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Abstract
Polyglutamine (PolyQ) diseases including Huntington’s disease are devastating neurodegenerative disorders characterized by
progressive neuronal loss and motor dysfunction. PolyQ pathology involves multiple cellular events and phytochemicals with
multi-target mechanisms hold promise to treat these diseases with least side effects. One such promising phytochemical is
Eugenol, which possesses antioxidant and anti-inflammatory properties, potentially targeting disrupted cellular pathways in
PolyQ diseases. The present study investigated the effects of Eugenol on neurodegeneration and motor dysfunction in
transgenic Drosophila models of PolyQ diseases. In this study, the robust pseudopupil assay was performed to analyze adult
photoreceptor neuron degeneration, a marker of widespread degenerative events. Furthermore, the well-established crawling
and climbing assays were conducted to evaluate progressive motor dysfunction in the PolyQ larvae and flies. This study found
that Eugenol administration at disease onset or after progression reduced PolyQ disease phenotypes, particularly, neuro-
degeneration and motor dysfunction in a dose-dependent manner and with no side effects. Thus, this study suggests that Eugenol
could be a viable candidate for developing treatments for PolyQ diseases, offering a multi-target approach with the potential for
minimal or no side effects compared to conventional therapies.
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Introduction

Neurodegenerative diseases are a group of disorders charac-
terized by the progressive degeneration of the structure and
function of the nervous system, particularly the neurons.
These diseases often result in the gradual decline of cognitive
function, movement, and other neurological functions. Most
prevalent neurodegenerative diseases include Alzheimer’s
disease (AD), Parkinson’s disease (PD), fronto-temporal de-
mentia (FTD), Huntington’s disease (HD) and spinocerebellar
ataxias (SCAs).1 Although age has been the foremost con-
tributing factor for the onset and progression of neurode-
generative disorders affecting millions globally, recent
advancements in the field have revealed genetic influence as
another factor.2 Due to the involvement of multiple molecular
pathways in these diseases, discovering safe and effective drug
for their treatment has proven difficult. Therefore, despite
significant efforts made in this field, there is no cure for

neurodegenerative diseases. Hence, ongoing research aims to
understand the etiology and pathophysiology of this dis-
tressing disease so that a potential treatment strategy can be
developed in order to manage or relieve the unpleasant
symptoms and disease progression.

Polyglutamine (PolyQ) related disease family encompasses
at least nine heritable disorders, including HD, SCA1, SCA2,
SCA3, SCA6, SCA7, and SCA17.3 Each of these disorders
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results from abnormal expansion of a cytosine-adenine-
guanine trinucleotide (CAG) repeat, coding for a glutamine
tract (PolyQ) present in the wild-type protein. In healthy
individuals, PolyQ tract is between 30 and 35, however, in
patients or carriers, it is above 40 and can reach to any number.
Although PolyQ protein is ubiquitously expressed, its ab-
normal expansion leads to several malfunctions such as
proteolytic cleavage, conformational change in the pathogenic
proteins, protein aggregation, cell death, transcriptional and
metabolic disturbances, that eventually lead to neuronal death.
PolyQ disorders share several overlapping pathogenic fea-
tures, such as late onset; progressive degeneration of vul-
nerable subsets of neurons; inverse correlation between CAG
repeat length and disease onset; and the presence of mutant
protein aggregates in selective degenerative neurons.4,5 The
PolyQ diseases manifest as movement disorders, cognitive
abnormalities and neuropsychiatric disturbances. Among the
PolyQ diseases, HD is the most common inherited neuro-
degenerative disorder. HD is an autosomal dominant disorder
caused by an increased number of CAG repeats (>35) located
in the first exon of the gene coding for Huntingtin (Htt)
protein.6 Anomalous expansion of the CAG repeat affects
multiple cellular processes and gradually damages brain cells
through several mechanisms. Htt is a ∼350 kDa protein ex-
pressed ubiquitously but the highest level of Htt protein is
found in the brain, due to the which normal functions such as
anti-apoptotic activity, vesicle trafficking and neuronal
pathways are altered in disease condition.7

