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Structured Abstract 

Aims: To compare free and nanoparticle (NP)-encapsulated epigallocatechin-3-gallate 

for the treatment of Huntington’s disease (HD)-like symptoms in mice. 

Material and Methods: EGCG was incorporated into PEGylated PLGA NPs with AA. 

HD-like striatal lesions and motor deficit were induced in mice by 3-NP-intoxication. 

EGCG and EGCG/AA NPs were co-administered and behavioral motor assessments and 

striatal histology performed after 5 days. 

Results: EGCG/AA NPs were significantly more effective than free EGCG in reducing 

motor disturbances and depression-like behaviour associated with 3-NP toxicity. 

EGCG/AA NPs treatment also mitigated neuroinflammation and prevented neuronal loss.  

Conclusion: NP encapsulation enhances therapeutic robustness of EGCG in this model 

of HD symptomatology. Together with our previous findings, this highlights the potential 

of EGCG/AA NPs in the symptomatic treatment of neurodegenerative diseases. 

 

Lay Abstract:  

Huntington’s disease (HD) is a debilitating neurodegenerative disease that affects around 

5-10/100,000 individuals in developed countries. It is caused by genetic alterations in the 

huntingtin (htt) gene. Efforts are being made to find treatments which will correct the 

genetic alterations or their pathophysiological consequences associated with HD, 
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however none of these options are yet available to patients. Thus, therapies that address 

and ameliorate the symptomatology of HD, which include motor dysfunction and a wide 

range of behavioural disturbances, are also needed. Epigallocatechin-3-gallate (EGCG) 

is a powerful compound extracted from the green tea plant that may possess beneficial 

effects for HD patients, but whose therapeutic success is limited because of its chemical 

instability. Here, we show that protective encapsulation of EGCG rendered it much more 

efficient in attenuating motor deficits and depression-like behaviour in a mice model of 

HD-like neurodegeneration. Importantly, behavioural improvement was also associated 

with a reduction of neuronal damage. These results, together with our previous findings 

using nanoparticle-encapsulated EGCG in mouse models of Alzheimer's disease and 

epilepsy, highlight their potential effectiveness for symptomatic treatment of 

neurodegenerative diseases. 

 

Graphical Abstract 

 

 

 

1. Introduction 

Neurodegenerative diseases diseases are increasingly prevalent in developed 

countries [1]. Huntington’s disease (HD), an autosomal neurodegenerative disease, is 

mainly characterized by a motor dysfunction accompanied by behavioural disturbances 

ranging from irritability, apathy to depression and cognitive decline [2]. Specifically in 

HD, a region of repetitive CAG trinucleotides in exon 1, which encodes a polyglutamine 

stretch normally varying between 6 and 35 in length, is expanded, resulting in 

polyglutamine stretches exceeding 38 repetitions and leading to varying degrees of HTT 
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protein misfolding [3]. Misfolded HTT often aggregates, forming insoluble amyloid-like 

deposits, which possess cytotoxic activity and eventually induce cell death. Although 

disease-causing HTT variants are expressed from birth in all tissues of all HD patients, 

only the nervous system is ultimately affected by this misfolded protein response and only 

in later stages of life [4]. The most affected brain area is the corticostriatal region, 

indicating that striatal neurons are disproportionally sensitive [5]. However, despite these 

mechanistic insights, the consequences of HTT polymorphisms and the normal  

physiological role of HTT remain poorly understood [6]. 

Currently, HD affects ca. 5-10/100,000 individuals in developed countries with 

recent rises potentially linked to an increase in mutation rates [7]. HD is a chronic 

pathology without cure, with affected individuals expected to survive for 15–20 years 

after the onset of first symptoms [8]. Current efforts to find an effective HD cure are still 

at the stage of pre-clincal or clinical testing. These include; HTT-lowering therapies with 

focus on reducing transcript or protein accumulation through the use of antisense 

oligonucleotides (ASOs) or siRNA; regulating homeostasis of mutant HTT protein by 

inhibiting aggregation or promoting the HTT clearance; and reducing neuroinflammation. 

Additionally, much research also focuses on finding symptomatic treatment of HD [9–

12]. Indeed, the only two drugs currently approved by the Food and Drug Administration 

(FDA) for the treatment of HD belong to this latter therapeutic class. Both tetrabenazine 

and its deuterated derivative SD-809 (deutetrabenazine) suppress specific symptoms of 

HD, namely spasmodic involuntary movements, commonly known as “chorea”. 

However, they also lead to serious adverse effects, such as deterioration of pre-existing 

depressions in patients.[13].  

Phytochemicals have potential for neuroprotection and neurodegenerative 

diseases [14]. In this regard, epigallocatechin-3-gallate (EGCG), which is its most 

abundant polyphenol constituent of the green tea plant Camellia sinensis, has attracted 

considerable interest in recent years [15]. Many beneficial effects of the green tea plant, 

Camellia sinensis, have been attributed to EGCG, which is its most abundant polyphenol 

constituent [16]. A number of hydroxyls groups and aromatic rings significantly 

contribute to the potent antioxidant activity of EGCG [16]. However, they are also 

responsible for the low physicochemical stability of EGCG, which, together with low 
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intestinal absorption, significantly reduces its bioavailability and thus currently 

compromises its promising therapeutic potential [17]. 

Nanosystems used to develop controlled drug delivery systems, include many 

types of vehicles, core matrices and particle sizes. Their most important characteristics 

are the ability to increase the physicochemical stability of encapsulated compounds, 

improve drugs solubility and bioavailability problems, sustained release, control their 

pharmacokinetic, reduction of adverse effects and targeting to a specific organ [18]. 

