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Abstract 

Aims: Huntington’s disease is a rare neurodegenerative disorder which is associated with 

defected glucose metabolism with consequent behavioral disturbance including memory and 

locomotion. 3-nitropropionic acid (3-NP) can cause, in high single dose, an acute striatal injury/ 

Huntington’s disease. Dapagliflozin, which is one of the longest duration of action of SGLTIs 

family, may be able to diminish that injury and its resultant behavioral disturbances.  

Material and methods: Forty rats were divided into four groups (n = 10 in each group): Normal 

control group (CTRL), Dapagliflozin (CTRL+DAPA) group, 3-nitropropionic acid (3-NP) 

group, and dapagliflozin plus 3-nitropropionic acid (DAPA+3-NP) group. Behavioral tests (beam 

walking test, hanging wire test, limb withdrawal test, Y-maze spontaneous alteration, elevated 

plus maze) were performed with evaluating neurological scoring. In striatum, neurotransmitters 

(glutamate, aspartate, GABA, ACh and AChE activity) were measured. In addition, apoptosis 

and glycolysis markers (NF-κB, Cyt-c, lactate, HK-II activity, P53, calpain, PEA15 and TIGAR) 
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were determined. Inflammation (IL-1β, IL-6, IL-8 and TNF-α) and autophagy (beclin-1, LC3 

and DRAM) indicators were measured. Additionally, histopathological screening was conducted. 

Key findings: 3-nitropropionic acid had the ability to perturb the neurotransmission which was 

reflected in impaired behavioral outcome. All of glycolysis, apoptosis and inflammation markers 

were elevated after 3-NP acute intoxication but autophagy parameters, except DRAM, were 

reduced. However, DAPA markedly reversed the abovementioned parameters. 

Significance: Dapagliflozin demonstrated anti-glycolytic, anti-apoptotic, anti-inflammatory and 

autophagic effects on 3-NP-damaged striatal cells and promoted the behavioral outcome.     

 

Keywords: Huntington’s disease, 3-nitropropionic acid, dapagliflozin, locomotion, memory. 

 

1. Introduction: 

Huntington’s disease (HD) in an uncommon neurodegenerative disorder which is 

associated with reduced locomotive and cognitive functions (1) such as chorea, dystonia, 

incoordination and behavioral difficulties (2). The striatum is the primary site of neuronal injury 

in HD (3) where this injury is the main cause of this disorder/symptoms (4). Importantly, 

Huntington’s disease is associated with disturbance in glucose metabolism in striatum (5). The 

progressive deterioration of energy metabolism in HD may lead to exictotoxic neuronal death 

(6). Importantly, Huntington’s disease patients are with increased frequency to diabetes (7).  It 

was also reported that hyperglycemia may aggravate chorea and ballism; when blood levels of 

glucose were normalized, these symptoms are consequently disappeared (8). After MRI 

investigation, it was shown that hyperglycemia may trigger the malfunction of neurons in the 

striatum as a consequence to ischemia, which leaded to choreic involuntary movements (9). 

Hyperglycemia may be associated with impaired acetylcholine (ACh) or GABA levels through 

deficiency in acetate or metabolizing GABA as an alternative energy source, in succession (8). It 

was also shown that hyperglycemia is followed by augmented levels of glutamate due to reduced 

glial uptake and then it’s metabolism (10).     

3-Nitropropionic acid (3-NP) is an irreversible succinate dehydrogenase inhibitor (11) 

and a naturally synthesized plant mycotoxin (12) which can poison the livestock by eating plants 

that contains the last mentioned toxin; however, humans are intoxicated by eating these animals 
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(13). This mycotoxin produces selective injuries in striatum in both experimental animals and in 

humans, which mimics HD (14).  

Despite of the development of new diagnostic methods and the  understanding of HD, 

treatment of HD is still complicated due to the difficult-controlling symptoms and the lack of 

new therapies (15). Hence new therapeutic strategies are required to quench this disorder as 

possible with lower side effects.  

Sodium-glucose co-transporter-2 was found in brain and brain-blood barrier (16;17); 

however, it’s inhibition may benefit against neuronal glucose metabolism abnormalities (18) as 

in the case of Huntington’s disease (5).  

Generally, excitotoxicity and inflammation were mediated by glutamate, which may lead to 

calcium overload, peri-infarct depolarization, oxidative stress and neuronal cell death (apoptosis 

or necrosis) (19). The SGLT family is reported to transport glucose together with Na
+
 ions into 

cells, and generates inward currents, resulting in depolarization and increased excitability (20). 

Most importantly, phlorizin (non-selective SGLT inhibitor) reduced neuronal damage through 

inhibiting post-ischemic hyperglycaemia (21).  

