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Impact statement

Huntington’s disease (HD) is a devastating
neurodegenerative disorder with no known
cure till date. We have shown that an effec-
tive dose of polyphenol curcumin when
administered from early developmental
stages amends metabolic alterations in
Drosophila model of HD. Until now, current
treatment strategies of HD remain inade-
quate in delaying the disease progression
and impart multiple side-effects which fail to
provide the much-needed relief to the chal-
lenged individuals. In this context, phyto-
chemical curcumin can emerge as a safe
and effective therapeutic option in gradual
improvement of disease symptoms and
amendment of metabolic defects linked with
HD progression, with least side-effects. Our
work in Drosophila HD model provides
useful insights on significant amelioration of
disease complexities by administration of
pleiotropic phytochemicals such as curcu-
min, and these effects can further be
screened in mammalian system and ulti-
mately in humans with the final aim to
improve quality of lives of HD patients.

Abstract

Huntington’s disease (HD) is a devastating polyglutamine disorder characterized by exten-
sive neurodegeneration and metabolic abnormalities at systemic, cellular and intracellular
levels. Metabolic alterations in HD manifest as abnormal body weight, dysregulated biomol-
ecule levels, impaired adipocyte functions, and defective energy state which exacerbate
disease progression and pose acute threat to the health of challenged individuals in form
of insulin resistance, cardiovascular disease, and energy crisis. To colossally mitigate dis-
ease symptoms, we tested the efficacy of curcumin in Drosophila model of HD. Curcumin is
the bioactive component of turmeric (Curcuma longa Linn), well-known for its ability to mod-
ulate metabolic activities. We found that curcumin effectively managed abnormal body
weight, dysregulated lipid content, and carbohydrate level in HD flies. In addition, curcumin
administration lowered elevated reactive-oxygen-species levels in adult adipose tissue of
diseased flies, and improved survival and locomotor function in HD flies at advanced disease
stage. Altogether, these findings clearly suggest that curcumin efficiently attenuates meta-
bolic derangements in HD flies and can prove beneficial in alleviating the complexities asso-
ciated with HD.
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Introduction

HD is a dominantly inherited, late-onset and progressive
neurodegenerative disorder characterized by locomotor
disturbances, cognitive decline, and psychiatric abnormal-
ities. In humans, the causative gene for HD is located on
chromosome 4p16.3 which comprises polymorphic trinu-
cleotide cytosine-adenine-guanine (CAG), repeats coding
for ~348 kD huntingtin (Htt) protein. Abnormal expansion
of (CAG),, repeats beyond 35 results in HD in humans.'

ISSN 1535-3702

HD encompass an array of metabolic abnormalities
which include cachexia,? persistent energy deficit,
hypothalamic-endocrine disturbances with peripheral hor-
monal dysregulation,*” and altered biomolecule metabo-
lism, e.g. fatty acids, protein, cholesterol, glucose, etc.o™
Multiple defects are found in éperipheral tissue such as
skeletal,*° pancreas,11 adipose,l and cardiac cells.”® The
multi-faceted metabolic alterations in conjunction with
neurodegeneration aggravate the disease condition and
augment risk of developing acute complications such as
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cardiovascular diseases, diabetes, pneumonia in HD
patients thereby impacting their life expectancy.

The currently available target-specific synthetic drugs
for HD offer marginal relief by suppressing the neurological
symptoms but cause numerous side effects.'* In this scenar-
io, testing natural compounds with known therapeutic
potential and minimum side-effects appear promising.
Keeping this aspect as a major consideration, we tested phy-
tochemical “curcumin,” a small polyphenolic compound
and bioactive component of turmeric (Curcuma longa

Linn) with strong antioxidant,'>'® anti-
inflamrnatory,l5’17’18 neuroprotec’tive,19 and metabolic
properties'®**?" in Drosophila model of HD.

Several studies have showcased the efficacy of curcumin
in animal models of neurodegeneration such as
Alzheimer’s,?*** Parkinson’s,” and HD.?*"?® Curcumin is
shown to suppress inflammation,” increase lifespan,®
ameliorate behavioral dysfunctions,”® and improve disease
phenotype” in these disease models. Besides alleviating
neurodegeneration, curcumin also protects organs from
toxicities™ and effectively attunes several incapacitating
metabolic conditions such as diabetes®! and obesity.>>*

With pleiotropic effects of curcumin in mitigating
diverse diseases, we aimed to assess the efficacy of curcu-
min in attenuation of metabolic derangements linked with
HD progression. Drosophila model of HD expressing exonl
fragment of human huntingtin with expanded 93 gluta-
mine repeats (Httex1p Q93) in all the neuronal populations
recapitulates characteristic features of disease including
late-onset nature, mutant Htt accumulation, progressive
locomotor dysfunction, photoreceptor neurons degenera-
tion, and reduced lifespan.** The diseased flies also
exhibit significant alterations in their body weight with
extensive modulation in major energy reserves with HD
progression.’® More recently, the molecular mechanisms
including fatbody-specific apoptosis, mitochondrial dys-
function, and calcium derangement, leading to altered
metabolism were reported in the HD fly model.”® In the
present study, we tested specific doses of curcumin in the
HD flies and evaluated the phytochemical’s efficacy to sup-
press behavioral and metabolic abnormalities.