PolyQ pathogenesis is complex, involving disruption of
multiple cellular functions and processes, for example, tran-
scription, post-translational modifications, oxidative stress
and mitochondrial function.8,9 With the advancement in
research, there have been numerous additions to the raveled
story of PolyQ diseases and one such noteworthy mention is
the systemic effects of the PolyQ diseases especially in HD.
Several reports in HD state that metabolic dysregulation and
inflammation lead to a compromised systemic immune sys-
tem, and all of these indicate the peripheral comorbidities of
the neuronal disorder.10,11 Given the myriads of cellular in-
sults triggered by expanded PolyQ domain, developing ef-
fective therapeutic strategies appear a daunting prospect. To
date, no cure or disease-modifying treatment exists for PolyQ
diseases and most of the currently available treatments such as
precise target-based drug designing is known to have unde-
sirable complications or side effects thereby degrading the
quality of life further. Therefore, developing novel and ef-
fective therapeutics targeting multiple cellular events intended
to suppress or prevent disease progression without side effects
is warranted. Administrations of phytochemicals (plant-
derived bioactive compounds) that target multiple cellular
processes are assumed to attain greater and more promising
therapeutic efficacy as compared to mono-targeted agents or
synthetic drugs. With the increased awareness and develop-
ment of new techniques, extraction and purification proce-
dures have become easy leading to a growing sector of

phytochemicals. Scientific studies have proven a direct rela-
tionship with human health and consumption of phyto-
chemicals such as isoprenoids, carotenoids, saponins and
dietary fibers produced by plants in the crude form. In plants,
phytochemicals act as a natural defense system against
pathogen attacks and help in coping up with the stress induced
by physical or chemical damage.12 These phytochemicals
possess multiple health benefits, as they may serve as anti-
oxidants and enhance immune response and cell-to-cell
communication, allowing the body’s built-in defenses to
work more efficiently. One such bioactive compound is Eu-
genol (4-allyl-2-methoxyphenol), a naturally occurring vol-
atile phenolic molecule found majorly in aromatic oil
extracted from cinnamon, cloves, basil, bay leaves, oregano
and thyme.13 It is considered as a non-mutagenic, non-
carcinogenic and recognized safe by the Food and Drug
Administration (FDA). Eugenol has been very well investi-
gated for its pharmacological activities and has been reported
to show potent antioxidant, anti-inflammatory, anti-
depressant, anti-analgesic, DNA-protective and neuro-
protective action.13-16 Eugenol can easily bypass the blood
brain barrier and penetrate the brain when consumed orally
due to its hydrophobicity. Eugenol protected mice from 6-
hydroxydopamine (6-OHDA)-induced PD. It prevented 6-
OHDA-mediated reduction in dopamine level in the mouse
striatum by inhibiting lipid peroxidation and stimulating
glutathione (GSH) and L-ascorbate (Asc) generating sys-
tems.17 It also inhibited Ca2+ and protected PC-12 cells from
amyloid-β-induced cytotoxic effect.18 In 5× familiar AD
(5×FAD) mouse model, Eugenol administration mitigated
cognitive dysfunction, reduced neuronal loss and amyloid-β
deposition.19 Despite its demonstrated benefits for other
neurological disorders, its potential to treat PolyQ diseases
such as HD remains largely unexplored.Drosophilamodels of
PolyQ diseases including HD mimic several pathological
features such as late onset, progressive accumulation of ab-
normal protein aggregates, motor neuron dysfunction fol-
lowed by degeneration and finally decreased lifespan.20-22 The
present study aimed to investigate the therapeutic effects of
Eugenol on PolyQ disease symptoms using transgenic Dro-
sophila models, which express expanded PolyQ or mHtt
peptide in neurons. This study specifically investigated
whether administering Eugenol at the onset of the disease or
after its progression could attenuate key hallmark features of
PolyQ diseases, such as neurodegeneration and motor dys-
function, in a dose-dependent manner.