Sodium-glucose co-transporter-2 (SGLT2) inhibitors are a newly developed class of oral 

anti-diabetic drugs (22). Dapagliflozin is an orally administered sodium-glucose co-transporter-2 

(SGLT2) inhibitor used in the management of patients with type 2 diabetes. In high fat diet-fed 

rats, dapagliflozin improved brain function through the enhanced performance in Morris water 

maze test, preserved the hippocampal synaptic plasticity and reduced apoptosis and reactive 

oxygen species (ROS) of brain (23). Furthermore, dapagliflozin have an inhibiting ability of 

acetylcholinesterase; which made it useful in the case of Alzheimer’s disease (24).  

Dapagliflozin has a low risk of inducing hypoglycaemia even after long-term treatment 

(25). Dapagliflozin has a good oral bioavailability, high in-vitro permeability (26) and can be 

taken once daily (27). Compared to other currently marketed SGLT2 inhibitors, dapagliflozin has 

the longer-lasting action (28) 

There is an obvious correlation between SGLT2 transportation and brain glucose 

metabolism abnormalities as seen in Huntington’s disease. Therefore, dapagliflozin, as a SGLT2 

inhibitor, may be a good candidate in treating Huntington’s disease and its resultant motor and 

memory impairments. Moreover, using dapagliflozin may also have a dual beneficial effect in 

treating Huntington’s disease patients who also are diabetics.  Finally, our study will be first to 
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investigate the effect of dapagliflozin on 3-nitro propionic acid-induced striatal 

injury/Huntington’s disease. Herein, we focused on glycolysis-related cellular death pathway, the 

subsequent apoptosis and inflammation as well as abated autophagy in this model of 

Huntington’s disease.  

 

2. Materials and methods 

2.1. Animals 

Adult male Wistar rats with 5-6 weeks of age and 195.2±14.75 g of weight were used. These rats 

were purchased from National Research Center Laboratory (Cairo, Egypt). Therefore, animals 

were given a one week period for acclimation at the animal house of the Faculty of Pharmacy, 

Cairo University (Cairo, Egypt) before starting the experiment. Rats were housed in groups 

under constant temperature (25±2
o
C), humidity (60±10%) and with a 12/12 hr light/dark cycle. 

Animals are allowed free access to purified water and food during the whole experiment period. 

The protocols of this study were approved by the Ethics Committee for Animal Experimentation 

at Faculty of Pharmacy, Cairo University [Date: 30/03/2020, Serial No.: PT (2664)], and 

consistent with the Guide for Care and Use of Laboratory Animals published by the United 

States National Institute of Health (NIH Publication No. 85-23, revised 2011). All attempts were 

made to lessen animal suffering and to reduce the number of animals used. 

 

2.2. Drugs and chemicals 

Dapagliflozin and 3-nitropropionic acid were purchased from Sigma (Sigma-Aldrich, Germany). 

A solution of 1% (v/v) Tween 80 was used to dissolve each of the tested agents. Dapagliflozin 

was administered orally, while 3-NP was administered subcutaneously to rats. 

 

2.3. Experimental design 

A technical assistant, not involved in the analysis, divided forty rats randomly into one of four 

groups (n = 10 in each group), based on a power analysis (power = 0.8, α = 0.05) using effect 

sizes previously determined by (29). The groups were as follows:  

Normal control group (CTRL) in which each rat was given 0.5 ml of 1% tween 80 solution, p.o. 

for 29 days; Dapagliflozin (CTRL+DAPA) group in which each rat was given a dose of (1 

mg/kg, p.o.) for 28 days (30) followed by 1% tween 80 solution, p.o. at day 29; 3-Nitropropionic 
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acid (3-NP) group in which each rat was given 1% tween 80 solution, p.o. for 28 days followed 

by a single dose of (30 mg/kg, s.c.) 3-NP (12) at day 29; and dapagliflozin plus 3-nitropropionic 

acid (DAPA+3-NP) group in which each rat was given a dose of (1 mg/kg, p.o.) dapagliflozin for 

28 days followed by a single dose of (30 mg/kg, s.c.) 3-NP at day 29. These groups are 

illustrated in Figure 1. After the dosing period was completed, behavioral tests were carried out 

at 09:00 a.m. for 2 consecutive days (day 30 and 31). On day 30, motor observations (scoring) in 

addition to limb withdrawal, beam walking, and hanging wire tests were performed 

consecutively with 30 min. interval between every two tests. On day 31, memory behavioral tests 

(Y-maze spontaneous alteration then elevated plus maze) were carried out on the second day 

with 30 min. interval in between.    

 

Figure 1. Experimental design. A: normal control group (CTRL), B: CTRL+DAPA group, 

C: 3-NP group and D: 3-NP+DAPA group.  