Currently, polymeric nanoparticles (NPs) are among the most explored vehicles in 

nanomedicine, specifically those composed of  poly (lactic-co-glycolic acid)  (PLGA) 

matrices [19,20]. Polymeric NPs can be formulated as nanospheres or nanocapsules, 

depending on the structural arrangement of the polymer. Nanocapsules have a liquid core 

surrounded by a polymer cover, whereas nanospheres are entirely composed of a 

polymeric matrix. Importantly, whereas the active, vectorised compound is dissolved in 

the liquid core of nanocapsules, it is dispersed in the intramatrix space or adsorbed on the 

surface of nanospheres [21]. Furthermore, PLGA NPs are frequently surface modified 

using polyethylene glycol (PEG), leading to improved aqueous solubility and reduced 

immunogenicity, which are both thought to contribute to lower rates of NP clearance and 

increased long term NPs stability [22]. 

We have previously shown that incorporation of ECGC into PEGylated PLGA 

nanoparticles improves bioavailability and effectiveness and renders it more effective in 

treating seizures in a mouse model of temporal lobe epilepsy [23]. Further improvement 

of this nanosystem is achieved by additional co-loading of the NPs with ascorbic acid 

(AA) [24]. Oral administration of such EGCG/AA NPs improves pharmacokinetics in the 

circulation and crucially higher EGCG levels in the brain of mice, resulting in improved 

therapeutic efficacy in a mouse model of Alzheimer's disease [24]. In light of this clear 

therapeutic potential of EGCG in attenuating neurodegeneration, it is noteworthy that 

ECGC also inhibits the aggregation of mHTT protein in a dose-dependent manner in 

vitro, and leads to  morphological and behavioral improvements in transgenic HD flies 

[25]. Here, we tested if EGCG and EGCG/AA NPs have therapeutic benefit in mice 

intoxicated with 3-nitropropionic acid (3-NP). This mitochondrial toxin causes bilateral 

striatal lesions in the brain and has been extensively used to model HD- like motor deficit 

symptoms [26]. Collectively, our data showed that EGCG formulated in NPs was more 
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effective than free EGCG in correcting cellular and behavioural dysfunction in this mouse 

HD model. 

2. Materials and Methods  

2.1 Preparation of NPs 

EGCG/AA NPs were prepared by double emulsion method and optimized with a 

central composite factorial design as previously described [24]. Briefly, the internal water 

phase (W1) composed by 1 ml of MQ water with EGCG (Capotchem Hangzhou, 

P.R.China) and AA (Sigma Aldrich, Madrid, Spain) was emulsified with the organic 

phase, 1.5 ml of ethyl acetate containing a dissolved amount of PLGA-PEG 5% (O) 

(Evonik Co., Birmingham, USA). The simple emulsion (W1/O) was obtained by an 

ultrasounds cycle (Ultrasounds probe Sonics&Materials, INC. Newtown, USA) at 37% 

amplitude during 30s. Then, 2 ml of the external water phase (W2), composed by 

Tween®80 2.5% as surfactant (Sigma Aldrich, Madrid, Spain), were added to the simple 

W1/O emulsion and subjected to an extra ultrasounds cycle at the same amplitude for 3 

min to lead to the formation of the double emulsion (W1/O/W2). The entire procedure was 

carried out in an ice bath. Finally, 2 ml of an aqueous solution of 0.04% Tween®80 was 

added dropwise to stabilize the emulsion and the organic solvent was evaporated by 

stirring during 24 h (Figure 1A).  

2.2 Transmission electron microscopy  

Transmission electron microscopy (TEM) was used to confirm the morphological 

properties of the developed NPs. Samples were diluted (1:10) and fixed on the surface of 

activated copper grids (UV light). To visualize the particles, NPs were subjected to 

negative staining with uranyl acetate (2%). Images were taken on a Jeol 1010 microscope 

(Jeol USA, MA, USA).  

2.3 X-ray diffraction  

EGCG/AA NPs were ultracentrifuged (Optima® LE-BOK Ultracentrifuge, 

Beckman, USA) at 25,000 g, 15 ºC for 15 min, and the pellet dried and pulverized to 

obtain the dry powder samples.  

X-ray diffraction (XRD) was used to evaluate the crystalline status of EGCG/AA 

NPs components. Pulverized samples were placed in polyester films and exposed to CuK” 
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radiation (45 kV, 40 mA, ʎ= 1.5418 Å) in a range (2θ) from 2 ºC to 60 ºC and a measuring 

time of 200 s per step.  

 

2.4 Cellular in vitro assays 

2.4.1 Hemolysis  

Hemolysis tests were performed as described elsewhere [23]. Briefly, blood from 

C57BL/6 mice was extracted by maxillofacial puncture and collected in heparinized 

tubes. Samples were centrifuged at 4,000 rpm for 5 min and erythrocytes were re-

suspended in 0.9 % NaCl. Then, triplicate samples of 1 ml of free EGCG or NPs 

formulations were incubated with 100 µl of erythrocyte suspensions for 30 min, 6 or 12 

h in a shaking water bath at 37 ºC. Distilled water and 0.9% NaCl were used as positive 

and negative controls, respectively. Finally, oxidation of released hemoglobin (OxHb) 

was promoted by exposing samples to light and its absorbance was measured with a GE 

Healthcare Genequant 1300 spectrophotometer at 540 nm. Up to 10% of hemolysis was 

considered as non-toxic.  