Materials and Methods

Reagents

Eugenol was obtained from Sigma Aldrich, St. Louis, MO,
USA, Product No. W246719. FD & C Blue Dye No. 1 was
obtained from Sigma Aldrich, St. Louis, MO, USA, Product
No. 861146.
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Drosophila Stocks and Rearing Condition

Expression of transgene containing polyglutamine repeats was
carried out by using the GAL4/upstream activating sequence
(UAS) system.23 The polyglutamine stocks used in the present
study were w; P{UAS-Httex1p Q20}, w; P(w+mC = UAS-
Q48+myc/flag) and w; P{UAS-Httex1p Q93}4F1.24,25 These
flies were crossed to the pan-neuronal elav driver w; P
{w+mW.hs = GawB}elavC155. Different concentrations of
Eugenol (10 μM, 20 μM, 30 μM, and 40 μM) were mixed in
standard cornmeal/sugar/agar fly medium for rearing larvae or
flies. Controls were grown in food without Eugenol at 25°C.
All cultures were kept on a 12 h:12 h light:dark cycle.

Feeding Assay

Taste and smell are vital sensory modalities which enable
animals to evaluate and distinguish nutritious and valuable
food from toxic substances. To understand if dosage effect
observed by feeding different concentrations of Eugenol is
indeed due to different dosage with the same amount of food
intake, we monitored feeding behavior of larvae. A colori-
metric estimation of food intake was performed as previously
described26,27 to monitor feeding behavior in non-pathogenic
Httex1p Q20 and diseased Httex1p Q93 larvae. Blue dye (FD
& C Blue Dye No. 1) along with Eugenol of various con-
centrations (10 μM, 20 μM, 30 μM and 40 μM) were added to
yeast paste that was placed at the center of a petri dish
(100 mm diameter × 10 mm height) containing 3.3 % (weight/
volume) agar. Two groups of 10 wandering third instar larvae
were collected, gently washed with distilled water, and then
fed blue yeast paste either without or with varying doses of
Eugenol. After 2 h of feeding, each group of larvae were
washed thoroughly in distilled water, dried and then ho-
mogenized. After homogenization of larvae in PBS and
centrifugation at 17,115×g for 10 min, absorbance was
measured at 625 nm using a spectrophotometer.

Crawling Assay

To evaluate motor function in diseased condition, Httex1p
Q93 and Q48 larvae were fed with food supplemented with
different concentrations of Eugenol and a measure of motor
function called the ‘crawling assay’ was performed as pre-
viously described.26 Awandering third instar larva was placed
into a track (2 mm width × 30 mm length × 5 mm depth)
created in a petri dish (100 mm diameter × 10 mm height)
containing 3.3% agar, and the distance travelled by individual
larva in 30 s was recorded. The experiment was repeated two
times for a total of 10 larvae (n = 10) per condition.

Climbing Assay

To monitor locomotor activity of adult Httex1p Q20, Httex1p
Q93 and Q48 flies fed with Eugenol a well-established

climbing assay was performed as previously decribed.25,26

Briefly, a group of 10 adults were tapped gently to the bottom
of a vertical glass tube (2.2 cm diameter) and number of flies
that were able to climb up a height of 10 cm within 15 s was
recorded. For each condition, the experiment was repeated 6
times for two groups of 10 flies (n = 20).

Pseudopupil Analysis

Pseudopupil analysis is a measure of neuronal loss that allows
characterization of the photoreceptor neurons by visualizing
rhabdomeres in the ommatidia of the fly compound eye. HD
neurotoxicity can be monitored by measuring the loss of
visible photoreceptor neurons in the eye24 and photoreceptor
loss can be used as a quantitative marker for the in vivo as-
sessment of neurodegeneration.25 Pseudopupil analysis was
performed as described before.25 The decapitated head of
anesthetized adult fly was mounted in a drop of nail polish on a
microscope slide. The eyes were then examined using Nikon
Eclispse (Ni-E) microscope with 50X oil objective. At least
300 ommatidia in 6 flies were scored per condition and the
number of visible rhabdomeres per ommatidium was counted
for each condition.