By dosage studies, we found that an effective concentra-
tion of curcumin significantly attenuated dysregulated
body weight and total lipid content in diseased flies at spe-
cific ages. Additionally, quantification of carbohydrate
levels suggested that the same dose effectively regulated
circulating trehalose levels and lowered elevated reactive-
oxygen-species (ROS) level in adult adipose tissue of dis-
eased flies. Interestingly, the feeding behavior of diseased
larvae or flies reared on curcumin-supplemented food
remain unchanged and matched those raised on normal
food. Curcumin intake also resulted in an improvement
in the median survival and locomotor function of diseased
flies. Furthermore, expression profiling of metabolic regu-
lators such as dSREBP or HLH106, bmm, and lipin genes
revealed no change in their levels in diseased flies upon
curcumin supplementation. Altogether, these findings sug-
gest that curcumin proves immensely beneficial in the man-
agement of metabolic alterations and energetics in
Drosophila model of HD. We, therefore, propose that

Curcumin modulates altered metabolic activity in HD flies

curcumin can serve to be a safe and effective putative ther-
apeutic option for the management of HD with minimum
side effects. However, more emphasis will be required to
elucidate the complex mechanism of curcumin actions.

Materials and methods

Drosophila stocks, crosses, and dietary condition

Transgenic fly lines w; P{UAS-Httex1p Q20}, w; P{UAS-
Httex1p Q93}4F1,°® and w; P{w™W."* = GawBlelavC155
(on X chromosome) were used in this study. Expression
of polyglutamine (polyQ) containing peptides was carried
out using the bipartite UAS-GAL4 expression system.”
Virgins from stocks with polyQ constructs under the con-
trol of yeast UAS were crossed with males from driver line
expressing yeast GAL4 transcriptional activator under neu-
ronal elav promotor. The resulting progeny expressing
polyQ peptides were reared on food mixed without and
with 10, 15, and 20 M concentration of curcumin (Sigma
Aldrich), with equal supplementation of dimethyl sulfox-
ide (DMSO, Sigma Aldrich) in all the conditions. Treatment
to different feeding conditions was maintained from early
larval stages till day 15 post eclosion. Cultures were grown
at 25°C and 65% humidity under a 12h:12 h light/dark
cycle.

Survival assay

For survival analysis, a cohort of freshly emerged flies from
curcumin unfed and fed conditions were collected and
transferred to respective food conditions, without and
with 10 uM concentration of curcumin. Flies were trans-
ferred to fresh vials every alternate day till 15days and
mortality in each condition was scored. Minimum 100
flies (five replicates with 20 flies/replicate) from each con-
dition were used for the assay. Survival was analyzed using
Kaplan-Meier estimator.

Food intake assay

The rate of food intake at larval and adult stages was ascer-
tained using colorimetric dye intake assay. Synchronized
feeding third instar female larvae were sorted and placed
in a hole created at the center of an agar plate (3.3% wt/vol)
filled with yeast paste containing 4% (w/v) FD&C Blue dye
#1 (Sigma Aldrich). The larvae were allowed to feed in the
dyed-yeast paste for 2h. After feeding, larvae were thor-
oughly washed with ice cold distilled water, pat-dried and
homogenized in 200 pl of 1x PBS. The homogenate was
centrifuged at 13,500 rpm for 10 min and the absorbance
of supernatant was recorded at 625 nm. For each condition,
minimum two replicates of 10 larvae each were used for the
assay.

For food intake estimation at adult stages, age-matched
flies from different experimental conditions were collected
and transferred to food containing 2.5% (w/v) FD&C Blue
dye # 1 for 30 min of feeding. After feeding, the crop and
midgut region was dissected and homogenized in 200 pl of
ice-cold 1x PBS. The homogenate was centrifuged at
13,500 rpm for 10 min and absorbance of supernatant was
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recorded at 625 nm. Two replicates of 10 flies each, per con-
dition were used and food intake was assessed at day 6, 8,
and 12.

Protein quantification

Total protein content was estimated using Bicinchoninic
acid (BCA) method; 4 flies/replicate were homogenized
in 400 pl of 2% NaySO,4 and 0.05% Tween 20 (1:1); 80 ul of
homogenate was aliquoted in fresh tubes and 500 pl of
0.15% sodium deoxycholate was added. The mixture was
left on ice for 10min and 1ml of 3M trichloroacetic acid
was added. The samples were spun at 8500 rpm for 15 min
at 4°C. After discarding the supernatant, pellet was rinsed
once with 1 ml of 1 M HCL, dried, and mixed with 1.6 ml of
BCA (Sigma-Aldrich) standard working reagent. The mix-
ture was then incubated at 60 °C for 10 min and cooled on
ice to stop further color development; 100 pl of the super-
natant was aliquoted and absorbance was recorded at
562nm. BSA (1ug/ul) was used as standard to calculate
protein concentrations. For each condition, five replicates
were used for protein estimation.

Glycogen estimation

For glycogen quantification,® 4 flies/replicate were
homogenized in 400 pl of 2% NaySOy4; 20 pl of homogenate
was aliquoted and mixed with 46l of 2% NaySO, and
934 ul of chloroform/methanol (1:1). The tubes were spun
at 13,500 rpm for 10 min to obtain glycogen containing pel-
lets which was air dried for 10 min. Then, 500 pl of 0.2% (w/
v) anthrone reagent (0.2% anthrone in 72% sulphuric acid)
(Sigma Aldrich) was added and the mixture was heated at
90°C for 20 min with mixing every 5min. Samples were
then cooled on ice for 10 min and returned to room temper-
ature for 20 min; 100 ul of the supernatant was aliquoted
and absorbance was recorded at 620nm. D-glucose was
used as standard to calculate carbohydrate concentration.
Five replicates per condition were used for glycogen
estimation.