 

2.4.2 Cytotoxicity  

The cytotoxicity of EGCG/AA NPs was evaluated in PC12 and GPNT cells,  

widely-used culture models for neuronal and  brain microvascular endothelial cells, 

respectively [27,28]. Both naive and differentiated PC12 cells were used to account for 

potential differences in susceptibility between proliferative and differentiated states 

[29,30]. Differentiated and undifferentiated PC12, as well as confluent GPNTs were 

exposed to increasing concentrations of EGCG/AA NPs for 24 h. PC12 viability was 

measured by means of Alamar Blue assay (Promega) in a FluoStar Optima Plate Reader 

(BMG Labtech, USA) at 544/590 nm.  GPNTs viability was analysed by measuring the 

absorbance of MTT reduction in a Safire microplate reader (Tecan, Reading, UK) at 540 

nm.  

2.5 In vivo tests 

2.5.1 Animals, experimental groups and treatment schedule 

Every effort was made to reduce the number of animals and minimize animal 

suffering. All procedures involving animals were conducted in strict accordance with the 

European Community Council Directive 86/609/EEC, EU Directive 2010/63/EU for 



   

8 

 
 

animal experiments, the procedures established by the Department d′Agricultura, 

Ramaderia i Pesca of the Generalitat de Catalunya and approved by the local ethical 

committee (University of Barcelona). Male C57BL/6 mice (6 weeks, 21–25 g) were 

purchased from Envigo© (Europe region, Spain). They were kept at 23 ºC with a 12 h 

light-dark cycle and had access to food and water ad libitum. 3-NP was used to induce 

HD-like symptoms  [31,32]. After environmental adaptation, animals were randomly 

divided into four groups (with at least 8 mice per group): saline control group (CTRL), 

3-NP control group (3-NP), 3-NP + free EGCG treated group (free EGCG) and 3-NP + 

EGCG/AA NPs treated group (EGCG/AA NPs). Mice were injected intraperitoneally 

(i.p.) with EGCG or EGCG/AA NPs (containing 50 mg/kg of EGCG) and 1 h later with 

3-NP (70 mg/kg) (Sigma Aldrich, Madrid) every day for 5 days. Equal volumes of saline 

were injected in control groups. At the end of the treatments, behavioural tests were 

performed (Figure S1 of Supplementary material).  

2.5.2 Beam walk test 

Beam walk tests (BWT) were performed as described Babu et al. with some 

modifications [33]. Briefly, motor performance was assessed by measuring the ability of 

mice to traverse a horizontal wood beam (1 cm x 80 cm) suspended 50 cm above a padded 

surface. The day before the test, animals were allowed to cross the beam 3 times for 

training purposes. Maximum test time was 60 s. Latency to cross the beam, speed, 

distance travelled, immobility periods and falls were recorded. 

2.5.3 Open field test  

Open field tests (OFT) were conducted as described in previous studies [32]. 

Briefly, exploratory and spontaneous locomotor activities of mice were tested in the 

center of a 50 cm diameter platform surrounded by 30 cm walls. After allowing 5 min for 

the mice to adapt to the novel environment, motor activities were recorded during a 10 

min session. The ambulation distance and mean speed was recorded using SMART V3.0 

(Panlab Harvard Apparatus, Germany) video tracking system. The test area was 

thoroughly wiped with a cloth containing ethanol solution 70% after each session to 

prevent any bias from olfactory cues. 

2.5.4 Tail suspension test  

The tail suspension test (TST) was selected as a measure of depression-like 

behaviour [32,34]. Mice tail ends were fixed to a raised structure 50 cm from the ground 
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and animals were hung upside down such that their bodies were suspended during a six-

min session. Immobility time was scored during the final 4 min of the session as the time 

that mice spent hanging in an immobile position without any desire to free themselves.   

2.5.5 Neurological scoring (movement analysis) 

Movement analysis was used to derive a neurological scoring as previously 

described Ludolph et al. [35]. Briefly, neurological deficits on day 5 were evaluated on a 

0-4 scale as follows: normal behaviour (0), general slowness of displacement resulting 

from mild hind limb impairment (1), marked gait abnormalities and incoordination (2), 

hind limb paralysis (3), movement incapacity resulting from fore limb and hind limb 

impairment (4).  

2.6 Ex vivo assays 

2.6.1 Immunohistochemistry assay 

At the end of treatments and behavioural assays, mice were sacrificed by i.p. 

injection of ketamine:xylazine (100 mg:10 mg/kg, respectively) and perfusion with PFA 

4%. Brains were removed and maintained at 4 °C in a 30 % sucrose PFA solution until 

coronal sections of 20 μm of thickness were cut using a cryostat (Leica Microsystems, 

Wetzlar, Germany). Brain slices were subjected to immunohistochemistry as described 

elsewhere [23]. Primary polyclonal antibody against glial fibrillary acidic protein (GFAP) 

(1:1000; Dako Chemicals, Glostrup, Denmark) and secondary antibody AlexaFluor 594 

goat anti-rabbit (Red, 1:1000; Life Technologies, Cambridge, UK) were used. Image 

acquisition was carried out using an epifluorescence microscope (BX41, Olympus, 

Germany) equipped with MercuryShortArc HBO™ 103 W/2 laser; Olympus DP70 

camera; UPlanFI 20x/0.50 Ph1, UPlanFI 10x/0.30 Ph1 and Plan 4x/0.10 lenses; Olympus 

DP Controller 1.1.1.65 software). 

