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A B S T R A C T   

Background: Huntington’s disease is an inherited progressive neurodegenerative disorder caused by an expansion 
of the polyglutamine tract leading to malformation and aggregation of the mutant huntingtin protein in the cell 
cytoplasm and nucleus of affected brain regions. The development of neuroprotective agents from plants has 
received considerable research attention. 
Objective: Our study aims to investigate the neuroprotective effects of luteolin and the mechanisms that underline 
its potential mediated protection in the mutant htt neuroblastoma cells. 
Methods: The mutant htt neuroblastoma cells were transfected with 160Q, and the control wild-type neuro
blastoma cells were transfected with 20Q htt for 24 h and later treated with luteolin. Cell viability was deter
mined by MTT and PI staining in both groups, while western blotting was used to evaluate caspase 3 protein 
expression. Aggregation formation was assessed via immunofluorescence microscopy. Also, western blotting was 
utilized to measure the protein expression of mutant htt aggregated and soluble protein, Nrf2 and HO-1. The 
impact of Nrf2 on luteolin-treated neuroblastoma cells was assessed using small interfering RNAs. 
Results: Our study reports that luteolin can protect cultured cells from mutant huntingtin cytotoxicity, evidenced 
by increased viability and decreased apoptosis. Also, luteolin reduced the accumulation of soluble and insoluble 
mutant huntingtin aggregates in mutant htt neuroblastoma cells transfected with 160Q compared to the control 
wild-type. The mutant htt aggregate reduction mediated by luteolin appeared to be independent of the Nrf2 –HO- 
1 antioxidant pathway. 
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Conclusion: Luteolin presents a new potential therapeutic and protective agent for the treatment and decreasing 
the cytotoxicity in neurodegenerative diseases such as Huntington’s disease.   

1. Introduction 

Huntington’s disease (HD) is an inherited progressive neurodegen
erative disorder belonging to the polyglutamine disorders (McColgan 
and Tabrizi, 2018). Polyglutamine disorders share adult onset of 
symptoms, which include chorea, general motor impairment, psychiat
ric disorders, and cognitive decline (Arning and Nguyen, 2021). The 
disease usually begins in midlife, with progressive neurodegeneration 
leading to death within ten years of onset (Niemann and Jankovic, 
2019). The prevalence of HD is estimated to be 2.71 per 100,000 
worldwide. However, the figure is much higher in Western countries 
(Medina et al., 2022). A Canadian study estimated that the patient’s 
mean healthcare cost was $23,211 [$38,599] per person-year, with 
hospitalizations accounting for 57.8% of costs. (Shaw et al., 2022). 
Furthermore, as predicted, cost estimates show that HD patients and 
their caregivers bear an enormous financial burden as the disease ad
vances (Rodriguez-Santana et al., 2023). Alarmingly, it concluded that 
patients diagnosed with HD are at increased risk of suicide compared to 
individuals without the disease (Alothman et al., 2022). 

HD is caused by an abnormal (CAG)N-trinucleotide repeat expansion 
in the mutated gene, located in the first exon of 67 exons of the hun
tingtin gene, which is translated into a polyglutamine tract that encodes 
the protein huntingtin (Donaldson et al., 2021). Expansion of the poly
glutamine tract by more than 35 glutamines leads to misfolding and 
aggregation of the mutant huntingtin protein in the cell’s cytoplasm and 
nucleus. Huntingtin aggregates mark the presence of misfolded mutant 
Huntingtin in susceptible cell populations and are a hallmark of HD 
(Lieberman et al., 2019). All mutant huntingtin constructs form aggre
gates in the cytoplasm, but only shorter N-terminal fragments produce 
nuclear aggregates (Vieweg et al., 2021). Increased aggregation corre
lates with increased susceptibility to apoptosis and disease severity 
(Marcelo et al., 2021). Treatments that suppress aggregation, including 
chaperone overexpression and administration of small molecule aggre
gation inhibitors, have decreased neurodegeneration (Radbakhsh et al., 
2021). 

Regarding disease pathogenesis, mutant Huntingtin was shown to 
induce transcriptional dysregulation, impairment of protein degradation 
due to proteasomal and autophagy dysfunction, mitochondrial damage 
and apoptosis (Tobore, 2019; Bono-Yagüe et al., 2020). It has been 
shown that htt aggregates can sequester and alter the kinetics of trans
ported organelles and proteins such as synaptic vesicles and block 
transport of organelles or vesicles into axons; this blockage can impair 
axonal function and lead to cell degeneration (Stavoe and Holzbaur, 
2019). However, the mechanisms by which mutant Huntingtin causes 
neuronal dysfunction and degeneration remains unclear. 