 

2.4 Tissue sampling 
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After 24 hours of performing behavioral tests, rats were anaesthetized using phenobarbitone (40 

mg/ kg, i.p.) (31) then killed by decapitation. Brains of rats were gently extracted and both striata 

of each brain were obtained on ice cold plates. The samples were divided into several parts. The 

first one was homogenized in 70% high-performance liquid chromatography (HPLC) methanol 

(1/10 weight/volume) for the determination of glutamate, aspartate, acetylcholine, and GABA 

content as well as acetylcholinesterase activity. The second part was homogenized in lysis buffer 

RLT for the determination light chain 3 (LC3), damage-regulated autophagy modulator (DRAM) 

and TP53-induced glycolysis and apoptosis regulator (TIGAR) relative expression by PCR. The 

third one was homogenized in radioimmunoprecipitation assay (RIPA) buffer for the 

determination of protein 53 (P53), calpain, coiled-coil, Moesin-like BCL-interacting protein 1 

(beclin-1), and phosphoprotein enriched in astrocytes 15 (PEA-15) relative expression by 

western blotting. The fourth part was homogenized in cell lysate buffer for the determination of 

interleukin 1 beta (IL-1β), interleukin 6 (IL-6), interleukin 8 (IL-8) and tumor necrosis factor-

alpha (TNF-α) level by ELISA. The fifth part was homogenized in PBS for the determination of 

cytochrome c (Cyt-c) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

level by ELISA. The last part homogenized in isotonic ice-cold saline using a glass homogenizer 

(HeidolphDiax 900, Germany), then centrifuged at 1000 ×g for 10 min. at 4
o
C using (Rotina 380, 

USA). The supernatant was used for the determination of hexokinase-II activity (HK-II) and 

lactate by a colorimetric method. The final part was taken to the histopathology laboratory for 

investigation.   

 

2.5. Methods 

2.5.1. Induction of acute striatal injury/ Huntington’s disease: 

Administration of a single dose of 3-NP (30 mg/kg, s.c.) can cause acute striatal injury/ 

Huntington’s disease (12).  

 

2.5.2. Neurological scoring (locomotive-based scoring) 

According to (32), the neurological scoring was performed to evaluate the motor dysfunction 

caused by 3-NP, in accord with their regular ambulatory movements. However, each score was 

given a number from 0 to 5 as follows: normal, 0; general slowness of movement due to mild 
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hind limb handicap, 1; coordination loss and obvious abnormal gait, 2; hind limb palsy, 3; 

inability to move due to impairment in both forelimbs and hind limbs, 4; recumbency, 5. 

 

2.5.3. Behavioral tasks 

2.5.3.1. Beam walking test 

This test is intended for motor coordination evaluation.  

Apparatus. A wooden beam that measures 2.3 cm width × 120 cm length, elevated about 50 cm 

from the ground was used. The ground was padded with a foam cushion in order to avoid the 

possible injury to the animals by falling on the ground during beam walking.  

Procedure. Within 2 min. of time, animals were allowed to walk from home cage point (starting 

point) to reach the end of the beam. If the animals were fallen or unable to walk on the beam, 

then the trial was stopped. The time took to cross the beam within the given time was recorded. 

This method was described by (33). 

 

2.5.3.2. Hanging wire test 

According to (34),  hanging wire test can be used as an indirect indicator for grip strength. 

Animals’ forelimbs were allowed to hang on a steel wire (2 mm diameter and 80 cm length), 

raised to a height of 50 cm from the ground which was padded with a cushion to avoid injury to 

the animal if fallen. The cutoff time was held at 90 s, and the latency to the grip loss was 

recorded.  

 

2.5.3.3. Limb withdrawal test 

The hind limbs dysfunction as a result to striatal injury can be assessed by this test.  

Apparatus. A platform (30×30 cm) of 20 cm height, contains two holes (5 cm diameter) for hind 

limbs and two other holes (4 cm diameter) for forelimbs, was exploited. 

Procedure. The animals were placed on the platform, placing their limbs as mentioned above, 

and observed for their hind limb withdrawals. The time took to withdraw each of the two hind 

limbs and the difference between them was calculated. The test was reiterated 3 times with an 

interval of 45 min, and the mean values were recorded. This method was based on (35). 
 

2.5.3.4. Y-maze spontaneous alteration 
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Y-maze spontaneous alteration is designed to assess both memory and locomotive activity as 

follows: 

Apparatus. A 20-gauge galvanized sheet metal was used to make the exploited doorless Y-maze. 

This maze consists of three arms (50.8 cm length, 17.7 cm width and 20.5 cm depth) which were 

set at an angle of 120°. The arms were named A, B, and C. Noise effect was precluded. All tests 

were carried out in a lighted room with one observer present only.  

Procedure. Animals were allowed to move through the maze (8 min. max.) after being placed 

just inside arm B away from the center. For this purpose, a stopwatch was used. The total 

number of entries, to each arm, was recorded during this 8 min. period of time. Then, dividing 

the number of alterations (a set of three successive letters) by the total number of triads (a set of 

three letters) ∗ 100 gives the percentage alteration (36).  

 

2.5.3.5. Elevated plus maze 

This maze consists of four arms (50 cm length × 10 cm width), two of them are opened and the 

other two are closed. The closed arms are with a wall (40 cm height) connected with a central 

platform (10 × 10 cm). Each animal was placed on the open arm and directed opposite to the 

central platform. The transfer latency (TL), which represents the cognitive performance, was 

determined by recording the time elapsed by the animal to move from the open arm to the closed 

one (37). 