Trehalose estimation

To measure trehalose content*® 4 flies /replicate were
homogenized in 500ul of 70% ethanol and tubes were
spun at 5000 rpm at 4 °C. The pellets were resuspended in
200 ul of 2% NaOH, heated at 100 °C for 10 min, and cooled
on ice; 100 pl of mixture was then aliquoted and 750 ul of
anthrone reagent was added. The samples were heated at
90°C for 20 min with mixing every 5min, cooled on ice for
10 min, and returned to room temperature for 20 min; 100 pl
of the supernatant was aliquoted and absorbance was
recorded at 620 nm. Trehalose concentration was calculated
using D-glucose standard. For each condition, five repli-
cates were used for the assay.

Lipid estimation

For each condition, groups of 10 freshly emerged flies were
collected, etherized and weighed immediately in micro-
grams using Citizen CM11 microbalance to obtain fresh
weight. The samples were dried afterwards in a preheated

oven at 70°C for 36h and weighed again to obtain dry
weight. The difference between fresh weight and dry
weight represented water content of the (flies.
Subsequently, ether soluble lipids were extracted from the
samples by adding 1ml of diethyl ether to intact dry flies
stored in 1.5 ml microcentrifuge tubes. The tubes were kept
on a gel rocker and lipid extraction was carried out for 48 h
with three ether changes at an interval of 12h each. After
the last ether change, flies were dried for 2 h at 30-35°C and
weighed again to obtain lipid free weight of flies. Lipid
content of the flies was calculated by subtracting lipid
free weight from dry weight.*""** Five replicates per condi-
tion were used and lipid content was assessed at0, 3, 5,7, 9,
11, and 13 days of age.

Lipid droplet staining

For lipid droplet staining in adult adipose tissue, age-
matched flies were collected, etherized, and their abdomen
was dissected in ice-cold 1x PBS. The abdomens were fixed
in 4% formaldehyde in PBT for 20 min at room tempera-
ture. After fixation, sheets of fat body were detached from
the dorsal abdominal area, fixed for additional 10 min, and
washed thrice for 10 min each with 1x PBS. The tissue was
stained with 1:2000 dilution of 0.5 mg/ml Nile Red (Sigma
Aldrich, N3013) in PBS for 30 min. After staining, the tissue
was rinsed twice with 1x PBS and mounted in Vectashield
mounting medium (Vector Labs, H-1000). Images were
acquired using Nikon Eclipse (Ni-E) fluorescence micro-
scope and lipid droplets quantification was performed
using NIS-Elements AR software. Minimum five samples
per condition were analyzed for lipid droplets
quantification.

ROS detection and imaging

Dihydroethidium (DHE) staining was used to monitor
superoxide radicals in the adult adipose tissue of flies
from different experimental conditions.*> Age-matched
flies were etherized and adult fat body was dissected
from the dorsal surface of abdomen. To allow optimal res-
piration, tissue was dissected in 1x Schneider’s Drosophila
medium (+) L-glutamine (GIBCO, 21720024) and any extra-
neous tissue was removed. A stock solution of 30 mM DHE
(Invitrogen Molecular Probes, D11347) was reconstituted
just before use in anhydrous DMSO (Sigma-Aldrich,
276855). For staining, the reconstituted dye was further
diluted in 1x Schneider’s medium to obtain a final working
concentration of 50 pM and vortexed to disperse the dye
evenly. The tissue was incubated with the dye for 4 min
in dark soon after dissection at room temperature. The sam-
ples were rinsed twice in 1x Schneider’s medium and
images were acquired immediately using Nikon Eclipse
(Ni-E) fluorescence microscope. ROS quantification was
performed using NIS-Elements AR software. Minimum
seven samples per condition were analyzed for ROS
quantification.
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Quantitative real time PCR expression profiling

For transcriptional analysis, flies from different experimen-
tal conditions were collected, snap frozen, and stored at
-80°C until processing. Total RNA from these flies was iso-
lated using TRIZOL® Reagent (Thermo Fisher Scientific,
15596-026) following standard protocol of RNA extraction
from Drosophila.** After RNA extraction, 1ug of the total
RNA was used for cDNA synthesis with Revert Aid First
Strand c¢cDNA Synthesis Kit (Thermo Fisher Scientific,
K1622). Thereafter, qRT-PCR reaction was performed on
CFX Connect Real-Time System (Bio-Rad Laboratories)
using SYBR-Green based detection system with
QuantiNova SYBR green PCR Kit (Qiagen, 208052).
Relative expression of mRNA was calculated through
AACt method using the ribosomal protein RP49 RNA
expression as internal control for each sample. Primers
used in the qRT-PCR analysis were designed online using
Primer3 software and evaluated on NCBI-Blast. Minimum
six replicates per condition with 6 flies/replicate were used
for the assay.

Statistical analysis

Statistical analysis was performed in IBM SPSS statistical
package (version 22). The results are represented as mean
+S.E.M in all the graphs. Normality and homoscedasticity
of the data were assessed using Shapiro-Wilk and Levene’s
test, respectively. Data were analyzed using Mann-Whitney
U test and multi-factor analysis of variance (ANOVA) fol-
lowed by Tukey HSD post-hoc test for multiple compari-
sons and Test of Simple Effects for pairwise comparisons.
Survival data were analyzed using Kaplan-Meier test.