Statistics

Statistical analysis was done through SPSS software (IBM
SPSS Statistics 22). Normality of data was assessed using
Shapiro-Wilk tests and equal variance by Levene’s test. For
normally distributed data, statistics were performed using one-
way analysis of variance (ANOVA) followed by Tukey’s post
hoc test. If not normally distributed, data were analyzed by
Kruskal-Wallis test followed by Mann-Whitney U test using
Bonferroni correction for adjusting probability.

Results

Evaluation of Feeding Behavior of Larvae

When orally administered, all doses of Eugenol, including the
higher ones, did not alter the food intake of larvae expressing
either non-pathogenic Httex1p Q20 (Figure 1A) or pathogenic
Httex1p Q93 (Figure 1B) in neuronal populations under the
control of the pan-neuronal elav-Gal4 driver. This indicates
that the observed responses to different concentrations of
Eugenol are not due to variations in feeding behavior but are
indeed attributable to the different drug concentrations.

Eugenol Effectively Muffles Photoreceptor
Neurodegeneration

The pseudopupil assay was conducted on day 7 post-
eclosion to assess the impact of Eugenol on the integrity
of ommatidia in flies expressing non-pathogenic Httex1p
Q20, as well as pathogenic Httex1p Q93 and Q48 peptides
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driven by elav-Gal4. Httex1p Q20 flies fed with Eugenol-
supplemented food (at concentrations of 10, 20, 30, or
40 μM) showed normal, seven well-organized rhabdomeres
in each ommatidium (Figure 2A). In contrast, under path-
ogenic conditions with Httex1p Q93 and Q48, feeding flies
20 μM Eugenol either from the larval stage (Figure 2B–G) or
after eclosion (Figure 3A–F) significantly mitigated photo-
receptor neurodegeneration.

Eugenol Improves Impaired Locomotor Function in
Drosophila PolyQ Model

Dietary Eugenol reduced motor dysfunction of Httex1p Q93
and Q48 larvae in a dose-dependent manner, with a notable
improvement in larval crawling ability at a 20 μM dose
(Figure 4A and B). To evaluate motor function in adults,
climbing ability was assessed at days 1, 3, and 7 post-eclosion.
Eugenol had no effect on control Httex1p Q20 flies
(Figure 5A). However, 20 μM Eugenol administered to
Httex1p Q93 or Q48 flies either from the start of larval life
(Figure 5B and C) or later at the adult stage (Figure 5D and E)
effectively mitigated progressive motor dysfunction by day 7
post-eclosion.

Discussion

PolyQ disorders including HD belong to a larger family of
protein conformation diseases caused by mutations or cellular
events which lead to protein misfolding and accumulation of
abnormal structural forms of disease-specific protein. Al-
though the clinical features and pattern of neurodegeneration
differ among PolyQ diseases, growing evidence suggests that
these diseases share common pathological features and toxic
cellular processes.28,29 Abnormal structural forms of disease-

specific proteins promoted by PolyQ expansion are postulated
to be central to pathogenesis. PolyQ diseases are associated
with abnormal protein aggregates which reflect the intracel-
lular accumulation of mutant PolyQ proteins. Progression of
disease leads to characteristic symptoms which generally
appear at midlife and progressively worsen until death. The
main physiological and pathogenic features include elevated
oxidative stress, mitochondrial dysfunction, neuro-
inflammation, dysfunction and loss of neurons and
synapses.28-32 Mutant PolyQ proteins are ubiquitously ex-
pressed but selective degeneration of neurons occurs in
specific brain regions. From a therapeutic perspective, it is
encouraging that many of the protein conformation diseases
share important pathogenic features as therapeutic strategy for
one disease may be effective in other diseases. Unfortunately,
there are currently no treatments which can cure, prevent
disease onset or slow down the course of disease. Despite
significant advances in basic and clinical research, etiology
and pathophysiology of most of these conditions remain
largely obscure. Therefore, neurodegenerative diseases rep-
resent a scientific challenge and a growing public health issue
with no disease-modifying therapies. To date, only a few
symptomatic treatments are available, and these conventional
therapies are often accompanied by debilitating side effects.
Given the current lack of effective treatments, developing
therapeutic strategies using natural products known for their
pharmacological safety and minimal or no side effects is of
paramount importance. Scientific innovations and extensive
research have shown that the diverse array of bioactive
compounds found in natural products represents a valuable
resource for drug development.