Oxidative stress increases DNA, protein, and lipid oxidation, 
contributing to cell death and degeneration. Indeed, oxidative stress is a 
primary mechanism in HD pathogenesis. Also, it has been demonstrated 
that mutant htt protein-mediated factors alter the expression of anti
oxidant factors in the mitochondria, enhancing cellular oxidative stress 
and cellular dysfunction. Furthermore, the mutant impairs the activity 

of proteasome and autophagy systems, which can hinder the removal of 
unfolded protein and damaged organelle such as mitochondria, result
ing in increased ROS. Also, protein overload of unfolded protein triggers 
endoplasmic reticulum stress and free radical generation. Nuclear mhtt 
aggregates sequester transcription factors that regulate antioxidant gene 
expression. Various mechanistic studies have confirmed the link be
tween mutant htt and oxidative stress (Abramov et al., 2020; Bono- 
Yagüe et al., 2020). 

While protein aggregation can result in oxidative stress, on the other 
hand, oxidative stress can, in turn, result in aggregation in neurode
generative disease. For instance, oxidation of critical amino acids results 
in an alteration of protein shape, making it prone to aggregation. Ex
amples of protein that are prone to ROS oxidation and, subsequently, 
aggregation includes γD-crystallin and GAPDH. Carbonylation, a 
particular type of oxidation of specific amino acid residues, can also lead 
to protein aggregation. Furthermore, oxidation can affect chaperonin, 
proteasomal and autophagy activity. Oxidation of a specific protein can 
prevent its interaction with its partner, the molecular chaperone heat- 
shock protein, involved in controlling proper protein folding. The 
ubiquitin–proteasome system (UPS) is vital for the removal of unfolded, 
misfolded, or oxidized protein by proteolytic degradation. Hence, 
oxidized proteasomes can favour the accumulation of aggregation-prone 
proteins (Levy et al., 2019). Also, autophagy is a highly selective process 
in which damaged/aggregated proteins or damaged organelles are 
marked by ubiquitin for elimination via the autophagy-lysosomal 
pathway. Increased production of ROS can lead to disruption of lyso
somal membrane integrity by peroxidation of lysosomal membrane 
lipids (Nagakannan et al., 2020), hence impairing the degradation 
pathway, resulting in misfolded protein buildup. Therefore, antioxidants 
are being tested for their neuronal anti-aggregatory and anti-apoptotic 
effects. 

Luteolin (3′,4′,5,7-tetrahydroxyflavone) (Fig. 1) is a flavonoid known 
as a free radical scavenger, found mainly in the glycosylated form in 
many plant species, including fruits, vegetables, and medicinal herbs. It 
is among the most important antioxidant, anti-inflammatory and anti
cancer substances (Ashaari et al., 2018). The Luteolin anticancer effects 
and associated mechanisms are well-established in several cancer types, 
including lung, breast, glioblastoma, prostate, colon, and pancreatic 
cancers (Seelinger et al., 2008; Imran et al. 2019). A plethora of cellular 
mediators/mechanisms/processes were shown to facilitate its anticar
cinogenic effects, including cell cycle arrest in the G2/M, S, or G0/1 
phase, inhibition of MMP2 and MMP9 secretion, which impedes 
migration, activation of caspases and consequently apoptosis, inhibition 
of EGFR, bFGF and VEGF hindering angiogenesis. Luteolin was also 
shown to reverse epithelial-mesenchymal transition, evident by the 
increased expression of epithelial markers such as E-cadherin and 
decreasing mesenchymal cell markers such as N-cadherin, snail, and 
vimentin (Imran et al., 2019). Importantly, it was found to increase the 
levels of antioxidant enzymes and compounds such antioxidant en
zymes, superoxide dismutase (SOD), glutathione peroxidase and cata
lase (CAT) in colon cancer cells (Kang et al. 2017). 

The neuroprotective effects of luteolin have been well illustrated in 
several Parkinson’s and Alzheimer’s Disease models. Luteolin’s neuro
protective antioxidant effect was illustrated in Wistar rats exposed to 
cobalt chloride. Luteolin and gallic acid inhibited hydrogen peroxide 
and nitric oxide and restored the antioxidants glutathione S-transferase 
(GST) and SOD in the cobalt chloride exposed rats (Akinrinde and 
Adebiyi, 2019). Also, luteolin attenuated hydrogen peroxide-induced 
neurotoxicity in vitro (Duarte et al. 2023). Notably, Luteolin has been 
reported to induce nuclear factor E2-related factor 2 (Nrf2), the master 

Fig. 1. Chemical structure of luteolin.  
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regulator of antioxidative. 
Induced Nrf2 will be released from Keap1, escaping from proteaso

mal degradation, and translocating to the nucleus. In the nucleus, Nfr2 
binds to the antioxidant response element (ARE) and starts the tran
scription of an array of antioxidant enzymes such as heme oxygenase-1 
(HO-1), GST, SOD, CAT, glutathione reductase, NAD(P)H and many 
more. These enzymes act by reducing the cell oxidative stress and free 
radicals’ formation (Francisqueti-Ferron et al. 2019). Indeed luteolin 
increased heme oxygenase-1 (HO-1) mRNA expression and protein 
levels (Li et al., 2019) and enhance the binding of Nrf2 to ARE (Siddique, 
2021) that functions as an enhancer sequence in the HO-1 promoter. It is 
noteworthy to indicate that luteolin penetrated the blood–brain barrier 
in vivo and attenuated scopolamine-induced amnesia in rats 
(Bakoyiannis et al., 2019). 