Results

Curcumin supplementation slightly improves the
median survival but not maximum life span in HD flies

In the present study, a dosage effect of curcumin, i.e. 0, 10,
15, and 20 pM was assessed on the locomotor performance
as well as survival of HD Drosophila (10 pM dose was used
for all other assays). A cohort of female flies expressing
unexpanded (Httexlp Q20) and expanded glutamine
repeats (Httexlp Q93) was collected and reared on food
supplemented without and with different concentration
of curcumin. Initially, their vertical locomotor performance
was assessed at day 1, 3, 7, and 9 post-eclosion. Significant
amelioration in behavioral dysfunction with curcumin sup-
plementation in 7-day-old HD flies has previously been
reported%’; however, in this study, we chose an additional
time-point, i.e. day 9 to check whether curcumin shows
beneficial effect at later stage when both disease symptoms
and metabolic dysregulation become more distressing. We
found that among different tested concentrations, 10 uM
curcumin-fed diseased flies display significant improve-
ment in their motor activity at day 7 and 9 (Tukey
HSD«0.05, day 7, n=20; P=0.000073; day 9, n=20;
P=0.023, Supplemental Tables 1 and 2) as compared to
the age-matched diseased flies reared on normal food
(Figure S1).
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Figure 1. Curcumin slightly extends median survival in HD flies. Survival prob-
ability of flies with unexpanded (elav>Httex1p Q20) and expanded glutamine
repeats (elav>Httex1pQ93) fed without and with 10 uM concentration of curcu-
min from larval stages. Slight but notable improvement was observed in the
median survival time of 10 uM curcumin-fed diseased flies, as compared to the
unfed controls. Median survival (50%) is ~5 days for elav>Httex1pQ93 which
increased upto ~7 days for 10 uM curcumin-fed diseased flies. Interestingly,
75% death time for diseased condition is just ~11 days whereas it extends upto
~13days for 10 uM curcumin-fed diseased flies. Survival data was analyzed
using Kaplan-Meier method followed by log-rank test [elav>Httex1p Q93 vs.
elav>Httex1p Q93 (10 uM), P =0.3049]. For each condition, n =100 (20 flies/
replicate, 5 replicates/condition). (A color version of this figure is available in the
online journal.)

We further determined survivorship of diseased flies in
response to 10 pM curcumin treatment. Lifespan and sur-
vival are multifaceted processes which can be influenced
by several factors such as metabolic state, diet, physical
activity, underlying disease, etc. After survival analysis,
we found that although the survival curve of unfed
(Httex1p Q93) and curcumin-fed diseased flies remain
comparable to each other [log-rank test, Httex1p Q93 vs
Httexlp Q93 (10puM curcumin), P=0.3049], the median
survival of diseased flies receiving 10 uM dose of curcumin
improved from ~5days (unfed) to ~7 days (Supplemental
Tables 3 and 4). Also, ~75% death time of these flies was
found to be increased, i.e. ~13 days as compared to that of
11 days in unfed flies. Therefore, 10 pM dose of curcumin
proved effective in slightly extending the median survival
of diseased flies as compared to those receiving normal
food although their maximum life span remained the
same. The control flies (Httex1p Q20) exhibited no signs
of mortality up to 15days, suggesting that the transgene
with unexpanded glutamine had no notable toxic effect
(Figure 1). The higher doses of 15 uM and 20 pM were inef-
fective in improving locomotor disability and survival of
the HD flies. Altogether, these results suggest that 10 uM
dose of curcumin could extend the median survival of the
diseased flies and improve their locomotor dysfunction.

Curcumin manages altered body weight, dry mass, and
water content in HD flies

Previously, we have reported extensive metabolic altera-
tions in HD flies as a consequence of neuronal expression
of mutant Htt.*® Regulation of metabolism can possibly
muffle HD symptoms, particularly at advanced stages of
the disease. HD flies exhibit significant weight modulation
during entire course of the disease with excessive increase
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in weight during disease onset followed by significant
reduction at terminal stage.®® In an attempt to test the
effect of curcumin in body weight management, newly
emerged control and diseased flies were reared on food
supplemented without and with 10 uM dose of curcumin
from early larval stage till 13days post-eclosion.
Quantification of fresh body weight showed that 10 uM
dose of curcumin significantly attenuates body weight
alterations observed in HD flies not fed with curcumin
with disease progression. Diseased flies fed with 10 uM
curcumin exhibited a significant decline in their abnormal-
ly high body weight at day 3 (Tukey HSD,q s, =50,
P=0.001) and 7 (Tukey HSD,q s, n=>50, P =0.000041) fol-
lowed by significant improvement in deteriorating body
weight at day 11 (Tukey HSD, 5, 7 =50, P =0.000209) as
compared to the age-matched diseased flies (Supplemental
Table 5 and 6). Interestingly, we observed that body weight

of diseased flies reared on 10 M curcumin became compa-
rable to age-matched flies with unexpanded glutamines at
day 3, 7, and 11. Flies with unexpanded glutamines did not
display any variation in their body weight upon receiving
the same dose of curcumin for 13 days (Figure 2(a)). Body
weight of an organism is majorly constituted by water, pro-
tein, carbohydrates, and lipids; hence, further understand-
ing of the relative proportions of these molecules in control
and curcumin-fed HD flies will help gain a deeper insight.

