxidative phosphorylation were regulated,
and the potential mechanism of action may be related to the mito-
chondria, not PPAR or NF-kB.

An SPR assay was employed to investigate the affinity and inter-
active effect between eugenol and the body proteins of mites. After
searching the proteins database and de novo transcriptome data,
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239 proteins captured by eugenol were identified by LC-MS/MS
(Table S1). Among these proteins, the binding socres of sar s11
allergen, paramyosin-like protein 2, actin, sar s11 allergen with
eugenol were>1000, this result showed that eugenol has the higher
affinity with these proteins than others. The affinity between pro-
teins and compund is one of the factor for performing the activity,
however, the relationship between affinity and activity is not
direct and absolute. In this paper, to uncover the potential mecha-
nism of action of eugenol against mites, more specific binding pro-
teins (27) with binding scores over 200 were selected for the
following experiments.

Integration of RNA-Seq analysis and SPR-MS

To validate and identify novel mechanisms of action of eugenol,
the above RNA-Seq data and SPR-MS information (27 proteins)
were compared and combined, and one promising protein was
identified: NADH:ubiquinone oxidoreductase chain 2 (MTND2)
(Table S2) (Fig. 1c). The SPR-MS results showed that this protein
was bound to eugenol by affinity capture, and RNA-Seq sequencing
showed that it was significantly upregulated at the mRNA level
(log, ratio > 4.56, E-value < 0.01) after treatment with eugenol.
Hence, we hypothesized that as a part of NADH:ubiquinone oxi-
doreductase or mitochondrial respiratory complex I, MTND2 is
the main potential target of eugenol. Usta et al. also reported that
eugenol targeted respiratory chain complexes and interfered with
mitochondrial function and subparticles in isolated rat liver and
HepG2 cells [16,34], and the result is consistent to our work. How-
ever, we, for the first time, thought that eugenol may be targeted to
MTND2. The inhibition of complex I will destroy the gradient
across the membrane and decrease the ATP level, resulting in
impaired mitochondrial function and leading to cell death [35,36].

Direct validation and enzyme activity

NADH dehydrogenase is the complex one of the respiratory
chain (complex I), and is identified as an electron carrier in the
electron transport chain in the mitochondrial membrane. This
complex oxidizes NADH from the tricarboxylic acid cycle and by
B-oxidation and transports protons across the inner membrane to
generate proton-motive force [37,38]. We therefore examined the
inhibitory effect of eugenol on mitochondrial respiratory complex
I activity. Because the mortality rates were 71.67% for 100 pg/mL
and 26.67% for 50.00 pg/mL, we chose 50 and 100 pg/mL as the
concentrations of eugenol in this assay. Eugenol addition resulted
in a significant, concentration-dependent decrease in complex I
activity in the mitochondrial respiratory chain in parasites
(P < 0.05), and the inhibition rates were 37.89% for 50 pug/mL and
60.26% for 100 pg/mL (Fig. 2a). There is a positive relationship
between the acaricidal activity of eugenol and its inhibitory effect
on complex I activity. The inhibitory effect of eugenol on complex |
in isolated rat liver mitochondria was also reported by Usta et al.
[35].

After a large number of pre-experiments, the concentrations of
eugenol in the in vitro assay were set to 2, 10 and 20 ng/mL. Fur-
ther experiments also demonstrated that eugenol (at 2, 10 and
20 ng/mL) inhibited complex I activity in isolated mitochondria
in vitro and blocked the oxidation reaction from NADH to NAD".
At 2 min, eugenol (20 ng/mL) showed a significant inhibitory effect
on complex I activity, with an inhibition rate of 92.59% (P < 0.05).
Interestingly, the inhibitory effect was decreased to 40.88% at
5 min (Fig. 2b). Hence, we hypothesized that eugenol may bind
the complex [ with noncovalent link and then inhibited its activity.
Due to the volatileness, with the extension of treatment time, the
concentration of eugenol was decreased, and the complex I was
released. This hypothesis also explained the reason why the differ-
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Fig. 1. Integration of transcriptomics and surface plasmon resonance analysis for target discovery. (a: The number of regulated genes after treatment with eugenol. b. The
oxidative phosphorylation pathway is enriched with upregulated genes after treatment with eugenol. c. SPR combined with RNA-Seq analysis).

ent tests existed the significant different acaricidal activity [12-
14]. As Chen et al. [12] claimed, the inconsistency of the results
would be attributed to the different experimental design. In our
assay, mites were placed into dishes to incubate with eugenol.
When the test was started, dishes would be sealed by parafilm.
In addition, eugenol would be added into dishes again at 8 h and
16 h, respectively. Above method used in the acaricidal test would
prevent the volatilization of eugenol and keep the constant con-
centration. LCsy of eugenol and other volatile substances against
mites become to low compared to other regular test [12,13]. Mean-
while, the drug resistance of mites obtained from the infested rab-
bits also may contribute to the different acaricidal activity of
eugenol against mites, the different standards for evaluating the
death of mites under a microscope also should be noticed.