2.6.2 Fluoro-Jade C histochemistry  

 

Fluoro-Jade C (FJC) staining was performed to evaluate neurodegeneration as 

described elsewhere [36]. Briefly, brain slides were immersed in 0.06 g/l of KMnO4 and 

transferred to the staining solution containing 0.1 % of acetic acid and 0.0001% of FJC 

for 30 minutes in the dark. Then, the slides were dried, submerged in xylene and mounted 

http://www.sciencedirect.com/topics/neuroscience/intraperitoneal-injection
http://www.sciencedirect.com/topics/neuroscience/intraperitoneal-injection
http://www.sciencedirect.com/topics/neuroscience/ketamine
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on gelatin-coated glass with DPX mounting media. Samples were imaged using an 

epifluorescence microscope (Olympus BX61). 

 

2.6.3 Nissl staining 

Nissl staining has been widely used to detect neuronal degeneration in different 

models of HD [37,38]. Brain coronal sections (20 µm thick) were rinsed with PBS, 

transferred to gelatin-coated glass and air dried for 24 h. Subsequently, slides were 

hydrated by consecutive immersion in 90 % EtOH, 70 % EtOH, and distilled water before 

staining with cresyl violet 0.1%. Slides were then washed twice with distilled water and 

dehydrated by consecutive immersion in 70 %, 90% and 100 % EtOH, and then twice in 

xylene. Finally, slides were air dried and covered using DPX. Stained sections were 

analysed using an Olympus BX61 microscope and stained neuronal cells were manually 

counted in a double-blind setup.  

2.7 Statistical analysis 

All quantitative data were processed using GraphPad 6.0 Prism and analysed for 

normal distribution using the D'Agostino & Pearson omnibus normality test. For normally 

distributed data groups comparisons were performed by one-way ANOVA followed by 

Tukey post hoc tests. All other data was analysed by non-parametric one-way Kruskal-

Wallis test followed by Dunn's multiple comparisons. Statistical significant difference 

was set at P<0.05 (*). 

 

3. Results 

3.1 Physicochemical characteristics of optimized EGCG/AA NPs formulation 

EGCG/AA NPs were previously optimized, thus leading to a formulation composed by 

2.5 mg/ml of EGCG, 2.5 mg/ml of AA and 14 mg/ml of PLGA-PEG [24]. This 

composition results in particles with an average size (Zav) of 124.8 ± 5.2 nm, 

monodisperse population with a polydispersity index (PDI) of 0.054 ± 0.013 and a zeta 

potential (ZP) of -15.7 ± 1.7 mV. Such EGCG/AA NPs release almost 50% of the loaded 

drug in sustained fashion from the polymeric matrix at 24 h, and EGCG stability is 

significantly increased due to the incorporation of EGCG into the developed nanocarrier 

[24].  
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Additional TEM analyses showed that EGCG/AA NPs were perfectly spherical, 

possessed a smooth surface and did not display any aggregation phenomenon (Figure 

1B). Moreover, the PEGylated cover was clearly identified by TEM (Figure 1B, inset). 

All physicochemical EGCG/AA NPs characteristics are summarized in Table 1. 

The crystalline or amorphous state of substances is one of the physicochemical 

characteristics that strongly determines their biopharmaceutical behaviour. EGCG and 

AA displayed intense sharp peaks at diffraction angles, suggesting properties of both 

drugs typical of crystallization. Major XRD experimental peaks of 95% pure EGCG 

correlated with those obtained from literature [39] [experimental (literature)]: 5.13 (5.72), 

8.46 (8.63), 10.30 (10.40), 12.09 (11.99), 17.00 (16.99), 20.70 (20.66), 24.51 (24.66), 

29.47 (29.65). Free EGCG and AA showed XRD profiles of crystalline compounds. 

PLGA-PEG exhibited an amorphous pattern typical of copolymers.  Empty and drug-

loaded NPs displayed similar XRD profiles to PLGA-PEG polymer profile alone, 

indicating that new covalent bonds were not created between EGCG or AA and PLGA-

PEG. Thus, these results demonstrate that both EGCG and AA were properly 

encapsulated inside the polymeric matrix, maintaining their crystallinity, and by 

inference, their effectiveness (Figure 1C). 

3.2 Cellular viability assays 

Hemolysis assays were performed and showed that both free and loaded-EGCG 

led to less than 10 % erythrocyte breakdown for assay times up to 12 h and free EGCG, 

AA and EGCG/AA NPs at concentrations up to 2.5 mg/ml (Figure 2A, Table S1 of 

Supplementary material). Brain endothelial GPNT cells treated with increasing 

concentrations of EGCG/AA NPs for 24 h remained viable, with only some insignificant 

reduction in cell viability at very high EGCG concentrations (450 µg/ml for 24 h). (Figure 

2B). Undifferentiated PC12 showed no reduction in viability in presence of up to 300 

µg/ml NP-formulated EGCG (Figure 2C). In contrast, when cultured under 

differentiating conditions, PC12 cells were more sensitive. Cell viability diminished in 

response to EGCG/AA NPs at concentration greater than 80 µg/mL. However, it never 

dropped below 50% within the concentration range tested and consequently, a half 

maximal inhibitory concentration (IC50) could not be determined.  

 

3.3 EGCG/NPs ameliorated 3-NP-induced neurological deficits 
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Neurological deficits induced by 3-NP toxicity were evaluated by movement 

analysis. 3-NP resulted in clear motor abnormalities, with these mice displaying an 

average neurological score of nearly 3, corresponding to hind limb paralysis (Figure 3A). 