We assessed the impact of curcumin on dry weight and
water content of HD flies. Dry weight assessment revealed
that administration of 10 pM dose of curcumin significantly
amend abnormally high dry weight in disease flies at day 3
(Tukey HSD, 05, =50, P=0.000032), 5 (Tukey HSD,q 05,
n=>50, P=0.030), and 7 (Tukey HSD,pps, 1n=50,
P =2.6012E-9), followed by significant improvement in
severely low dry mass at day 11 (Tukey HSD, 05, 7 =50,
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Figure 2. Dietary curcumin modulates body weight, dry mass, and water content. Curcumin administration significantly regulates abnormally high and low body
weight (a) at day 3, 7, and 11 (b) dry mass at day 3, 5, and 7 in diseased flies (c) dysregulated water content is managed at day 3, 7, and 13 in diseased flies upon
curcumin feeding. Data was analyzed using multi-factor ANOVA followed by Tukey HSD post hoc test and Test of Simple Effects. Values are represented as mean £+ S.
E.M. Tukey HSD, 05, *** P <0.001; ** P < 0.01; * P < 0.05. For each condition, n =250 (10 flies/replicate, 5 replicates/condition).
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Figure 3. Feeding behavior of HD flies remain unchanged by curcumin supplementation in the food. Feeding of control (elav>Httex1p Q20) and diseased

(elav>Httex1p Q93) female adult flies reared on control or 10 uM curcumin supplemented diet was measured using colorimetric dye intake assay. No difference was
observed in food intake of 6-, 8-, and 12-day-old control and diseased females supplemented without or with effective concentration of curcumin. Data was analyzed
using multi-factor ANOVA, F, 36 =0.110, P = 0.896. Values are represented as mean =+ S.E.M and for each group, n =20 flies (10 flies/replicate, 2 replicates/condition).

P =3.00E-6), as compared to the untreated diseased flies
(Supplemental Tables 7 and 8). Previously, we had reported
significant alterations in dry weight of HD flies through the
entire course of disease.’® Flies with unexpanded gluta-
mines receiving 10 pM curcumin however exhibited mod-
ulation in dry weight at day 5 (Tukey HSD,g 05 1 =50,
P=0.002), 11 (Tukey HSD, s, n=>50, P=0.018), and 13
(Tukey HSD, 05, n=50, P=0.028) as compared to the
age-matched Q20 flies (Figure 2(b)).

Evaluation of water content revealed that diseased flies
exhibited an altered pattern of water level from day 3 to 13
(Tukey HSD,g05, n=50; day 3, P=1.634E-8; day 5,
P=3.567E-16; day 7, P=1.223E-10, day 9, P=0.001182;
day 11, P=0.03236; day 13, P =0.00494), when compared
to age-matched unexpanded flies, as reported previously.”®
Interestingly, when fed with 10 pM dose of curcumin, dis-
eased flies exhibited a significant reduction in their elevat-
ed water levels at day 3 (Tukey HSD,pgs, 1 =>50;
P=0.009255) and 7 (Tukey HSD,0s  1n=50;
P =0.0033913), followed by a significant improvement at
day 11 (Tukey HSD, s n=50; P=0.0033980)
(Supplemental Tables 9 and 10) the period when their
water content declines below normal levels (Figure 2(c)).
No detectable effect of curcumin was observed on the
water content of Q20 flies from day 0 till day 13.
Modulation of dry weight and water content of HD flies
by curcumin suggests that it is perhaps micromanaging the
metabolic and/or catabolic processes in diseased condition.

Dietary curcumin has no effect on food intake in
diseased flies

Feeding is an inherent characteristic of an organism with
profound effect on whole body composition, energy stores,
metabolic activity, and life span. Food intake quantification
becomes critical while assessing behavior, nutrition, and
drug administration.

In order to ascertain the probable cause of weight mod-
ulation, we quantified food intake in normal and diseased
condition, at both larval and adult stages, reared on diet

without and with 10 uM curcumin. The synchronized feed-
ing stage third instar larvae and adult flies, grown on stan-
dard or curcumin-supplemented medium were fed with
blue dye. As shown previously,”® we found that control
(elav>Q20) and diseased (elav>Q93) larvae fed with
10 pM dose of curcumin show feeding behavior comparable
to those fed diet without curcumin (Figure S2, two-way
ANOVA, n=20, F,,=0.080, P=0.791, Supplemental
Table 11). Similarly, at adult stage too, there was no differ-
ence in the food intake of 6, 8, and 12day old Q20 and
diseased flies due to curcumin supplementation (Figure 3,
multi-factor ANOVA, n=20, F, 3,=0.110, P=0.89,
Supplemental Tables 12 and 13). These results clearly sug-
gest that curcumin modulates body weight in diseased flies
either by amendment of systemic metabolism or cellular
metabolic components instead of directly altering the feed-
ing response. Therefore, we proceeded to ascertain which
of the macromolecules, if any, curcumin modulates by
quantifying proteins, glycogen, trehalose, and lipid levels
in these flies.