After adding both rotenone and eugenol, the inhibitory effect on
complex I activity was significantly enhanced compared with that
of rotenone or eugenol alone; however, there was no synergistic
activity (Fig. 2b). Moreover, we found that after adding different
concentrations of succinate (2-20 ng/mL), the inhibitory effect of
eugenol (20 ng/mL) against complex I activity was significantly
decreased in a concentration-dependent manner (P < 0.05)
(Fig. 2c). For this reason, we hypothesized that complex I is a
potential target of the acaricidal activity of eugenol in which the
compound binds to MTND2 of complex I and results in death by
inhibiting the activity of this enzyme.

RNA interference

Compared to control group, the mRNA transcript levels of mites
immersed in dsRNA which is targeted to MTND2, were significant
reduced (P < 0.0001), and the mean reduction in transcript levels
of gene relative to control was 67.21% (Fig. 3a). Meanwhile, we also
noticed that after the treatment with dsRNA for 48 h, the mortality
of mites was up to 30.67% (P < 0.01), and the control was 10.00%,
dsRNA may affect the vitality of mites. However, when all mites
were treated wth eugenol again for 24 h, the mortality of control
group were remarkable increased from 10.00% to 58.00%
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(P < 0.001), and the mortality of dsRNA treated mites with silence
gene have not significant raised (P > 0.05) (Fig. 3b). These results
indicated that complex I is a potential target of the acaricidal activ-
ity of eugenol and results in death by inhibiting the activity of this
enzyme.

Inhibitory effects of eugenol against mitochondrial complex I in insects
and mammals

Regarding species specificity, insect and fish mitochondria are
particularly sensitive to complex I inhibition [37]. To investigate
the difference in eugenol sensitivity between insects and mammals
and its possible mechanism of action, we compared eugenol’s cyto-
toxicity and the effects on MMP and complex I activity in Aedes
albopictus clone C6/36 cells and rat PC12 cells. C6/36 cells, as an
insect cell line, were used to study the mode of action for the insec-
ticidal and antiparasitic activities of compounds. Due to the lack of
mite cells in the test, this cell line was applied to study the inhibi-
tory effects of eugenol against mitochondrial complex I of insects
(mites), and a rat pheochromocytoma tumor cell line (PC12), as a
mammalian animal cell line, was used to study the inhibitory
effects against mitochondrial complex I of mammals and to inves-
tigate the potential neurotoxicity of eugenol for the subsequent
safety evaluation. The results showed that eugenol was moderately
toxic to C6/36 cells, with a dose-dependent effect (0-100 pg/mL)
(Fig. 4a). Along with the increase in cytotoxicity of eugenol, MMP
in C6/36 cells was significantly decreased (Fig. 4b), and there was
a positive relationship between cytotoxicity and the decrease in
MMP (Fig. 4a,b). A decrease in membrane potential would lead to
cell death. However, as shown in Fig. 4a,b, although the toxicity
to PC12 cells was markedly increased along with the increasing
concentrations of eugenol, MMP in cultured PC12 cells was not sig-
nificantly decreased, especially at the high concentration (100 pg/
mL). Eugenol did not decrease the MMP of mammalian cells or lead
to the death of PC12 cells. Then, we examined whether eugenol
inhibited complex I activity in C6/36 and PC12 cells to further
investigate the potential mechanism underlying the difference in
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Fig. 2. Mitochondrial complex I activities of mites after treatment with eugenol at different concentrations. (a. The complex I activity of mitochondria isolated from treated
mites as residual activity. b. The complex I activity of mitochondria isolated and then treated with eugenol. c. The complex I activity of mitochondria isolated and then treated
with eugenol and/or succinate). Asterisks indicate significant differences from the control for a, n = 3, average * SD, P < 0.05, ANOVA with Tukey’s HSD test; compared with the
positive control at the same time point for b, n = 3, average * SD, P < 0.05, independent samples t test; compared with eugenol for c, n = 3, average + SD, P < 0.05, ANOVA with
Tukey’s HSD test.
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and from PC12 cells for c; n = 3, average + SD, P < 0.05, independent samples ¢t test.

the effects on MMP and thus the differences in sensitivity between
insects and mammals. Compared with the control, treatment with
eugenol (10-50 pg/mL) did not decrease the complex I activity in
PC12 cells, but in C6/36 cells, the complex I activity was signifi-
cantly inhibited by eugenol. The positive control agent rotenone
presented an inhibitory effect on complex I in both PC12 and
C6/36 cells, with inhibition rates of 43.75% and 64.91% at a concen-
tration of 50 pg/mL (Fig. 4c). These results indicated that eugenol
could damage the MMP by inhibiting complex I activity in insect
cells, resulting in the death of insects.