These mice generally exhibited slowness, motor incoordination and common hind limb 

paralysis. Importantly, more than 50% of 3-NP mice exhibited score values higher than 

3, with two of them being completely immobile. Treatment of 3-NP mice with free EGCG 

resulted in a significant improvement in the neurological score, with none of the treated 

animals showing any sign of hind limb paralysis or inability to move. EGCG/NP 

treatment was even more effective; this treatment group displayed a score value close to 

0.  

3.4 EGCG/AA NPs on 3-NP reduced depression-like behaviour  

Time spent in immobility in the TST was used to evaluate potential depression. 

By this measure, as illustrated in Figure 3B, EGCG possessed a potent antidepressant 

effect in 3-NP HD-induced mice.  

3.5 EGCG/AA NPs improved 3-NP induced motor disturbances  

We used 3-NP intoxicated mice to model symptoms of HD and evaluate the 

effectiveness of EGCG to reduce associated motor disturbances. BWT and OFT are useful 

tests to evaluate motor skills, balance and fine coordination, and have been widely used 

to analyse motor alterations in a variety of different HD mouse models [31,40,41]. When 

subjected to a BWT assay, more than 55% of 3-NP mice fell from the beam, as opposed 

to none in the untreated control group (Table 2). None of the EGCG/AA NPs treated 3-

NP mice exhibited any fall, either. Figure 3C shows the typical loss of gait posture 

observed in 3-NP mice and its absence in animals that were also treated with EGCG/AA 

NPs. Significantly, 3-NP mice took on average ca. 20 times longer to cross the beam than 

untreated littermates (Figure 3D). EGCG/AA NPs, but not free EGCG treatment 

significantly reduced crossing time; with average crossing times being close to those of 

control animals.  The distance travelled on the beam was reduced ca. 2-fold in mice 

subjected to 3-NP but was within control values with animals treated with either free and 

NP-formulated EGCG (Figures 3E). 3-NP-treated mice also travelled at much reduced 

speed. In contrast, with EGCG/AA NPs but not free EGCG treatment these 3-NP mice 

travelled again at control speeds (Figures 3F). In summary EGCG/AA NPs treatment 
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significantly ameliorated performance of 3-NP mice in BWT. A clear improvement in 

agility of movements, coordination, body posture and gait, all very similar to those control 

littermates, was also observed as illustrated in the accompanying video (Supplementary 

material). 

OFT, also frequently used to analyse motor disturbances in mice [42] confirmed 

our BWT observations. Intoxication with 3-NP led to significant reduction in the 

movement distance and speed of mice. EGCG/AA NPs treatment prevented these 

deficiencies, and significantly more so than free drug. (Figure 3G, 3H). All detailed data 

obtained in the behavioural tests are summarised in Table 2.  

3.6 EGCG/AA NPs reduce astrogliosis  

Neuroinflammation was evaluated by analysing astrocyte activation and 

concomitant enhanced GFAP expression by immunohistochemistry [43]. In both, the 

caudoputamen and hippocampal regions, 3-NP intoxication led to enhanced astrocyte 

reactivity, as well as changes in cell morphology, with dendritic alterations clearly evident 

(Figure 4A). Both free and NPs-loaded EGCG administration reversed 3-NP-induced 

astrocyte reactivity in both brain regions. Whilst free EGCG did not normalize cell and 

dendrite morphology completely, EGCG/AA NPs treatment clearly did. Quantitative 

analysis confirmed that EGCG/AA NPs treatment significantly reduced the number of 

reactive astrocyte in 3-NP mice, not instead the free drug (Figure 4B). 

3.7 EGCG/AA NPs reduce striatum neuronal death 

FJC and Nissl staining were used as measures for neurodegeneration [38,44,45]. 

FJC showed that the brain area most affected by 3-NP intoxication was the dorsal 

striatum. Here, 3-NP mice clearly showed an intense FJC signal compared to control 

littermates, which barely displayed any sign of staining (Figure 5A). Both free and NPs-

loaded EGCG treatments strongly reduced 3-NP-induced FJC staining. However, 

quantification of affected area showed that only EGCG/AA NPs appeared to be 

significant compared to those non-treated littermates.  

Strong differences in Nissl brain staining between control and 3-NP-intoxicated 

mice were found in the lateral septral complex and the caudoputamen, both in frontal 

midbrain sections. As shown in Figure 5B, the total number of striatal neurons in Nissl-

stained sections was significantly decreased in the 3-NP group. Brains of these animals 
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also displayed  deformation of the neuronal body and dendrites, typical alterations of 

neuronal morphology associated with neurodegenerative processes [37,38,46,47] Striatal 

neuronal loss in 3-NP mice compared to control littermates ranged from between ca. 75% 

in the caudoputamen of midbrain sections to ca. 44 % and 48% in the caudoputamen and 

lateral septral complex of frontal brain sections, respectively. Free EGCG treatment was 

not able to significantly reduced 3-NP-induced neuronal loss in the analysed areas. 

Significantly, EGCG/AA NPs nearly completely prevented neuronal loss in the 

caudoputamen striatum, with neuronal cell loss completely absent and ca. 18% in in the 

caudoputamen of middle and frontal brain, respectively, and ca. 18% in the lateral septral 

complex of frontal brain (see also Supplementary Table S2).  