Curcumin superintends macromolecules involved in
metabolism

In an attempt to elucidate a detailed account of curcumin
action on components involved in metabolism, we investi-
gated the effect of curcumin feeding on total protein, gly-
cogen, and circulating disaccharide trehalose levels in both
control and diseased condition without or with curcumin
supplementation. Surprisingly, we did not find any effect of
10 pM curcumin on the levels of total protein (Figure 4(a))
(Supplemental Tables 14 and 15) and glycogen content
(Figure 4(b), Supplemental Tables 16 and 17) in Q20 or dis-
eased flies. However, administration of 10 uM dose of cur-
cumin resulted in significant (Tukey HSD,p0s # =20,
P =5.00E-6) decrease in the trehalose level in diseased
flies at day 7. Further, no notable effect of curcumin on
the trehalose levels of age-matched flies with unexpanded
glutamine, except decrease at day 3 (Tukey HSD, o5, 1 = 20,
P =0.034) (Figure 4(c)) (Supplemental Tables 18 and 19)
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Figure 4. Curcumin regulates circulating sugar trehalose in diseased flies. There is no notable effect of curcumin on the levels of (a) protein and (b) glycogen in HD flies.
On the contrary, (c) significant reduction in otherwise increased levels of circulating sugar trehalose is observed in curcumin-fed diseased flies at day 7. Data was

analyzed using multi-factor ANOVA followed by Tukey HSD post hoc test and Test of Simple Effects. Values are represented as mean + S.E.M. Tukey HSD,g os,

3

P <0.001; ** P<0.01; * P<0.05. For each condition, n =20 (4 flies/replicate, 5 replicates/condition) for protein, glycogen, and trehalose content quantification.

was found. These findings further suggested that curcumin
intake has no substantial effect on the protein or stored
carbohydrate in unexpanded or HD flies; however, there
is a noticeable effect of phytochemical on the circulating
sugar trehalose levels at specific ages in both control and
diseased flies.

Curcumin attunes total lipid and subcellular lipid
content in HD flies

To unravel the effect of curcumin on major energy reserves,
we quantified total lipid content in Q20 and diseased flies
reared on diet without and with 10 uM curcumin up to
13 days. Lipids constitute a dominant fraction in organ-
ism’s body weight; therefore, any modulation in body
weight indicates probable regulation in lipid metabolism.
We have reported earlier that there is significant

perturbation in lipid level in diseased flies through the
entire course of disease which becomes initially high and
then low (Tukey HSD, 05, 1 =50; day 5, P =3.942E-11; day
7, P =0.000060; day 9, P =0.00020; day 11, P = 0.000080; and
day 13, P=0.0000) as compared to age-matched control
flies with unexpanded glutamines.’® Interestingly, in the
present study with 10 uM curcumin supplementation, sig-
nificant attenuation in dysregulated total lipid content of
diseased flies was observed at day 3 (Tukey HSD,q s,
n=>50, P=0.01682) and upon progression at day 7 (Tukey
HSD, 05, n=50, P=4.411E-7). However, decline in lipid
levels at advanced disease stage, ie. day 9 (Tukey
HSD, 05, =50, P=0.03493) could not be reinstated by
curcumin. We found no notable difference in lipid content
by supplementation of curcumin in 0- to 13-day old Q20
flies with exception at day 5 (Tukey HSD,q s, =50,
P =0.0404; Figure 5(a), Supplemental Tables 20 and 21).
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Figure 5. Curcumin modulates total lipid content. (a) Dietary curcumin significantly decreases abnormally high lipid levels in diseased flies at day 3 and 7 which
becomes comparable to those of age-matched flies with unexpanded glutamines. However, the lipid levels further decline significantly at day 9 in curcumin-fed
diseased flies. (b) At sub-cellular level, curcumin intake improves distribution of intracellular lipid in lipid droplets (LDs) in abdominal adipose tissue of diseased flies at
day 7 and 11. Arrowheads indicate presence of smaller LDs at day 7 and moderately improved LD distribution at day 11. Scale bar represents 10 um. (c) Quantification
of total surface area occupied by LDs suggests a considerable reduction in bigger LDs at day 7 and subsequent improvement in distribution at day 11 by curcumin
intake. Lipid content data was analyzed using multi-factor ANOVA followed by Tukey HSD post hoc test and Test of Simple Effects and LD quantification were
analyzed using two-way ANOVA. Values are represented as mean + S.E.M. Tukey HSD, o5, *** P < 0.001; ** P < 0.01; * P < 0.05. For each condition, n =50 (10 flies/
replicate, 5 replicates/condition) for total lipid content and n=>5 for LD quantification. (A color version of this figure is available in the online journal.)

These results suggest that the administered dose of curcu-
min modulates altered lipid level in diseased flies at differ-
ent ages which might be linked to their improved metabolic
profile. However, at terminal disease stage as marked by
day 11 or 13, the insidious disease progression seems to
outweigh the phytochemical’s beneficial effects.

Besides estimating total lipid content, to ascertain the
probable effect of curcumin on subcellular lipids, we mon-
itored distribution of lipid droplets (LDs), the storehouse of
intracellular lipids which enrich Drosophila adipocytes. LDs
are highly dynamic organelles with hydrophobic core com-
prising of neutral triacylglycerols (TAGs). We found that
there was a noticeable regulation in LDs distribution in
disease condition after supplementation of 10 UM curcu-
min. Large LDs present in adipose tissue in 7-day-old HD
flies exhibited marked reduction in their size with 10 uM
curcumin administration. In addition, at day 11, LD distri-
bution improved upon curcumin supplementation as

compared to untreated flies with expanded glutamines
(Figure 5(b) and (c), Supplemental Table 22). However,
10 uM dose of curcumin had no observable effect on the
abundance of LDs in adipose tissue of flies with unex-
panded glutamines. Taken together, these results suggest
that 10 uM dose of curcumin exhibits beneficial effects on
the altered intracellular lipid abundance that ultimately
reflects in the modulation of total lipid content and may
have a beneficial impact on the maintenance of overall met-
abolic homeostasis in HD flies.