1.1. Objective/purpose of the study 

This study aimed to assess the neuroprotective effects of flavonoid 
against apoptosis and oxidative stress in a neuro-2a (N2a) cells that 
express the mutant huntingtin. Furthermore, to identify the cellular 
mechanism that mediates the neuroprotective effect. 

1.2. Significance 

Our study can provide supporting evidence for utilising the natural 
plant product luteolin as a neuroprotective agent. 

2. Material and methods 

2.1. Cell culture and treatment 

Murine neuroblastoma Neuro2A (ATCC) cells were plated in a 6-well 
culture plate and maintained in Dulbecco’s modified Eagles medium 
(DMEM; Invitrogen) supplemented with 2% heat-inactivated fetal 
bovine serum and with penicillin/streptomycin (Invitrogen). The cells 
were maintained at 37 ◦C in a humidified incubator with 5% CO2. After 
seeding, cells were transfected with amino-terminal huntingtin frag
ments containing 20 or 160 CAG repeats using Lipofectamine 2000 
(Invitrogen) (according to the manufacturer’s instructions). Expression 
constructs, Cherry-20Q Huntingtin and Cherry-160Q Huntingtin, were 
used. Six hours later, the transfection medium was replaced with com
plete DMEM. The luteolin (Sigma, St. Louis, MO) (1.25–10 ng/ml in 
DMSO) or vehicle (DMSO) was added to the transfected cells and then 
kept in the incubator for 48 h. 

2.2. RNA interference and transfection 

Silencing of Nrf2 expression in Neuro2a cells was achieved by the 
small interfering RNA (siRNA) technique. The siRNA (GCAGGA
GAGGTAAGAATAA) targeting specific Nrf2 sequences was designed and 
synthesized by RiBoBio (Guangzhou RiBoBio Co. Ltd., China). A siRNA 
vector was used as a control. SiRNA transfection was performed using 
Lipofectamine 2000 according to the manufacturer’s instructions. 

2.3. Measurement of cytotoxicity 

Cell viability was measured by the MTT (dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide assay. Briefly, the cells were plated in 96- 
well plates and transfected with the plasmids encoding an N-terminal 
fragment of htt containing 20Q (htt20Q) or 160Q (htt160Q), followed 
by luteolin or vehicle treatment for 48 h. At the end of the treatment 
period, a sterile solution of MTT (0.5 mg/mL) in DMEM was added to 
each well, and incubated at 37 ◦C for 4 h. The MTT medium was dis
carded, and 200 µl of sterile DMSO was added to lyse the cells for 10 min 
at 37 ◦C. MTT absorbance (OD) was measured at 565 nm using a spec
trophotometer. The results were obtained by comparing the mean 

absorbance of treated cells to the mean absorbance of untreated cells 
and expressed as a percentage (%) of the absorbance of control cells. 

For analysis of cell death rate, cultured wild-type 20Q and mutant 
160Q-N2a cells treated with luteolin or DMSO were stained with PI 
(propidium iodide five µg/ml, 10 min) and then observed under an 
inverted fluorescence microscope to count the number of non-viable 
(red stained) and viable (unstained) cells in 10 different fields and 
averaged from 6 independent experiments. 

2.4. Fluorescent microscopy 

The cultured cells were fixed with 4% paraformaldehyde for 10 min 
at room temperature and then treated with 0.5% saponin (Fluka). They 
were then stained with 1:3,000 Hoechst nuclear labelling solution. The 
plates were then used directly for fluorescence microscopy to examine 
the expression of mhtt-160Q cherry and htt-20Q cherry. 

2.5. Western immunoblot 

For the cytoplasm and nuclear protein extraction, a buffer consisting 
of NP40 buffer (50 mM Tris pH 7.4, 50 mM NaCl, 0.1% Triton X-100, 1% 
NP40, protease inhibitor, Cocktail Pierce 78430) and 1 ml of PMSF, 
Sigma P-7626 was added to the cultured N2a cells based on the protocol 
previously described [Lin et al., 2016]. Culture lysates were sonicated, 
and the protein concentrations were determined using BCA assay. An 
equal amount of protein (80 ng/40 µl/lane) was separated on 12% SDS- 
PAGE gels. Proteins transferred to nitrocellulose membrane (GE 
Healthcare Life Sciences, Marlborough, MA, USA) were blocked in 5% 
non-fat dry milk in PBS for 30 min and then incubated in primary an
tibodies htt anti-mouse 1:1000, Nrf2 anti-rabbit 1:500, HO-1 anti-rabbit 
1:500, and Caspase3 rabbit 1:500, in 3% BSA/PBS overnight at 4℃. 
Mouse tubulin 1:10000 was used as a loading control. Secondary HRP- 
conjugated antibodies (Jackson Immuno-Research) in 5% milk were 
added to the membranes, incubated for two hours, and later visualized 
using Super Signal ECL (Pierce). The results were analyzed using a Bio- 
Rad Imaging Densitometer. 