Research over the last decade has demonstrated that bio-
active components or phytochemicals present in spices can
modulate inflammatory pathways and may exert

Figure 1. Eugenol doses have no effect on food intake. Various doses of Eugenol were fed to third instar larvae. No differential feeding
behavior was observed in non-pathogenic (A) Httex1p Q20 as well as pathogenic (B) Httex1p Q93 larvae. Two groups of 10 larvae were
assayed (n = 20) for 6 spectrophotometer readings. The box plots denote the median, minimum and maximum values. Data was analyzed
using an analysis of variance (ANOVA).
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Figure 2. Administration of Eugenol at the disease onset suppresses photoreceptor degeneration in PolyQ flies. No neurotoxicity was
observed in 7-day-old-non-pathogenic Httex1p Q20 flies (A). An effective dose of 20 μM Eugenol significantly suppressed
neurodegeneration, when fed since early larval stage in pathogenic Httex1p Q93 (B, D, F) and Q48 flies (C, E, G) at 7-day post eclosion. We
quantified these data as the number of rhabdomeres per ommatidium (D, E) and the distribution of the percent of ommatidia containing the
specified number of photoreceptors (F, G). For each condition, 6 flies were assayed and at least 300 ommatidia were scored. The box plots
show the median, minimum and maximum values. Data analysis was performed using an analysis of variance (ANOVA) followed by Tukey’s
post hoc test, ***, P < 0.001; **, P < 0.01, compared with control.
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Figure 3. Suppression of photoreceptor neurodegeneration in PolyQ flies by Eugenol after disease progression. Feeding Eugenol at an
effective dose of 20 μM only during adult stage suppressed photoreceptor neurodegeneration in Httex1p Q93 (A, C, E) and Q48 (B, D, F)
flies. Data was analyzed by calculating the number of rhabdomeres per ommatidium (C, D) and the distribution of the percent of ommatidia
containing the specified number of photoreceptors (E, F). A total of 6 flies were assayed per condition and at least 300 ommatidia were scored.
The box plots show the median, minimum andmaximum values. Data was analyzed by an analysis of variance (ANOVA) followed by Tukey’s
post hoc test, ***, P < 0.001; **, P < 0.01; *, P < 0.05, compared with control.
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neuroprotection. Notably, the incidence of neurodegenerative
diseases is lower among Asian populations who regularly
consume spices compared to Western countries.33 Accumu-
lating evidence suggests that regular intake of phytochemicals
can lead to long-term health benefits, including improved
mental and physical efficiency, enhanced neuronal survival,
reduced inflammation, and a strengthened antioxidant
system.34,35

The natural phenolic compound ‘Eugenol’ possesses po-
tent antioxidant, anti-inflammatory, cardiovascular, analgesic
and local anesthetic properties. Its antioxidant effects have
been demonstrated in various conditions, including neurop-
athy, nephrotoxicity, neurotoxicity, chronic inflammation, and
cancer.15,36,37 Eugenol has been shown to enhance
glutathione-related enzyme activity, inhibit 5-lipoxygenase
activity and protect neurons against excitotoxic and oxida-
tive damage.38-40 Previous studies strongly support Eugenol’s
therapeutic potential in treating AD and PD.16-18 Given its
wide range of therapeutic properties and outstanding safety
profile, ‘Eugenol’ holds significant promise for treating
multiple neurodegenerative diseases without causing unde-
sirable side effects.