4. Discussion 

HD is a disabling ND caused by autosomal dominant mutations in the HTT gene 

that are related with nerve cell death. Despite this clear genetic link, there is no effective 

cure to date. Nevertheless, therapeutic strategies targeting the HTT gene and its 

expression are increasingly explored, with some at advanced stage. Currently, two types 

of ASOs are in clinical development for HD: the allele-specific ASOs, WVE-120101 

(NCT03225833) and WVE-120102 (NCT03225846) and the non-allele specific ASO, 

IONIS HTTRx (NCT02519036) [8]. However, in line with many other ND, HD 

management and cures are generally recognised to require a multi-target approach, with 

those focusing on HD neurological symptoms continuing to be important, either as 

principal or adjunct treatment option [8].  

Amongst phytochemicals, EGCG has increasingly drawn interest as a potential 

therapeutic due to its natural origin and its many beneficial properties [15]. In its free 

form, the therapeutic use of EGCG is limited because of limitation in bioavailability. 

Nevertheless, there is increasing evidence that EGCG may be beneficial for diseases 

without effective treatments and unclear etiology, such HD. Indeed, some studies have 

already evaluated the effect of EGCG in pre-clinical models of HD. Ehrnhoefer et al. 

carried out a study in an in vitro yeast model and transgenic flies of HD [25]. This study 

reported for the first time that EGCG can beneficially modulate HTT protein misfolding, 

resulting in a decrease of protein aggregation and cytotoxicity, and improvement of motor 

function. Likewise, Kumar and colleagues evaluated the effect of EGCG in 3-NP-

intoxicated rats [48]. In this case, authors report that EGCG is able to restore the 
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glutathione system and improve memory processes. Lastly, in 2015 a phase II clinical 

trial of 12-month EGCG treatment in HD patients was initiated (NCT01357681). Its 

primary outcome evaluates changes of cognitive functions; however, results are not yet 

available.  

Our study focused on EGCG loaded into PEGylated PLGA NPs under an 

antioxidant environment. Our previous studies show that the incorporation of EGCG into 

this nanocarrier results in an improvement of drug physicochemical stability and an 

enhanced EGCG bioavailability, as well as its sustained release from the polymeric 

matrix [24]. PEGylation of this polymer matrix and the use of Tween®80 as surfactant 

were specifically selected to develop these NPs since available evidence indicates that 

these components act as enhancers of NPs penetration to the brain [49,50]. Likewise, the 

biocompatibility, biodegradability, safety, easily elimination and surface modification 

versatility of PLGA provide a matrix with many advantages for the delivery of different 

drugs with widely different chemical characteristics in biomedical applications [51,52]. 

Our results here also demonstrated that the developed nanocarrier efficiently incorporates 

EGCG into the polymeric matrix, preserves the crystallinity properties of both drugs, and 

thus combined with a small Zav, monodisperse population, high negative surface charge 

and elevated loading capacity give rise the appropriated characteristics for drug enhanced 

brain delivery. 

EGCG/AA NPs did not display relevant cytotoxicity towards blood, neuronal and 

brain endothelial cells, and this was in full agreement with studies using similar 

nanocarriers [23,53]. In particular, the polymer on its own appears to have little effect on 

cells at the low concentrations present in vivo [24]. We also showed here that high 

concentrations of free or loaded EGCG, or empty NPs did not affect the integrity of red 

blood cells, again in line with previous studies [54–56]. No cytotoxicity of EGCG/AA 

NPs was detectable in cultured brain GPNT endothelial cells or undifferentiated PC12 

neuronal cells. In accordance with results reported by Asaki et al. showing that 

differentiated PC12 are typically more sensitive [29],  we found that differentiated PC12 

exhibited some sensitivity towards EGCG/AA NPs. However, this was only seen at 

concentrations above 80 µg/ml (p<0.05); a concentration, which was never reached in 

vivo: even if all of the 50 mg/kg we injected i.p. into mice was in the circulation, this 

would translate to less than 1 mg/ml in the blood. We have previously shown that this 
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nanosystem does not accumulate in the brain at more than 1/1000 of the circulating 

concentration [24], i.e. in the present at 1 µg/ml as a theoretical maximum and well below 

any cytotoxicity seen in differentiated PC12 cells. This confirmed that EGCG can be 

safely used in a neuronal environment, with protective effects of EGCG in (6-OHDA)-

induced Parkison’s disease model in PC12 cells also previously reported[57].  

We chose to assess the effectiveness of EGCG and EGCG/AA NPs in 3-NP 

intoxicated mice, which, whilst not faithfully reproducing the genetically driven 

pathology and aetiology of HD, have been used extensively to model striatal lesions and 

motor deficit reminiscent of HD [26,31,58]. Using this model, we were able to show for 

the first time that the prophylactic administration of EGCG significantly improved the 

motor performance of 3-NP intoxicated. Significantly, whilst treatment with free EGCG 

positively affected some measures of motor performance such as distance travelled in 

BWT and speed in OFT, it was the treatment with the NP-encapsulated EGCG, which led 

to normal motor behaviour in all measured parameters of BWT and OFT. Furthermore, 

we noted normalisation of behavioural traits associated with depression by treatment with 

both free and encapsulated EGCG. Previous studies have already shown the beneficial 

effects of EGCG on locomotion in different animal models. HD is categorized in a less 

common neurological disorders group, together with motor dystrophies, such Duchenne 

muscular dystrophy [59]. Thus, In 2012, Nakae and collaborators reported that oral 

administration of EGCG to mdx mice, a mild phenotype model of Duchenne muscular 

dystrophy, significantly increases the locomotor activities [60].  Other have also reported 

that chronic EGCG treatment improves motor performance in motor neurodegenerative 

diseases, such amyotrophic lateral sclerosis [61]. The present study adds to this body of 

evidence and, in addition, demonstrates clear therapeutic superiority of using EGCG 

stabilised and protected in a nanocarrier, such as in our EGCG/AA NPs.   