2.6. Reverse transcription-polymerase chain reaction 

Total RNA from the mutant and wild-type htt cells treated with 
luteolin or vehicle was prepared using TRIZOL reagent (Invitrogen) 
according to the manufacturer’s instructions. RNA concentration and 
purity were determined using UV spectroscopy by measuring the 
absorbance at 260 and 280 nm, respectively. 

RNA was reversed transcribed into cDNA using QuantiTect Reverse 
Transcription Kit (Qiagen). Then, 1 µl of cDNA template was amplified 
by PCR in 50 µl total reaction volume containing 25 µl master mix and 
four pmol of the Cherry primers (5CTGCCCTCTCGCCTGGGA
CATCCTGT3 (forward) 5GGCCTCCCAGCCCATGGTCTTCTTC3 
(reverse)). PCR amplification was performed under the following: 94 ◦C 
for 3 min; 30 cycles of 94 ◦C for 30 s, 55 ◦C for 40 s, and 72 ◦C for 50 s, 
followed by 72 ◦C for 5 min. After amplification, the products were 
separated in a 2% agarose gel containing 0.03% ethidium bromide and 
visualized using the FastGene FAS-DIGI PRO Gel imaging system. 

2.7. Statistical analysis 

All images were analyzed using Image-pro Plus 6.0 image analysis 
software. Data were presented as the mean ± SD from six independent 
experiments. Statistical analysis was performed using SPSS Statistics 
17.0 software using one-tailed ANOVA and Student’s t-test. Differences 
between the means were considered significant if p < 0.05. 
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Fig. 2. Luteolin treatment protected the neuroblastoma cells against mutant htt cytotoxicity. The neuroblastoma cells were transfected either with the wild 
type htt 20 Q or the mutant htt 160Q, then treated with vehicle (0) or different concentrations of luteolin for 48 hrs. MTT assay was used to assess cell viability. 
Luteolin concentrations, 1.25, 2.5, and 5 ng/ml, show no viability reduction of the Wild type 20Q treated cells (A). Vehicle-treated 160 Q cells show a significant 
reduction in cell viability compared to the vehicle-treated Wild type 20 Q cells (B). The mutant 160 Q cells treated with 1.25, 2.5, and 5 ng/ml Luteolin concen
trations show a significant increase in cell viability compared to the vehicle-treated mutant cells. Data represented as mean ± SD *, p < 0.05; **, p < 0.01 vs. control. 
n = 6 in triplicates. 

Fig. 3. Luteolin increased the viability of mutant neuroblastoma cells. PI stain shows the cell viability of the wild type 20 Q and mutant 160Q htt cells after 
being treated with vehicle or luteolin (5 ng/ml) for 48 hrs. Arrowheads indicate htt aggregation (Green), while the remaining arrows show PI-positive cells (Red) (A). 
B) Shows quantifications of the PI-positive cells in the wild type and mutant htt cells as a percentage of average density 150X104/ ml. Mutant htt 160 Q cells show 
higher PI-positive cells than wild type 20Q cells. Luteolin treated 160 Q cells show a significant reduction in the PI-positive cells compared to vehicle cells. Scale bar: 
50 µm. Data represented as mean ± SD *, p < 0.05; **, p < 0.01 vs. control. n = 6 in triplicates. 

A. Ramadan et al.                                                                                                                                                                                                                              



Saudi Pharmaceutical Journal 31 (2023) 101871

5

3. Results 

3.1. Luteolin treatment protected N2a cells expressing mutant huntingtin 
from cytotoxicity 

The cells expressing the normal (20Q htt) or the mutant (160Q htt) 
were treated with luteolin concentrations of 1.25, 2.5, 5, and 10 ng/ml, 
respectively. There were insignificant differences in the mean percent
age of MTT transformation between the luteolin-treated (1.25––5 ng/ 
ml) normal cell-type (20 Q) cultures and untreated cells. However, the 
mutant (160Q htt) htt-expressing cells displayed an approximately 45% 

reduction in MTT conversion to formazan blue compared to the normal 
(20Q htt) expressing cells, indicating a reduction in cell survival (Fig. 2). 
On the other hand, the luteolin-treated htt mutant cells (160Q) had a 
significantly higher mean percentage of MTT conversion, 52% (p <
0.05), 66% (p < 0.05), and 85% (p < 0.01), for luteolin concentrations 
of 1.25, 2.5, and 5 ng/mL, respectively, compared to the untreated 
mutant htt cells which is indicative of higher cellular survival. The use of 
treatments with a luteolin concentration of 10 ng/ml showed cytotox
icity for both the mutant htt (160Q) and wild-type htt (20Q) cells 
(Fig. 2). Thus, the 5 ng/ml luteolin concentration, which showed the 
highest protective activity against mutant htt cytotoxicity, was used to 

Fig. 4. Caspase 3 expression was reduced in luteolin treated cells. A) Western blot detection of the cleaved caspase3 in the wild type 20 Q and mutant 160 Q 
cells treated with vehicle or luteolin (5 ng/ml) for 48 hrs. B) Western blot quantification shows significant inhibitions of the cleaved caspase 3 in the wild type and 
mutant htt cells treated with luteolin compared with the vehicle cells. Data represented as mean ± SD **, p < 0.01 vs control. n = 6 in triplicates. 