 

2.5.4. Biochemical indicators 

2.5.4.1. Quantitative Real-time PCR of LC3, DRAM, and TIGAR 

Striatum was secluded and stored in RNAlater (Qiagen, USA) overnight at 2–8 °C, then at -20 

°C till RNA extraction. Overall RNA extraction was performed using 30 mg of striatal tissue 

with a Qiagen tissue extraction kit (Qiagen, USA) based on the manufacturer's protocol. In each 

smaple, β-actin (the housekeeping gene) was assayed with the same steps as LC3, DRAM, and 

TIGAR genes in order to normalize the sample-to-sample variation. Then, a high capacity cDNA 

reverse transcription kit (Fermentas, USA) was used for reverse transcription of samples. For 

each sample, a volume of 19 μl of the master mix was utilized. The later was added to the 31 μl 

RNAprimer mixture giving 50 μl of cDNA. Then, the last mixture was incubated in the 

programmed thermal cycler (Biometra, USA) for 1 h at 37 °C followed by inactivation of 
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enzymes at 95 °C for 10 min. Finally, we cooled it at 4 °C. Afterwards, RNA was changed into 

cDNA which was stored at -20 °C. 

RT-PCR detection: Primers specific to LC3, DRAM and TIGAR were synthesized by Sangon 

Biotech Co. Ltd. (Shanghai, China), Invitrogen Co. (Shanghai, China), and R&D systems 

(Europe Ltd., UK), respectively. As for the quantitative real-time PCR (qRT-PCR; Quantitect 

SYBR Green), 5 μl of the cDNA product was used in 25-μl total reaction volume which 

contained the following: 12.5 μl of Quantitect SYBER Green PCR Master Mix, 5.5 μl of RNase-

free water, and 2 μl of Quantitect Primer Assay. Qiagen rotor gene Q6 Plex RT-PCR system 

(Qiagen, USA) was used to carry out qRT-PCR at PCR initial activation at 50 °C for 2 min, 

followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s and 72 °C for 60 s. For real-time 

qPCR amplification and analysis, Applied Biosystem with software version 3.1 (StepOne™, 

USA) was used. The primers sequences were illustrated in Table 1. Using the 2-ΔΔCt method, 

we calculated the relative expression of each single gene after normalization to (β-actin). The 

measured parameters are LC3, DRAM, and TIGAR. This method was described by (38;39).  

Table 1. Primer pairs used in this study 

Gene target Primer name Sequence 

LC3 LC3-For 

LC3-Rev 

GGT CCA GTT GTG CCT TTA TTG A 

GTG TGT GGG TTG TGT ACG TCG 

DRAM DRAM-For 

DRAM-Rev 

TGCGAAACGAGTGAAGTCACAAAGC 

GCGAGCTCCAAGCGGACGCGACTAC 

TIGAR TIGAR-For 

TIGAR-Rev 

5-GCTTCAGACGTATATATAGA-3 

5-GGGGCTATTCTTGGTAGTAA-3 

 

2.5.4.2. ELISA-measured parameters 

We measured IL-1β , IL-6, IL8, Cyt-C, TNF-α and NF-κB levels in striatum by using an ELISA 

kit purchased from (RayBio, USA) (40), (RayBio, USA) (41), (MyBiosource, USA) (42), 

(Cusabio, China) (43),  (RayBio) (40), (MyBiosource, USA) (44), respectively.  

 

2.5.4.3. Colorimetric assay 

Lactate (Biovision, USA) (45) and Hexokinase II activity (BioVision, USA) (46) were 

determined using the colorimetric method, based on the manufacturer’s protocol.  

 

2.5.4.4. Western blotting 
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From striatal tissue, total proteins were extracted with RIPA buffer. A mini-gel apparatus (Bio-

Rad Laboratories, Richmond, CA, USA) was used for resolving 50 μg of the sample on 7.5–12% 

SDS-PAGE, then, the later transferred to Hybond-C extra nitrocellulose. Tris-buffered saline 

with Tween 20 and 3% bovine serum albumin (BSA) were used for membranes blocking at 25 ± 

2 °C for 1 h followed by incubation at 4 °C overnight. Eventually, the samples were visualized 

by chemiluminescence using (Chemi Doc MP imager). Results were expressed as arbitrary units 

after normalization with β- actin protein expression (47). All of P53, calpain, beclin-1, and 

PEA15 were measured by this method. 
 

2.5.4.5. HPLC. 

We determined striatal amino acids neurotransmitters (glutamate, aspartate, GABA) contents 

(48), ACh levels (49) as well as AChE activity (50;51) by high-performance liquid 

chromatography. 

 

2.5.6. Histopathological investigation 

Striata of rats were taken in different groups and fixed in 10% formol saline for 24 hours. 