Some of the most common measures of neurodegeneration
and neuronal dysfunction include assessing the integrity of
photoreceptor cells in the fly compound eye, as well as
monitoring larval crawling and adult climbing ability. The
adult compound eye consists of a hexagonal array of ap-
proximately 750 facets, the lenses of the unit eyes, or om-
matidia. Each ommatidium is composed of 9 neuronal cells (8
photoreceptors and 1 mechanosensory) and 11 support cells
including the pigment and cone cells. The photoreceptor cells
produce highly reticulated membranes called rhabdomeres
which carry light-gathering rhodopsins. In the fly eye, each
ommatidium typically contains a trapezoidal arrangement of

eight rhabdomeres, with seven of them being visible.20 Overt
degeneration of photoreceptor neurons is a well-accepted
measure of PolyQ mediated neuronal degeneration. The
progressive loss of photoreceptor neurons in flies expressing
Httex1p Q93 or Q48 peptide can be observed using the
pseudopupil assay which involves scoring of the visible
rhabdomeres by shining light through the back of head.24

Although progressive neuronal loss is undoubtedly a major
hallmark of HD, impaired motor neuron function also occurs
in disease pathogenesis. Expression of normal repeat Httex1p
Q20 peptide has no cytotoxic effect on its own while flies
which express expanded Httex1p Q93 or polyQ peptide show
progressive motor inability with age due to impaired func-
tioning of motor neurons.20,22 This study investigated the
effects of Eugenol on photoreceptor degeneration and motor
dysfunction of transgenic Drosophila expressing expanded
Httex1p Q93 or Q48 peptide under the control of elav-Gal4
driver. As common measures of compromised motor neuron
function at different developmental stages, we monitored
larval crawling and adult climbing ability in pathogenic
condition. The current study shows that administration of
Eugenol does not result in adverse effects in non-pathogenic
flies expressing Httex1p Q20 peptide; however, feeding Eu-
genol since larval stage or only during adult period after
disease progression significantly subdues photoreceptor de-
generation and impaired motor function of diseased Httex1p
Q93 and Q48 flies. This study results clearly demonstrate
Eugenol as a safe, potent suppressor of toxic PolyQ protein-
induced neurodegeneration and motor dysfunction. While this
study reveals the potential benefits of Eugenol in mitigating
PolyQ disease symptoms, a limitation is the lack of investi-
gation into the underlying molecular mechanisms, such as its
effects on protein aggregation, interactions with quality
control pathways, and its antioxidant and anti-inflammatory

Figure 4. Administration of Eugenol improves locomotor dysfunction of PolyQ larvae. Feeding 20 μM Eugenol significantly suppressed
impaired motor function of Httex1p Q93 (A) and Q48 (B) larvae. For each condition, the crawling ability of 10 larvae (n = 10) was
monitored and the experiment was repeated 2 times for each larva. The box plots show the median, minimum and maximum values. Data
analysis was done using an analysis of variance (ANOVA) followed by Tukey’s post hoc test, ***, P < 0.001; **, P < 0.01, as compared to control.
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Figure 5. Eugenol ameliorates locomotor dysfunction of PolyQ flies. (A) Eugenol had no effect in non-pathogenic Httex1p Q20 condition.
Feeding Eugenol since larval period (B) and (C), or only during adult life (D) and (E), markedly suppressed locomotor dysfunction of diseased
Httex1p Q93 andQ48 flies at 7-day post eclosion. The climbing ability of 2 groups of 10 flies (n = 20) were assayed per condition for a total of
6 trials. Data was analyzed using Kruskal-Wallis test followed by Mann-Whitney test with Bonferroni correction to adjust P-values; values
represent mean ± SEM (**, P < 0.01; *, P < 0.05, compared with control).
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properties. Further, to gain deeper mechanistic insights into
the observed reduction in neurodegeneration and motor
dysfunction, future studies should incorporate molecular an-
alyses such as gene expression analysis, protein interaction
studies, and analysis of specific signaling pathways. However,
it is essential to note that in HD, symptomatic issues such as
cognitive and motor deficits are the most problematic and of
major concern. In this study, we are strongly suggesting a
systematic dosage study and suppression of behavioral
problems in HD, focusing on addressing these critical
symptomatic issues.

Conclusion

In summary, the current study demonstrates that ‘Eugenol
administration’ at disease onset or even after progression
significantly ameliorated PolyQ induced neurodegeneration,
cytotoxicity and compromised neuronal function. Thus, Eu-
genol can be an effective and promising agent for the treatment
of multiple neurodegenerative diseases including HD.
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