Subsequently, we investigated the reason the inhibitory effects
on complex I differed between insects and mammals by comparing
the different binding sequences of eugenol between insects and
mammals and their affinities. Considering that the binding peptide
in the parasite was NADH:ubiquinone oxidoreductase chain 2 of
complex I, we searched UniProt (https://www.uniprot.org) for sim-
ilar sequences in humans, and P03891 (human: NADH:ubiquinone
oxidoreductase chain 2) was identified (Table S3). However, com-
pared with 12 feasible binding sites on mite peptides, we could
not find a binding site for eugenol on this peptide when we per-
formed a molecular docking assay (Fig. 4d). These findings suggest
that eugenol can bind to MTND2 of complex I in insects and para-
sites, thereby inhibiting complex I activity. However, in mammals,
due to the different complex I sequences, eugenol could not bind a
specific peptide to inhibit it. The different affinity of eugenol to
complex I results in the difference in sensitivity to eugenol
between insects and mammals.

Safety evaluation

Parkinson’s disease (PD) is the most common neurodegenera-
tive movement disorder [38-40]. Although the cause of PD is
unknown, some studies indicated pesticides and other environ-
mental toxins would induce a systemic defect in mitochondrial
complex I [39]. These toxins include rotenone, a high-affinity and
specific inhibitor of complex I. However, rotenone was withdrawn
from the market in many countries due to its toxicity [41]. Long-
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term exposure of rats to rotenone results in PD, and rats subjected
to this effect have been developed as a model system. Therefore,
the safety of acaricide or insecticide compounds is as important
as their efficacy.

Considering that eugenol is a potential inhibitor of respiratory
chain complex I, we therefore used a rat model of PD to determine
whether complex 1 inhibition by eugenol causes mitochondrial
dysfunction. We studied the neurological impact of eugenol with
methods similar to those used for rotenone. The dose of 2.5 mg/
kg was chosen to evaluate eugenol and the positive control rote-
none because this dose is commonly used to generate the experi-
mental PD model with rotenone [42-45]. Eugenol was
administered (i.p. and i.h., 2.5 mg/kg) to rats for 5 weeks to evalu-
ate changes in nigral and striatal sections and blood biochemistry.
The behaviors and body weight of rats treated with eugenol
showed no significant change (Table S4). In addition, during the
experimental period, no mortality or abnormal clinical signs were
observed in rats subjected to eugenol treatment. Some hematolog-
ical and serum biochemical parameters were slightly changed in
the eugenol group vs. the control group, such as a reduction in
white blood cells and increases in lymphocytes, red blood cells,
platelets, alkaline phosphatase and lactate dehydrogenase. How-
ever, these differences did not reach statistical significance
(Table S5, S6). Fig. 5a-d present microphotographs of livers in the
eugenol-treated groups and control group, respectively. Minor
histopathological changes in the liver were found in all three
groups, such as liver cell degeneration and small focal necrosis,
but these changes were caused by other faults (e.g. the fasted time
is not enough), not long-term eugenol exposure and metabolism.
Additionally, the complex I inhibitor rotenone (2.5 mg/kg, i.p.)
caused loss of nigral and other neurological disabilities in rats,
leading to the death of all rats in the test, but eugenol did not
degenerate TH-immunoreactive neurons in the striatum of rats
and therefore did not cause PD or related symptoms (Fig. 5 e-i)
(Table S6). These exciting data suggest that eugenol has better
safety than rotenone at the given concentrations and may serve
as an acaricidal lead for future drug discovery efforts.
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Fig. 5. Microphotographs of liver and tyrosine hydroxylase immunoreactivity in the substantia nigra and striatum of eugenol-treated rats. (a. Microphotographs of liver at
400 x in the eugenol (2.5 mg/kg, i.p.)-treated group, b. control group; c. Substantia nigra (IHC x 400), eugenol (2.5 mg/kg, i.p.)-treated group, d. control group; e. Substantia
nigra (IHC x 400), eugenol (2.5 mg/kg, i.h.)-treated group, f. control group; g: Microphotographs of liver at 400 x in the eugenol (2.5 mg/kg, i.h.)-treated group, h. control
group; i. Striatum (IHC x 400), eugenol (2.5 mg/kg, i.p.)-treated group, j. control group; k. Striatum (IHC x 400), eugenol (2.5 mg/kg, i.h.)-treated group, 1. control group).

Conclusion

This study shows that eugenol targets complex I of the mito-
chondrial respiratory chain. Future studies will focus on finding
safer and more sustainable alternative agents by designing and
synthesizing a series of eugenol derivatives and understanding
the mechanisms of action of these compounds. In addition, certain
chemical drawbacks of eugenol should also be improved, such as
its volatile properties. This study lays an important foundation
for the future development of eugenol as a relatively safe and sus-
tainable alternative acaricidal agent.
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