Washing was done in tap water followed by serial dilutions of alcohol (methyl, ethyl and 

absolute ethyl) for dehydration. Specimens were cleared in xylene and embedded in paraffin at 

56 degrees in a hot air oven for 24 h. Paraffin bees wax tissue blocks were prepared for 

sectioning at 4 microns thickness by slidge microtome. The obtained tissue sections were 

collected on glass slides, deparaffinized, stained by hematoxylin & eosin stain for examination 

through the light electric microscope (52).    

 

2.5.7. Statistical analysis 

Data were expressed as means ± S.D. The normal distribution of data was tested by performing 

the Kolmogorov-Smirnov test. One-way analysis of variance (ANOVA) followed by Tukey's 

post hoc test were used for data analysis with the exception of neurological scoring which was 

analyzed by Kruskal–Wallis ANOVA (non-parametric) followed by Dunn's multiple comparison 

test. Statistical analysis and creating the figures were done by The GraphPad Prism software 

(version 8; GraphPad Software, Inc., San Diego, CA, USA). If failed in Dixon test, data points 

were regarded as outliers (53) or if they were more than 4 SDs from the mean. However, Mead's 
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‘Resource Equation’ was used to make certain that sample sizes are adequate to demonstrate a 

statistically significant difference (54).     

 

3. Results 

3.1 Behavioral parameters 

As shown in Figure 2, the toxicant, 3-nitropropionic acid (3-NP) was able to increase time took 

to cross the beam (of beam walking test), retraction time (of limb withdrawal test) and transfer 

latency (of elevated plus maze) to nearly 4, 2.5 and 1.5 folds as compared to control (CTRL) 

group, respectively. Furthermore, in comparison with CTRL, 3-NP contracted all of time to fall 

(of hanging wire test), total entries and spontaneous alteration (of Y-maze spontaneous 

alteration) by about 50%, 64% and 89%, respectively. Importantly, dapagliflozin (DAPA) pre-

treatment, declined the increased levels of time took to cross the beam, retraction time and 

transfer latency to approximately 32%, 61% and 56% compared to 3-NP group, consecutively. In 

contrast, it was also able to reverse the decrease in time to fall, total entries and spontaneous 

alteration by about 30%, 40% and 46% compared to 3-NP group, consecutively. Dapagliflozin 

restored both of total entries and spontaneous alteration to normal levels, but failed in restoring 

time took cross the beam, time to fall, retraction time ant transfer latency.     
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Figure 2: Effect of dapagliflozin (1 mg/kg, p.o.) on behavioral parameters in 3-

nitropropionic acid-induced (30 mg/kg, s.c.) Huntington’s disease in rats. 

Each bar with vertical line represents the mean ± S.D. (n = 10) of (A) time took to cross the 

beam, (B) time to fall, (C) retraction time, (D) total entries, (E) spontaneous alteration and (F) 

transfer latency. Statistical analysis was performed by one-way ANOVA followed by Tukey's 

post-hoc test, with the criterion for statistical significance: * significant at P < 0.05, ** 

significant at P < 0.01, *** significant at P < 0.001 and **** significant at P < 0.0001. 

 

3.2. Neurotransmitters parameters 

Figure 3 presents the experimental data on neurotransmitters, where 3-NP showed a marked 

augmentation in levels of glutamate and aspartate by about 30% for both, as well as 

acetylcholinesterase (AChE) activity by nearly 54%, in comparison to CTRL. In addition, it was 

able to decline acetylcholine and GABA levels to about 76% for both, compared to control 

group. Importantly, DAPA pre-treatment lowered the elevated levels of glutamate, aspartate and 

AChE activity to nearly 77%, 76% and 73% when compared to 3-NP group, in succession. In 

contrast, compared to 3-NP group, DAPA was able to elevate the lessened levels of ACh and 

GABA by approximately 40% and 49%, respectively. However, surprisingly, DAPA elevated 

GABA and ACh levels strongly, exceeding the normal level. On the other hand, DAPA failed to 

reverse AChE activity as well as glutamate and aspartate levels to that of CTRL group.  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

Figure 3: Effect of dapagliflozin (1 mg/kg, p.o.) on striatal neurotransmitters in 3-

nitropropionic acid-induced (30 mg/kg, s.c.) Huntington’s disease in rats. 

Each bar with vertical line represents the mean ± S.D. (n = 10) of (A) acetylcholinesterase, (B) 

acetylcholine, (C) glutamate, (D) aspartate and (E) GABA. Statistical analysis was performed by 

one-way ANOVA followed by Tukey's post-hoc test, with the criterion for statistical 

significance: * significant at P < 0.05, ** significant at P < 0.01, *** significant at P < 0.001 and 

**** significant at P < 0.0001. 

 

3.3. Neurological scoring (locomotive-based) 

As presented in Figure 4, 3-NP increased the scoring about 3 times, compared to CTRL. 

Compared to 3-NP group, dapagliflozin declined the scoring to about 64%. Anyway, DAPA did 

not make the score as the normal is.   
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Figure 4: Effect of dapagliflozin (1 mg/kg, p.o.) on neurological scoring in 3-nitropropionic 

acid-induced (30 mg/kg, s.c.) Huntington’s disease in rats. 