Fig. 5. Luteolin reduced aggregates in mutant htt cells. A) Immunofluorescence detection of the mutant htt 160 Q cells shows that luteolin (5 ng/ml) treatment 
reduces mutant htt aggregates (white head arrows) after 48 h of transfection. B) Western blotting detection of the mutant Htt aggregates and soluble protein in the 
cells treated with vehicle or luteolin for 24 and 48 h. Scale bar: 50 µm. 
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evaluate further their effectiveness in reducing htt aggregates. 
To confirm the protective activities of luteolin against mutant htt 

cytotoxicity, we utilized propidium iodide (PI) staining. The number of 
dye-positive cells stained red was significantly higher in the mutant htt 
cells than the wild-type cells (60%, p < 0.01, Fig. 3). Luteolin treatment 
significantly reduced PI-positive staining in mutant cells (20%), indi
cating more cell viability (p < 0.05, Fig. 3). Caspase-3 is an essential 
mediator of apoptosis. Hence, caspase 3 expression was assessed via 
western blotting. Western blot analysis showed that the htt 160Q mutant 
cells had an increased level of the pro-apoptotic active caspase3 
compared to the wild-type htt 20Q cells (p < 0.01, Fig. 4). Luteolin 
treatment significantly inhibited the active caspase3 expression in the 
mutant and wild-type htt cells, with a more pronounced effect in the 
mutant cells which demonstrates luteolin’s anti-apoptotic activities 
(Fig. 4). 

3.2. Luteolin treatment reduced the aggregated and soluble mutant htt in 
N2a cells expressing mutant huntingtin 

The mutated htt forms were shown to aggregate in the neurons at 
different parts of the brain of HD mice (Alpaugh et al., 2022). These 
aggregations have been linked to neuronal dysfunction and premature 
death. It has been proposed to form a spectrum of oligomeric species and 
different huntingtin oligomers in vitro that exhibit varying degrees of 
cytotoxicity (Subramaniam, 2019; Feng et al., 2018). 

We then assessed whether the observed protection of mutant htt cells 
after luteolin treatment resulted from the reduction of mutant hun
tingtin aggregations. Cells expressing N-terminal wild-type (htt 20Q) 
and mutant htt (mhtt 160Q) were treated with the luteolin or vehicle 
(control). The control cells expressing the mutant htt 160Q showed a 
marked time-dependent accumulation of the soluble and aggregates of 
the mutant htt protein (Fig. 5). These aggregates were found to be 
diffused into the cell cytoplasm, observed through a fluorescence mi
croscope. These diffused aggregates were markedly reduced upon 
luteolin treatment (Fig. 5). Furthermore, there was a decrease in 
aggregated htt expression in luteolin-treated htt 160Q (Fig. 5). The 
mutant htt protein aggregates were more abundant 48 h post trans
fection. Accordingly, 48 h was used as a time point to examine the 
protective efficacy of luteolin treatment against mutant htt aggregates. 
The observed accumulation of the mutant htt aggregates was drastically 
prevented by luteolin treatment, significantly reducing both soluble and 
aggregated mutant htt protein in a concentration- and time-dependent 
manner (p < 0.01 vs. non-treated group, Fig. 6). 

Evaluation of the selectivity effect of luteolin treatment showed that 
luteolin treatment (5 ng/ml) affected the mutant form. Indeed, the 
decrease in mutant htt 160 Q protein expression (aggregate and soluble 
forms) was evident compared to non-luteolin treated cells (Fig. 7). To 
ensure that the observed reduction in mutant htt aggregates was due to 
the effects of luteolin treatment on mutant htt protein degradation 
rather than htt gene expression, the htt mRNA expression level was 

Fig. 6. Luteolin reduced soluble and aggregated htt in a dose-dependent manner. A) Western blot detection of the htt protein in neuroblastoma cells transfected 
with mutant 160 Q and treated with vehicle or luteolin (2.5 and 5 ng/ml) for 48 hrs. B) and C) show a significant decrease in the soluble and aggregated mutant htt 
protein in cells treated with different concentrations of luteolin. Data represented as mean ± SD **, p < 0.01 vs control. n = 6 in triplicates. 
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assessed using RT-PCR. The luteolin-treated cells showed no significant 
difference in the htt mRNA expression level compared to the vehicle- 
treated cells mutant htt 160 Q transfected cells. Also, the htt mRNA 
expression was similar in the normal htt 20 Q and mutant htt 160 cells. 
This suggests that luteolin reduction of the mutated htt protein is not due 
to changes in RNA expression (Fig. 7). 