In vivo results also showed a reduction of 3-NP-induced neurotoxicity in mice 

when EGCG was co-administered with the 3-NP. The presence of AA (used at 50 mg/kg 

in our experiments) may have also contributed to mitigating symptoms of 3-NP toxicity: 

a previous study shows that AA at 100 mg/kg protects somewhat from 3-NP-induced 

oxidative damage [62]. However, given the demonstrated and greater overall 

effectiveness of free EGCG [15] and AA-free EGCG NPs [23] in models of NDs, a direct 

neuroprotective effect of AA can probably be discounted in favour of its EGCG 
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stabilising function. Importantly, we found again that overall EGCG was significantly 

more effective when used formulated as EGCG/AA NPs.  EGCG-enhanced brain function 

as suggested by our behavioural assays was correlated by cytological observation, since 

EGCG reduced 3-NP-induced astrogliosis and neurodegeneration in the hippocampus and 

the striatum. Furthermore, EGCG was clearly neuroprotective in the striatum. The 

involvement of striatum in motor functions, especially the caudoputamen region, is 

widely recognised, as well as the relation between striatal neuronal loss and HD motor 

impairment [63–65]. Accordingly, we observed reduced neurodegeneration in the 

caudoputamen and the lateral septral complex; most significantly when EGCG/AA NPs 

were used. Importantly, these cytological observations correlated well with improved 

motor performance observed in these mice. EGCG also protects motor neurons in other 

models, such a transgenic mice model of amyotrophic lateral sclerosis or cultures of rat 

spinal cords [66,67]. Overall our results show that neuroprotection through EGCG 

treatment translated into strongly improved motor behaviour in a rodent preclinical model 

of HD.   

5. Conclusions 

In summary, the current study adds to increasing evidence of significantly 

improved pharmacological effectivity of EGCG when co-loaded with AA into PLGA-

PEG NPs. Indeed, NP encapsulation clearly renders EGCG more robust for in vivo 

application and thus EGCG/AA NPs will facilitate future pre-clinical studies assessing 

the effectiveness of this phytochemical in ND. In 3-NP-induced HD-like mice, 

EGCG/AA NPs effectively restored locomotor performance and overall neurological 

score. It also reduced depression-like behaviour, neuroinflammation and 

neurodegeneration. Our study did not elucidate if EGCG/AA NP affected HTT driven 

pathology; more elaborate genetic models are required for that. Nevertheless, our data 

highlighted the potential benefits of this novel NP formulation to manage neurological 

symptoms of HD and thus, we also propose that EGCG/AA NPs could be a novel and 

promising adjuvant for the symptomatic treatment of a wide range of ND, and HD in 

particular. 

Summary Points 
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 Epigallocatechin-3-gallate (EGCG) is the most abundant polyphenol of the tea plant 

and has previously shown to possess beneficial effects in HD, but its therapeutic 

instability compromises its therapeutic success. 

 We have previously demonstrated that the encapsulation of EGCG into PLGA-PEG 

nanoparticles (NPs) improved EGCG stability and penetration into the brain, as well 

as improve drug effectiveness in other ND. 

 In this study, EGCG-loaded NPs were administered to 3-nitropropionic acid (3-NP)-

intoxicated mice, an accepted animal model of HD, to evaluate the potential 

effectiveness of developed nanocarrier in this ND.   

 EGCG-loaded NPs were significantly more effective than free EGCG in reducing 

motor disturbances, depression-like behaviour, neuroinflammation and striatal 

neuronal loss.  

 Thus, we propose EGCG-loaded NPs as a promising therapeutic adjuvant in the 

management of HD symptomatology.  
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Tables 

 

Table 1. Physicochemical characteristics of optimized formulation of EGCG/AA NPs.  

Compound Chemical structure 

Molecular 

weight 

(g/mol) 

Concentration 

(mg/ml) 

EGCG/AA NPs 

physicochemical 

characteristics 

EGCG/AA NPs  

morphological characteristics 

EGCG 

 

458,372 2.5 Zav 124.8 ± 5.2 nm 

Spherical shape, smooth surface, 

well defined PEG cover.  

AA 

 

176,12 2.5 PI 0.054 ± 0.013 

PLGA-PEG 

 

80.2 kDa 14 ZP -15.7 ± 1.7 mV 

Tween®80 

 

1.310 1.016 % 

EEEGCG 97.1 ± 2.4 % 

EEAA 94.3 ± 1.6 % 
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Table 2. Behavioural test results of EGCG/AA NPs treatment of 3-NP-induced HD mice.  