Each bar with vertical line represents the mean rank ± S.D. (n = 10) of neurological scoring. 

Statistical analysis was performed by Kruskal–Wallis ANOVA followed by Dunn's multiple 

comparison test, with the criterion for statistical significance: * significant at P < 0.05, ** 

significant at P < 0.01, *** significant at P < 0.001 and **** significant at P < 0.0001. 

 

3.4. Inflammation and autophagy markers 

Figure 5 shows that 3-NP acute intoxication elevated all of IL-1β, IL-6, IL-8 and TNF-α levels as 

well as DRAM expression by nearly 4.3, 2.8, 2 and 3.3 as well as 3.1 times, compared to CTRL, 

consecutively. Additionally, compared to control group, 3-NP diminished Beclin-1 and LC3 

expression to about 14% and 25%, in succession. Importantly, DAPA, compared to 3-NP group, 

declined IL-1β, IL-6, IL-8 and TNF-α levels as well as DRAM expression to approximately 

32%, 63%, 57% and 44% as well as 44%, respectively. Moreover, it augmented Beclin-1 and 

LC3 expression to 5 and 3.3 folds, respectively. However, DAPA failed to reverse the above-

mentioned parameters to normal levels/ expressions.    
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Figure 5: Effect of dapagliflozin (1 mg/kg, p.o.) on inflammation and autophagy markers in 

3-nitropropionic acid-induced (30 mg/kg, s.c.) Huntington’s disease in rats. 

Each bar with vertical line represents the mean ± S.D. (n = 10) of (A) IL-1β, (B) IL-6, (C) IL-8, 

(D) TNF-α, (E) DRAM, (F) Beclin-1 and (G) LC3. Statistical analysis was performed by one-

way ANOVA followed by Tukey's post-hoc test, with the criterion for statistical significance: * 

significant at P < 0.05, ** significant at P < 0.01, *** significant at P < 0.001 and **** 

significant at P < 0.0001. 

 

3.5. Apoptosis and glycolysis parameters 

According to figure 6, compared to CTRL, 3-NP elevated the levels of NF-κB, Cyt-c, lactate and 

hexokinase-II to about 228%, 320%, 227% and 170%, in succession. Additionally, it also 

augmented the expression of TIGAR, P53, PEA15 and calpain to nearly 5, 4.2, 6.6 and 5 times, 

respectively. Furthermore, compared to 3-NP group, DAPA was able to abate the levels of NF-

κB, Cyt-c, lactate and hexokinase-II to approximately 55%, 56%, 62% and 72%, in succession;  

as well as the expression of TIGAR, P53, PEA15 and calpain to about 46%, 44%, 57% and 46%, 
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consecutively. Nevertheless, DAPA was not able to bring the last-mentioned parameters back to 

normal. 

 

    

Figure 6: Effect of dapagliflozin (1 mg/kg, p.o.) on apoptosis and glycolysis markers in 3-

nitropropionic acid-induced (30 mg/kg, s.c.) Huntington’s disease in rats. 

Each bar with vertical line represents the mean ± S.D. (n = 10) of (A) NF-κB, (B) Cyt-c, (C) 

TIGAR, (D) P53, (E) lactate, (F) hexokinase-II, (G) PEA15 and (H) calpain. Statistical analysis 

was performed by one-way ANOVA followed by Tukey's post-hoc test, with the criterion for 

statistical significance: * significant at P < 0.05, ** significant at P < 0.01, *** significant at P < 

0.001 and **** significant at P < 0.0001. 

 

3.6. Histopathological investigation 

According to figure 7, sections of rat striatum showed that there was no histopathological 

alteration and the normal histological structure of the neurons was recorded (A). Sections taken 

from CTRL+DAPA group elicited no histopathological alteration compared to normal control 

(B). The administration of the toxicant, 3-NP, leaded to congestion in the blood vessels 
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associated with nuclear pyknosis and degeneration in most of the neurons with glia cells 

proliferation in between (C). Importantly, in DAPA pre-treatment group, gliosis was observed in 

diffuse manner between the intact neurons (D). 

 

 

Figure 7: Effect of dapagliflozin (1 mg/kg, p.o.) on striatum histopathology in 3-

nitropropionic acid-induced (30 mg/kg, s.c.) Huntington’s disease in rats (H&E, x40). 

 

4. Discussion 

Glucose metabolism process and the regulation of cell death are tightly correlated (55-57). 

Abnormalities in the neuronal glucose metabolism were observed in patients with Huntington’s 

disease (58). However, SGLT2 contributes in overall glucose utilization in many organs 

including brain (59). In pathophysiological conditions such as neurovascular ischemia, it is 

presented that the sodium-glucose transportation in brain was markedly increased and inhibition 

of that transportation led to lessened damage and edema to the brain (60).  