Curcumin suppresses oxidative stress in diseased
condition

Curcumin acts as an excellent antioxidant and metabolic
regulator, and by our results it is evident that curcumin
effectively improves the overall metabolic condition and
maintains energy balance, likely by impacting vital
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version of this figure is available in the online journal.)

organs. Drosophila fat body is a key metabolic organ which
performs multiple functions such as nutrient storage and
mobilization; thus, we investigated the effect of curcumin
on the fat body in control and HD flies and monitored their
ROS levels.

Basal ROS level was detected in the adipose tissue of 7-
and 13-day-old flies with unexpanded glutamines whereas
ROS in abdominal fat body of 7 and 13 (Tukey HSD, ¢s,
n=7, P=0.024) day old diseased flies was considerably
higher as compared to age-matched control flies. Further,
diseased flies displayed significantly high ROS at day 13
(Tukey HSD,p0s5, n=7, P=0.010) in comparison to
7-day-old counterparts which clearly indicated that ROS
levels increase with disease progression. Interestingly, sig-
nificant decline in the elevated ROS levels in adult adipose
tissue of diseased flies reared on 10 uM curcumin was
found at day 13 (Tukey HSD,g s, n =7, P=0.021) as com-
pared to those reared without curcumin (Figure 6(a) and
(b), Supplemental Table 23).

Collectively, these results indicated that high ROS levels
detected in the adipose tissue in 7- and 13-day-old diseased

flies might underlie the altered cellular functions that scale
up to alter tissue function and in turn contribute to the
persistent disruptions in systemic metabolic state as evi-
dent in HD flies. Administration of 10puM curcumin
lowers the free radical levels in adipose tissue at advanced
stage of the disease thereby providing protection against
increased oxidative insult. This may ultimately result in
the fine tuning of major biomolecules and amelioration of
disease symptoms in HD flies.

dSREBP, bmm, and lipin levels in curcumin-fed HD flies
remain unaltered

Diseased flies showcased high ROS in adult adipose tissue
which might deter the optimal organ functioning.
Generally, ROS production and lipid metabolism path-
ways remain intricately entwined, and an abnormal lipid
level may lead to increased oxidative stress and vice versa,
ultimately disrupting the overall cellular performance.
Therefore, improved ROS and lipid levels point towards
a probable regulation of key metabolic regulators in
curcumin-fed HD flies. dSREBP (HLH106), bmm, and
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Figure 7. dSREBP, bmm, and lipin expression remain unmodulated in HD flies upon curcumin supplementation. (a) ASSREBP or HLH106 mRNA levels in 7- and 13-
day-old control (elav>Httex1p Q20) and diseased (elav>Httex1p Q93) flies reared on control or 10 uM curcumin supplemented diet was monitored using quantitative
RT-PCR. Control flies exhibited significant decrease in dSREBP mRNA levels at day 7 followed by significant increase at day 13, whereas diseased flies did not display
any change in the expression of dSREBP gene at both the ages without or with 10 uM curcumin supplementation. (b) bmm mRNA levels remain unchanged in 7- and
13-day-old Q20 and diseased flies reared without and with 10 uM curcumin. (c) No change in lipin mRNA levels was seen in 7- or 13-day-old diseased flies reared on
10 uM curcumin diet. Q20 flies showed significant decrease in /ipin mMRNA at day 13 upon curcumin feeding. Data was analyzed using Mann-Whitney U test. Values are
represented as mean + S.E.M. ** P <0.001; ** P < 0.01. Sample size: 6 flies/replicate, 6 replicates/condition.

lipin are few key effector genes which regulate lipogenesis,
lipolysis, energy metabolism, and inflammation in
Drosophila.

To decipher the basis of curcumin action in diseased
condition, we monitored the expression of these genes in
Q20 and diseased flies reared without and with curcumin.
There was no change in the mRNA level of dSREBP, bmm,
and lipin genes in diseased flies at day 7 and 13 with or
without 10puM curcumin administration (Figure 7). The
variation in lipid or ROS levels did not correlate with the
expression level of dSREBP, bmm, or lipin genes. In Q20
flies, however, we observed modulation in dSREBP expres-
sion with curcumin supplementation (Figure 7(a)).

Significant decrease at day 7 (Student’s t-test, n =236,
P =0.00454) followed by significant upregulation at day
13 (Student’s t-test, n =36, P=0.0195) in dSREBP mRNA
levels was seen in curcumin-fed Q20 flies, but they did not
correlate to their corresponding lipid levels at day 7 or 13.

No change in brnm mRNA was observed either in Q20 or
diseased flies, except at day 13 when diseased flies exhib-
ited higher bmm mRNA levels in comparison to age-
matched control flies (Figure 7(b)). However, no effect of
curcumin on bmm expression was seen. Similarly, HD flies
fed with curcumin did not show any modulation in their
lipin expression at any age. Conversely, untreated diseased
flies exhibited significantly high lipin mRNA levels at day 7
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as compared to control flies. Q20 flies also showed signifi-
cant decline in lipin mRNA levels at day 13 with curcumin
supplementation (Figure 7(c), Supplemental Table 24).
These results clearly indicated that curcumin did not mod-
ulate the action of these three genes in HD.