3.3. Luteolin treatment induced the Nrf2 ARE pathway 

Oxidative stress has been described as a significant mechanism in the 
pathogenesis of HD (Zheng et al., 2018). The htt mutant cells treated 
with H2O2 increased the accumulation of htt aggregates and cell death 
susceptibility (Iuchi et al., 2021). Hence, using antioxidants or 

Fig. 7. Luteolin reduced htt protein but not transcript expression. A) Western blot detection of the normal htt 20 Q and mutant htt 160 Q’s soluble and 
aggregated forms treated with luteolin 5 ng/ml or vehicle. B) Detection of htt mRNA expression in normal 20 Q and mutant htt 160 Q cells treated with luteolin 5 ng/ 
ml or vehicle using RT-PCR. C) shows the insignificant difference in the mRNA expression level of the normal 20 Q and mutant htt 160 Q cells treated with luteolin. 
Data represented as mean ± SD. n = 6 in triplicates. 

Fig. 8. Antioxidants expression was elevated in luteolin treated cells. Western blot detection of the Nrf2 (A) and HO-1, (B) in the wild type 20 Q and mutant 160 
Q cells treated with vehicle or luteolin (5 ng/ml) for 48 hrs (C) shows a significant increase in protein expression of Nrf2 in the wild type and mutant htt cells treated 
with luteolin compared to the vehicle cells. (D) shows a significant upregulation in Nrf2 downstream target HO-1 in the wild type and mutant htt cells treated with 
luteolin compared to the vehicle cells. Data represented as mean ± SD **, p < 0.01 vs control. n = 6 in triplicates. 
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enhancing and activating the antioxidant pathways will be a promising 
method to reduce mutant htt aggregates and inhibit their toxicity. 
Luteolin has been reported to activate the antioxidant pathway Nrf2- 
HO-1 pathway (Li et al., 2019; Siddique, 2021). To study whether 
treatment with luteolin can induce the antioxidant enzymes and protect 
the mutant htt cells from oxidative stress and cytotoxicity, Nrf2-ARE 
antioxidant pathway was assessed in the cells expressing the mutant 
htt 160Q or the wild-type htt 20Q treated with the luteolin or the 
vehicle. Western blotting analysis shows that luteolin treatment signif
icantly increased protein levels of Nrf2, the transcription factor 
responsible for activating many antioxidant enzymes, compared to 
vehicle-treated cells (p < 0.01, Fig. 8). Similarly, the Nrf2 downstream 
antioxidant target enzyme Ho-1 also showed a significant increase in 
protein expression levels in both mutant and wild-type luteolin-treated 
cells (p < 0.01 vs. non treated cells, Fig. 8). Note that the increased 
expression was more apparent in the mutant group compared to the 
wild-type (Fig. 8). 

This activation of the Nrf2-ARE signaling pathway in luteolin treated 
could be how it mediates its protective effects. We showed a significant 
accumulation of the soluble and aggregated mutant htt after inhibiting 
the Nrf2-ARE signaling pathway using Nrf2 siRNA in the mutant htt 
160Q. While the Nrf2 siRNA abrogates Nrf2 ARE function, luteolin 
treatment still reduced mutated and soluble htt aggregates (Fig. 9). 
Thus, luteolin reduction of soluble and aggregated mutant htt is inde
pendent of antioxidant Nrf2 ARE activation. 

4. Discussion 

Although the exact pathogenesis of HD remains unclear, it has been 
suggested that mutated huntingtin is responsible for mediating the 
pathogenesis process (Ghosh and Tabrizi, 2018). The accumulation of 
mutant htt neuronal aggregates is the main feature of the disease (Chung 
et al., 2018). Abnormal huntingtin (htt) protein interactions (Zhu et al., 
2019; Wanker, et al., 2019), oxidative stress and transcription factor 
deregulations are implicated in several poly-Q neurodegenerative dis
eases, including HD (Gkekas et al., 2021). The increase in reactive ox
ygen species production and oxidative stress cause damage to cellular 
macromolecules such as DNA, lipids, and proteins, ultimately resulting 
in necrosis and apoptotic cell death and damage of proteasome and 
autophagy pathways, resulting in increased aggregation and toxicity of 
mutant htt (Abramov et al., 2020). Therefore, inhibiting oxidative stress 
could represent an attractive therapeutic target to delay neuro
degeneration in HD, although the origin of oxidative stress in the disease 
has been complicated (Sharma et al., 2022). This study examined the 
potential neuroprotective effects of the well-known antioxidant luteolin 
and the mechanisms underlying the protection in the treated htt mutant 
cells. Our findings show that treatment with luteolin significantly pro
tected the mutant htt cells and prevented cell death and degeneration in 
this HD invitro model. Also, luteolin significantly reduced soluble and 
aggregated mutant htt cells aggregates. Furth more, luteolin induced the 
expression of the antioxidant pathway Nrf2-HO-1. 