With regard to behavioral parameters and neurotransmitters, 3-NP was able to decrease 

time to fall (of hanging wire test), total entries and spontaneous alteration (of Y-maze 

spontaneous alteration). It was also able to augment time took to cross the beam (of beam 

walking test), retraction time (of limb withdrawal test) and transfer latency (of elevated plus 

maze). Importantly, dapagliflozin pretreatment reversed these changes significantly which, in 
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turn, was reflected in the neurological scoring. These findings indicate that 3-NP was able to 

induce motor and memory dysfunction and that DAPA restored the normal function 

approximately.  Nevertheless, the change in behavioral performance was accompanied with 

reduction in ACh and GABA and elevation in glutamate and aspartate content as well as AChE 

activity. Dapagliflozin, in turn, was able to correct the disturbance in neurotransmission. These 

results are in parallel with results of (32;61) who presented that 3-NP impaired memory and 

locomotion as confirmed by impaired behavioral performance and neurological locomotor 

scoring as well as increased AChE activity. Furthermore, 3-NP intoxication was accompanied 

with augmented aspartate and glutamate  (62), reduced ACh (63) and GABA levels as well as 

disturbed behavioral functioning (64). Additionally, dapagliflozin may have a neuroprotective 

effect by preserving synaptic plasticity, insulin resistance and preventing the decline in cognition 

(23). It may also has an inhibitive role against AChE, therefore considered as a promising drug 

for treating diabetes related-neurological disorders (65). 

It was shown that the ability of P53 to eliminate excess, damaged or infected cells by 

apoptosis is vital for the proper regulation of cell proliferation in multi-cellular organisms (66). 

Furthermore, P53 protein induces the expression of TIGAR, the anti-apoptotic, counteracting the 

activated glycolysis process (67).  Additionally, HK-II catalyzes glycolysis process, has an anti-

apoptotic role (68) and it’s activity is elevated by TIGAR (56). Nevertheless, PEA15 is a 

multifunctional protein involved in the regulation of apoptosis (inhibits cellular death), glucose 

metabolism, and cellular proliferation as well as a contributor to insulin resistance in type 2 

diabetes (56). Importantly, it increases the capacity of HKII to protect neurons (69). It was 

believed that the impaired brain energy metabolism with increased regional brain lactate may 

play a role in the pathogenesis of Huntington’s disease (70). Specifically, lactate elevation 

indicates to promoted acidosis, and involved in excitotoxicity in association with glutamate (71). 

However, stimulation of glycolysis generates increased amounts of lactate that cannot only be 

released from brain (72).  

In parallel with glycolysis, P53 causes mitochondrial cytochrome c (Cyt-c) releasing 

(73), which  has been found to have dual functions in controlling both cellular energetic 

metabolism and apoptosis (74). Another contributors in apoptosis, calpains, are calcium-

dependent enzymes activated by intracellular Ca
2+

 increase consequent to glutamate receptors 
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over-activation and associated with excitotoxicity (75). Additionally, calpains appears to play an 

important role in apoptosis in many cases such in neurodegenerative diseases (76). Moreover, 

nuclear factor kappa B (NF-κB) inhibits apoptosis (programmed cell death), increases cell 

proliferation and increases inflammatory and immune response. The most potent inducers of it 

are TNF-a and IL-1β (77). However, NF-κB may lead to P53 activation (78).  

Regarding apoptosis and glycolysis-related toxicity markers, 3-NP administration 

augmented cyt-c, P53, calpain and lactate as well as NF-κB, TIGAR, HK-II and PEA15 

indicating switching on for apoptosis, glycolysis and toxicity process. However, DAPA 

pretreatment reversed them obviously which reveals the anti-apoptotic effect of DAPA. These 

findings are proved also by the histopathological picture. In line with to our results, 3-NP 

administration led to elevation in striatal levels of cyt-c, P53 (79), calpain (80), lactate (81) and 

NF-κB (82). TP53 induced glycolysis and apoptosis regulator (TIGAR), an anti-apoptotic factor, 

is upregulated under the control of P53 (83); therefore, elevated and declined as negative 

feedback way. Moreover, it was also demonstrated that TIGAR, which inhibits glycolysis and 

apoptosis, was activated in response to P53 activation (84). It was suggested that PEA15 

(phosphoprotein enriched in astrocytes 15) expression increases to counteract TNF-α-triggered 

astrocytic apoptosis (85). This explains its increase in after 3-NP acute intoxication in response 

to raised levels of TNF-α and vice versa after DAPA pretreatment. Our findings are consistent 

with the  in vitro study of (86) where DAPA reduced hyperglycemia-induced increase in NF-

κBon human endothelial cells.  In line with our results, it was demonstrated that canagliflozin 

(another SGLT2 inhibitor) is a neuroprotective through its anti-apoptotic and anti-inflammatory 

effects by reducing TNF-α serum levels in rats (87).  