Discussion

Turmeric has a long history of traditional use in Asian pop-
ulation as food additive, herbal remedy, and medicine.'>'®
Asian population also have the lowest prevalence of HD at
0.40/100,000, as compared to a high prevalence of 2.71/
100,000 worldwide.** The toxicological profile of curcumin
deems it extremely safe and it can be used a regular part of
diet and medicine.*® Several in vitro and in vivo studies have
confirmed the activity of curcumin in biological system by
either detecting curcumin or its bio-transformed metabo-
lites in plasma, peripheral organs, and brain.”>*"~*

In HD, extensive neuronal degeneration in major brain
areas induce coordinated set of behavioral abnormalities in
human patients as well as flies. Systemic metabolic
derangements inflict additional burden on the health of
already challenged individuals and gradually disables
them. Although various strategies have been devised to
slow down the disease progression, there are no effective
treatment till now. Curcumin’s efficacy against HD has
been tested against various parameters in different
models and has highlighted mitigation of cell death,*
clearance of aggregates,” transcriptional regulation,” and
reduction of oxidative stress™® as possible protective mech-
anisms. Interestingly, curcumin with multiple cellular tar-
gets, minimum side effects, and broad range of
pharmacological activities can offer several advantages as
a therapeutic choice over synthetic drugs with compara-
tively high toxicity and major side-effects.

Previously, the metabolic abnormalities seen in HD has
been reiterated in in vivo transgenic Drosophila model
expressing mutant human Htt.*® Recently, the molecular
basis of such metabolic derangements was explored
which included transcriptional dysregulation of bmm and
lipin, fatbody specific apoptosis, mitochondrial dysfunc-
tion, and calcium dysregulation.”® In the present study, an
effective concentration of 10 uM curcumin administered to
diseased flies since larval stages is shown to attenuate their
motor dysfunction,Sl’52 survival and metabolic abnormali-
ties. We reinstated the effect of curcumin on locomotor
functions in HD flies at an advanced stage (day 9) not
reported earlier (Figure S1).° This could be explained by
the protection of motor neurons from mutant Htt-induced
damage owing to the strong anti-oxidant property of cur-
cumin. Curcumin feeding also slightly improved the
median survival in diseased flies which is again an indica-
tor of enhanced protection from characteristic mutant Htt
neurotoxicity and inflammation. Interestingly, curcumin
feeding could mitigate the abnormal effects of weight
gain (at day 3, 7) and subsequent loss (at day 11) in the
disease condition and therefore could finely manage the
body weight changes throughout the disease progression.
However, once the disease becomes chronic, curcumin
cannot mitigate them. It is possible that curcumin can

recuperate the extent of neurodegenerative damages only
up to a certain threshold of the disease. Curcumin targets or
receptors might undergo progressive or deteriorative
changes later and may become unavailable for further
action.”®

Food intake quantification revealed that curcumin-fed
HD larvae or flies did not display any prominent change
in their feeding pattern which clearly indicated that weight
modulation in these flies was not due to mere food intake
but through modulation of metabolic process by curcumin.
Amendment in dysregulated water, trehalose, and lipid
levels further corroborated the same. Water balance in
Drosophila is usually regulated by neurosecretory or similar
cell types, and any impairment in their functioning can lead
to disproportionate water levels. Curcumin efficiently reg-
ulated the fluctuating water levels in HD flies and this
might be attributed to better functioning of these cells in
response to curcumin treatment. Additionally, curcumin
effectively countered hyperglycemia in 7-day-old HD
flies. This effect could either be due to increased uptake
of trehalose by cells or their controlled release into the cir-
culation by source organs, apparently under the impact of
curcumin. In contrast to these, no detectable effect of cur-
cumin on other altered energy components, e.g. protein or
glycogen in HD flies was seen. The limited effect of curcu-
min on such critical energy reserves might explain the acute
energy crisis prevalent at terminal stage when all the
energy sources are urgently required for long-term suste-
nance and functional outcomes.

Curcumin exhibited prominent systemic and intracellu-
lar hypolipidemic effect in HD flies upon disease progres-
sion. The hypolipidemic effect might be due to the
interaction of curcumin with important regulators of lipid
metabolism. Several evidences point towards such benefi-
cial effect of curcumin in attenuation of altered body
weight, fat gain, or glucose levels by regulation of multiple
lipid metabolic genes.*>>* Based on these reports, we inves-
tigated the effect of curcumin on three key lipid regulators
dSREBP, bmm, and lipin in diseased flies; however surpris-
ingly, no effect of curcumin on the expression of these genes
in HD flies was seen. These findings indicate towards other
critical players in lipid metabolism such as protein levels,
activities, post-translational modifications, downstream
effectors, target genes, etc. a study of which will help elab-
orate the molecular action of curcumin in HD.

Chronic inflammatory conditions are often associated
with neurodegenerative disorders and they can trigger
numerous metabolic defects in the affected individuals.
To elucidate the mode of action of curcumin in HD, its
anti-inflammatory effect in HD flies was investigated. We
noted an aggravated inflammatory state in HD flies, as
denoted by the elevated ROS levels in adipose tissue, and
10 uM curcumin effectively amended the abnormally high
superoxide levels at both initial (day 7) and advanced (day
13) disease stages. Hence, the potent free-radical scaveng-
ing and anti-inflammatory property of curcumin proved
immensely beneficial in attenuation of inflammatory and
oxidative insult in HD thereby ameliorating the disease
state. It can be safely said that curcumin acts at the neuronal
as well as peripheral levels to manage the overall disease
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pathology; however, the dosage and form of curcumin used
would play a significant role in establishing clinical
relevance.

Conclusions

These findings in Drosophila model of HD show that curcu-
min is beneficial in suppression of neurodegeneration with
amelioration of metabolic dysregulation. This study adds to
many other studies advocating the management of differ-
ent pathological manifestations of the HD by curcumin.
Therefore, with further consideration, curcumin may
prove to be a safe and suitable treatment regimen for man-
agement of HD.
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