Similar to our findings, amyloid plaque aggregate deposition was less 
in the Alzheimer’s disease (AD) fruit fly model that received 20 μM of 

Fig. 9. Silencing Nrf2 did not affect Luteolin mediated reduction of mutant Htt protein. (A) Western blot detection of mutant Htt protein in neuroblastoma cells 
transfected with 160Q, followed by silencing of Nrf2 or vector as control, then treated with vehicle or 5 ng/ml luteolin for 48 hrs. Quantification of htt protein shows 
a significant increase in mutant htt aggregates, (B) and soluble mutant htt, (C) in Nrf2 silenced cells compared to the vector control cells. Luteolin treatment 
significantly reduced both mutant htt soluble and aggregated proteins in the silenced Nrf2 and the vector control cells compared to the vehicle-treated cells. Data 
represented as mean ± SD **, p < 0.01 vs. control. n = 6 in triplicates. 
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luteolin than the unexposed ones. Furthermore, the apoptotic markers 
caspase 3 and caspase 9 activity was reduced in the luteolin recipient 
flies relative to the unexposed ones (Ali et al. 2019). Likewise, in an AD’s 
mouse model, where amyloid-beta oligomers were injected intra
cerebroventricularly into mice’s brains, Luteolin-treated mice’s 
amyloid-beta expression was reduced compared to the non-treated 
group. Also, the expression of the pro-apoptotic proteins Bax, Bcl-2, 
and Caspase-3 was reduced, while the anti-apoptotic marker Cox-2 
was increased in luteolin-treated mice compared to the brains of the 
amyloid-beta oligomers -injected group (Ahmad et al. 2021). These pro- 
and anti-apoptotic markers expression changes were also observed in 
another Triple transgenic (3 × Tg-AD) AD’s mouse model (He et al., 
2023), in addition to the reduction of TUNEL-positive neurons. Luteolin 
neuroprotective effect was also observed in the in vitro neurodegenera
tive model (SH-SY5Y), where monomers/aggregates and caspase-3 

activity were decreased in Luteolin-7-O-Glucoside treated cells 
compared to the non-treated cells (Rehfeldt et al. 2022). In a Parkinson’s 
disease transgenic Drosophila model that expresses wild-type human 
synuclein, luteolin decreased the expression of the pro-apoptotic cas
pases in a dose-dependent manner and preserved the dopamine content 
and dopamine neurons in the brain of PD flies in comparison to the 
unexposed ones (Siddique et al. 2018). luteolin-mediated reduction of 
brain cell death was also observed in HD transgenic fly lines that express 
the first coding exon of human htt encoding 96 glutamines. Additionally, 
molecular docking analysis revealed strong binding stabilization 
through hydrophobic and Vander Waals interaction between luteolin 
and htt protein (Siddique, 2021). Please refer to Tables 1 and 2 for 
further elaboration pertaining to luteolin anti-apoptotic and anti- 
aggregation effects. 

Our finding of luteolin-mediated antioxidant activity, evident by the 

Table 1 
Luteolin and its anti-apoptotic property in neurodegenerative disease models.  

Relevant studies ↓ Molecule Study samples Neurodegenerative 
disease 

Effect 

Current Study 
Abuelnor Mohammed 
et al., 2023 
(unpublished) 

Luteolin Neuroblastoma Cells Huntington Disease  Cleaved Caspase 3 expression was decreased in luteolin 
treated mutant Htt cells compared to the control. 

He et al., 2023 Luteolin Triple transgenic AD (3 × Tg-AD) mice Alzheimer’s disease Luteolin supplement significantly ameliorated memory and 
cognitive impairment of Alzheimer’s diseased mice. 
Luteolin treatment effectively increased the bcl-2 
expression levels and decreased Bax, CytC, cleaved- 
caspase9 and cleaved-caspase3 expression levels. Also, 
luteolin treatment reduced the ratio of TUNEL-positive 
neurons. 

Rehfeldt et al., 2022 Luteolin-7- 
O-Glucoside 

Neurotoxin 6-OHDA-Induced Damage in 
vitro neurodegenerative model (SH-SY5Y) 

Neuroblastoma cells  Caspase-3 activity was decreased in Luteolin-7-O- 
Glucoside-treated cells. vs. the non-treated cells. Lut7 
decreased the occurrence of nuclear condensation and 
fragmentation, characteristic features of apoptosis induced 
by 6-OHDA. 

Ahmad et al., 2021 Luteolin amyloid-beta oligomers were injected 
intracerebroventricularly into mice’s 
brains 

Alzheimer’s mouse 
model 

Pro-apoptotic proteins Bax, Bcl-2, and Caspase-3 were 
reduced, while the anti-apoptotic marker Cox-2 was 
increased in luteolin treated mice compared to the 
untreated ones. 

Siddique et al., 2021 Luteolin Transgenic fly lines that expresses first 
coding exon of human htt encoding 96 
glutamines 

Huntington’s disease Brains of flies fed a diet supplemented with luteolin had a 
decreased expression of the apoptotic markers caspase 3 
and 9 compared to the control. 

Ali et al., 2019 Luteolin fruit fly model expressing human Aβ42 Alzheimer’s disease Caspase 3 and caspase 9 activity was less in the luteolin 
recipient flies relative to the unexposed ones. 