 

The next section of this work focused on the effects of 3-NP acute intoxication on 

inflammation and autophagy markers. Autophagy can be activated upon metabolic stressors of 

cells, as well as upon other stressors such as inflammation, to promote cellular survival under 

these conditions (88). Autophagy, in turn, can be regulated by cell death and metabolic pathways 

(88), including key regulators of glucose metabolism (89). Defective autophagy and bioenergetic 

stress are linked to the development of neurodegenerative diseases (88;90). 

The pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin -1 beta 

(IL-1β), interleukin-6 (IL-6) and interleukin-8 (IL-8) can induce inflammation (91) as in many 
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neurodegenerative disorders such as Huntington’s disease (92). It seems that TNF-α (93) 

promotes glycolysis process. Additionally, IL-6  enhances HK-II activity, therefore increasing 

the glycolysis (94). Moreover, IL-1 beta stimulated glycolysis as evidenced by lactate 

accumulation (95). Importantly, IL-8 is induced rapidly in response to IL-1 and TNF-α activation 

(96). Beclin 1 is a protein involved in the regulation of autophagy (97). However, Beclin 1 

dysfunction has been implicated in many disorders, including cancer and neurodegenerative 

disorders (98). Also, microtubule-associated protein light chain 3 (LC3) is now widely used to 

monitor autophagy (99). It was noted that LC3 and beclin-1 mediated autophagy helps reducing 

the pro-inflammatory cytokines such as TNF-α and IL-6 (100). Additionally, DRAM (damage-

regulated autophagy modulator) is a lysosomal protein indicates to autophgy process and is 

critical  for p53’s ability to induce programmed cell death (101).  
According to our work, 3-NP increased the inflammation process through elevating IL-

1β, Il-6, IL-8 and TNF-α levels in striatum which is affirmed by the histopathological picture. 

The toxicant, 3-NP, was also able to inhibit autophagy as confirmed by diminished expression of 

beclin-1 and LC3. Damage-regulated autophagy modulator (DRAM), an autophagy indicator, 

was unexpectedly increased after 3-NP acute intoxication. Although it has an autophagic role, 

DRAM was shown to be critical in the P53-mediated apoptotic response (102). This can 

elucidate why DRAM was increased after 3-NP acute intoxication. However, DAPA reversed the 

abovementioned inflammatory indicators to nearly to normal levels, induced autophagy through 

enhancing beclin-1 and LC3 expression, and lessened the expression of DRAM. Some studies 

support our results in that 3-NP intoxication can induce inflammation through inducing TNF-α, 

IL-1β and IL-6 production (103;104). It was shown that IL-8 expression elevation was seen in 

striatum of HD human patients (105). In contrast to our results, 3-NP induced elevated 

expression of beclin-1, LC3 (106) but after 24 hours of 3-NP exposure, beclin-1 levels were 

normalized (107) which is, in turn, consistent with our findings. Also, during reperfusion phase 

of retinal ischemia model, the increased activation of calpain and excitotoxicity resulted in 

augmented beclin-1 cleavage in association with LC3 reduction (108).    

 In line with our work, DRAM expression was elevated after 3-NP intoxication (109). it 

was shown that DRAM triggers autophagy under the control of p53 (110). As in our work, In 

vitro study, showed that canagliflozin regulates glucose metabolism through enhanced autophagy 
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by elevating LC3 expression and anti-inflammatory effect through reducing IL-1, IL-6 and TNF-

α levels (111).    

 

These findings give some support for the established evidence that acute 3-nitropropionic 

acid intoxication is able to induce acute striatal injury/Huntington’s disease which proved via 

impaired locomotive and memory behavior. This impaired behavior was associated with 

neurotransmission disturbance. The damage induced by 3-nitropropionic acid involves 

implications of apoptosis and glycolysis, inflammation and anti-autophagy. 

More importantly, we suggest that DAPA was able to reverse locomotor and memory 

impairment. It was also able to nearly normalize the disturbed neurotransmission as well as 

apoptosis and glycolysis, inflammation and autophagy in rat striatum. Specifically, regulating 

striatal glucose metabolism by targeting SLGT2 or other glucose metabolism factors may be an 

important strategy to lessen inflammatory, apoptotic and glycolytic as well as promoting 

autophagic responses which, in turn, are associated with Huntington’s disease and other 

neurodegenerative disorders that are related to glucose metabolism. We can conclude that DAPA 

is a promising drug for treating Huntington’s disease patients or for diabetic patients who also 

have Huntington’s disease. Despite the fact that dapagliflozin exhibited encouraging outcomes, 

these need to be evaluated in humans, therefore, to confirm the beneficial effects on humans 

through clinical studies. Then, further work should be carried out to check the agreement of this 

experimental data to the clinical milieu. 
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 3-Nitropropionic acid acute intoxication is able to induce acute striatal damage/ Huntington’s 

disease. 

 3-Nitropropionic acid induced perturbations in neurotransmitters levels in striatum with 

consequent behavioral difficulties.  

 3-Nitropropionic acid-induced damage involves glycolysis, apoptosis, inflammation and defected 

autophagy.  

 Dapagliflozin abated 3-nitropropionic acid-induced striatal damage/ Huntington’s disease. 
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