   Experimental groups 

Behavioural test 
 

Analysed conditions 
CTRL 3-NP Free EGCG EGCG/AA NPs 

 (n=8) (n=12) (n=10) (n=10) 

       

Beam walk 

 Falls 0 7 2 0 

 Time for crossing (sec) 3.857 ± 0.806 25.262 ± 14.796 26.239 ± 6.693 9.950 ± 7.998 

 Distance (cm) 80.0 ± 0.0 41.8 ± 29.0 69.1 ± 12.3 79.7 ± 1.1 

 Speed (cm/sec) 21.4 ± 3.4 3.2 ± 2.4 3.0 ± 1.9 15.1 ± 6.0 

       

Open field 

 Total distance (cm) 3161.9 ± 445.1 1143.9 ± 567.9 2146.9 ± 659.8 2936.9 ± 795.8 

 Speed (cm/sec) 5.2 ± 0.7 1.9 ± 0.9 3.5 ± 1.1 4.9 ± 1.3 

 Time at border (sec) 290.813 ± 36.340 397.198 ± 125.067 266.653 ± 84.793 199.87 ± 47.757 

       

Tail suspension  Immobility (sec) 99.9 ± 31.8 165.5 ± 43.0 99.9 ± 38.2 90.5 ± 31.1 

       

Neurological scoring  Score 0-4 0.000 ± 0.000 2.788 ± 0.958 1.600 ± 1.039 0.333 ± 0.497 
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Figures 

 

A)  

B) 

 

C)   

Figure 1. EGCG/AA NPs preparation method and additional physicochemical characterization. (A) 

Scheme of preparation of EGCG/AA NPs by the double emulsion method. Polymeric matrix: PLGA-PEG; 

loaded drugs: EGCG and AA; Surfactant: Tween®80. (B) EGCG/AA NPs morphology as revealed by TEM 

Scale bars 100/500 nm. (C) XRD profiles of different components of EGCG/AA NPs formulation, 

including an expanded view on the right of the 20 θ to 30 θ region.  
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Figure 2. Cell viability in response to EGCG/AA NPs. (A) Hemolysis test results of EGCG/AA NPs and 

their constituents. Absorbance of released OxHb from erythrocytes was used to quantify hemolysis. Final 

concentrations of compounds were: EGCG/AA NPs: 2.5 mg/ml of EGCG, 2.5 mg/ml of AA and 14 mg/ml 

of PLGA-PEG; Empty NPs: 14 mg/ml of PLGA-PEG; free EGCG: 2.5 mg/ml (B) Cytotoxicity of 

EGCG/AA NPs measured by MTT assay in GPNT brain endothelial cell line. Cells were treated for 24 h 

with increasing amount of EGCG/AA NPs. Cell viability is expressed as a function of final EGCG 

concentrations (added as EGCG/AA NPs). Shown are normalised mean ± SD (n=3). (C) Cytotoxicity of 

EGCG/AA NPs measured by Alamar Blue assays in differentiated and undifferentiated PC12 neuronal 

cells. Cell viability is expressed as a function of final EGCG concentration (added as EGCG/AA NPs). 

Shown are normalised mean  SD (n=3). One-way ANOVA statistical analysis followed by Bonferroni’s 

multiple comparison test was performed. Statistical significance is expressed as p<0.05 *; p<0.0001 ****.  
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Figure 3. Behavioural tests in 3-NP intoxicated mice and effect of EGCG. 2 months-old C57BL/6 mice 

were i.p. injected daily with free and loaded EGCG (50 mg/kg/day) and with 3-NP (70 mg/kg/day) during 

5 days. (A) Neurological score of the different experimental groups. (B) Time spent immobile in TST by 

the different experimental groups. (C-F) Assessment of animals by BWT. Typical gait posture of different 

groups in the BWT (C). Quantification of time spent by animals to cross the complete beam (D); of the 

total travel distance (E), and of the mean speed (F) of different experimental groups in BWT. (G-H) 

Assessment by OFT results. Shown are the total travel distance (G) and the mean speed (H) of different 

experimental groups. One-way ANOVA statistical analysis followed by Tukey post hoc test was performed 

for panels A, B, G and H. One-way Kruskal-Wallis non-parametric statistical analysis followed by a Dunn's 

multiple comparisons test was performed for panels D-F. Statistical significance is expressed as p<0.05 *; 

p<0.01 **; p<0.001 ***; p<0.0001 ****.  
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Figure 4. Astrogliosis in 3-NP intoxicated mice and effect of EGCG. 3-NP intoxication and EGCG 

treatments were performed as described for Figure 3. At the end of day 5, animals were sacrificed by 

perfusion with 4% PFA and brains were sectioned. GFAP immunostaining was performed on 20 µm 

coronal sections. A) Dentate gyrus of hippocampus and corticostriatal region are shown. Scale bar 100 µm. 

The bottom panels show astrocyte morphology of corticostriatal region of different experimental groups. 

Scale bar, 50 µm. (n=4/group). Images of each series have been acquired using identical settings. B) 

Quantitative analysis of reactive astrocytes in corticostriatal brain region of the different experimental 

groups. Analysis performed from images of corticostriatal region with scale bar of 50 µm. (n=4/group). 

One-way Kruskal-Wallis non-parametric statistical analysis followed by a Dunn's multiple comparisons 

test was performed for panel B. Statistical significance is expressed as p<0.01 **.   
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Figure 5. Effect of free and loaded EGCG on 3-NP-induced neurodegeneration. (A) As described for 

Figure 4, except that coronal sections were stained using FJC. Caudoputamen area of midbrain section are 

shown. Scale bar, 500 µm. Images of each series have been acquired using identical settings. Shown on the 

right is the quantification of FJC staining area as normalised mean cell count  SD (n=6/group). (B) As 

described for Figure 4, except that Nissl staining was performed on 20 µm coronal sections. Striatal areas 

of frontal and midbrain section are shown. Red arrows point out morphological alterations of stained cells.  

Scale bar, 50 µm. Images of each series have been acquired using identical settings. Shown on the right are 

the quantifications of mean neuronal cell counts  SD (n=4/group). One-way Kruskal-Wallis non-

parametric statistical analysis followed by a Dunn's multiple comparisons test was performed for all 

quantifications in panels A and B. Statistical significance is expressed as p<0.05 *. 

  

 