Siddique et al., 2018 Luteolin Transgenic fly (Drosophila) lines that 
express wild-type 
human synuclein 

Parkinson’s disease The expression of caspase 3 and 9 in Parkinson’s diseased 
flies exposed to luteolin was reduced in a dose-dependent 
manner in the brain of Parkinson’s diseased flies vs. 
unexposed ones.  

Table 2 
Luteolin anti-aggregation property and protein deposition reduction in neurodegenerative disease models.  

Relevant studies ↓ Molecule Study samples Neurodegenerative 
disease 

Effect 

Current Study 
Abuelnor Mohammed 
et al., 2023 
(unpublished)  

Luteolin Neuroblastoma Cells Huntington Disease  Reduction of soluble and aggregated htt protein. 

Rehfeldt et al., 2022 Luteolin-7-O- 
Glucoside 

Neurotoxin 6-OHDA-Induced Damage in 
vitro neurodegenerative model (SH-SY5Y) 

Neuroblastoma cells  Monomers/aggregates were decreased in Luteolin-7-O- 
Glucoside-treated cells. vs. the non-treated cells 

Ahmad et al., 2021 Luteolin Amyloid-beta oligomers injected 
intracerebroventricularly into mice’s 
brains 

Alzheimer’s mouse 
model 

Amyloid-beta expression was reduced compared to the non- 
treated group. 

Ali et al., 2019 Luteolin Fruit fly model expressing human Aβ42  Alzheimer’s disease Deposition of amyloid plaque was less in the Alzheimer’s 
disease fruit fly model. 

Siddique et al., 2018 Luteolin Transgenic fly (Drosophila) lines that 
express wild-type 
human synuclein 

Parkinson’s disease The presence of dopaminergic neurons in the Parkinson’s 
diseased flies exposed to various doses of luteolin. Also, the 
exposure to luteolin showed a dose-dependent increase in 
the dopamine content in the brains of Parkinson’s diseased 
flies.  
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induction of the antioxidant pathway, agrees with findings in several 
neurodegenerative disease models. For instance, in an AD transgenic 
model, luteolin induced the activity of the antioxidants SOD and 
glutathione (GSH). Furthermore, luteolin increased the expression of 
uncoupling protein 2 (UCP2), a key player that prevents ROS production 
and hence protects neurons from oxidative stress (He et al., 2023, 
Table 3). Similarly, luteolin decreased the protein carbonyl content, 
lipid peroxidation and malondialdehyde (MDA), a biomarker of oxida
tive damage and O2 − levels in Parkinson’s disease models compared to 
non-luteolin recipients (Siddique et al. 2018; Reudhabibadh et al., 2021) 
(Table 3). Luteolin mediated increase the antioxidant enzymes SOD and 
CAT was also observed in an HD model (Siddique, 2021) (Table 3). 

Interestingly, Ali and Siddique (2019) indicated that in terms of the 
bioavailability of luteolin, it remains as glucuronides and sulphate- 
conjugates in the plasma after being metabolized. Also, toxicity was 
not observed at a dose of 100 mg/day in clinical trials (Ali and Siddique, 
2019). 

Several studies have highlighted the protective effects of Nrf2 acti
vation in reducing oxidative stress in both in vitro and in vivo models of 
neurodegenerative diseases (Brandes and Gray, 2020). Luteolin has been 
reported to upregulate the expression of HO-1 and Nrf2 (Xiao et al., 
2019; Al-Megrin et al., 2020). Similarly, we found that Nrf2 and HO-1 
expression was elevated in luteolin-treated cells, an effect that was 
enhanced in the mutant group. It is important to note that oxidative 
stress can result in protein aggregation due to oxidation of critical amino 
acids, resulting in protein structural changes, modulation of chaperone, 
proteasome and autophagy activity and many more mechanisms (Levy 
et al., 2019). Hence, we wanted to investigate if inhibiting the luteolin- 
mediated activation of the antioxidant Nrf2 would exacerbate htt cell 
aggregates. However, despite blocking the Nrf2 ARE antioxidant 
pathway, luteolin was still able to reduce the mutant htt aggregate. Our 
findings suggest that the luteolin antiaggregatory effect is independent 
of its antioxidant properties. 

With the mentioned results and relatively low toxicity, luteolin 
represents a new potential therapeutic and protective agent for treating 
and preventing neurodegenerative diseases such as HD, which are 
caused by proteins prone to intracytoplasmic aggregates. 

5. Conclusion 

Luteolin is a small-molecule flavonoid natural product found in 
many plants that can cross the blood–brain barrier. Our study concluded 
that luteolin effectively reduced the mutant huntingtin cytotoxicity, 
protected the neuroblastoma cells, and reduced soluble and aggregated 
mutant huntingtin proteins. The luteolin-mediated reduction of the ag
gregates was independent of the Nrf2 ARE antioxidant pathway. The 
findings will be validated in Huntington’s transgenic animal models. 
Furthermore, the cellular pathways involved in luteolin-mediated pro
tection will be further investigated. 
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