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Abstract 
L-Methionine-induced hyperhomocysteinemia (HHcy) causes vascular anomalies such as endothelial dysfunction and 
mitochondrial impairment that triggers vascular cognitive impairment and dementia (VCID). Nesgatin-1 is an 
anorexigenic peptide that might protect the brain against neurotoxicity of L-methionine (LM). The present work 
investigated the mitochondria-targeted neuroprotective potential of nesfatin-1 in an L-methionine–induced rat model 
of HHcy-associated VCID. LM (1.7 g/kg/day) was administered for 8 weeks in Wistar rats (adult males) to induced 
VCID. Nesfatin-1 (0.3, 1, and 3 µg/kg) was administered intracerebroventricularly (ICV) for 2 weeks. We observed 
that LM-induced HHcy defunctionalized mitochondrial enzyme activity, lowered ATP levels, and triggered oxidative 
stress and inflammation (tumor necrosis factor-α, interleukin-1β) in the brain of rats. LM induced a rise in vascular 
injury markers (matrix metalloproteinase-9) and chemokines (monocyte chemoattractant protein-1) in the brain. 
Nesfatin-1 ICV treatment attenuated L-Met–induced brain oxidative stress, inflammation, vascular injury, and 
chemokine levels. The activity of acetylcholinesterase and glutamate levels were decreased and GABA was increased 
significantly by nesfatin-1. Nesfatin-1 significantly improved brain mitochondrial respiratory chain activity (complex 
I, II, IV, and V), endothelial nitric oxide synthase (eNOS) activity, PGC-1α, and attenuated apoptotic factors (caspase-
3/-9 and cytochrome-c). Nesfatin-1 significantly improved spatial learning and memory and working memory in rats 
against LM in HHcy-induced VCID model. Collectively, these findings provide compelling evidence that nesfatin-1 
confers robust neuroprotection against HHcy-induced VCID. Nesfatin-1 emerges as a promising therapeutic candidate 
for targeting mitochondrial dysfunction in VCID. 
Keywords Vascular dementia, L-methionine, Nesfatin-1, Matrix metalloproteinase-9, Mitochondria, Apoptosis 
How to cite this article: Kaur G, Devi S, Shukla M, Kumar M. Nesfatin-1 Ameliorated Cognitive Functions In L-
Methionine-Induced Vascular Cognitive Impairment and Dementia By Restoring Brain Mitochondrial Activity. Int J 
Drug Deliv Technol. 2026;16(18s): 153-173. DOI: 10.25258/ijddt.16.18s.16 
 
1. Introduction 
Vascular contributions to cognitive impairment and 
dementia (VCID) encompass a spectrum of cognitive 
disorders driven by cerebrovascular pathology, ranging 
from mild deficits to frank dementia (Silva et al., 2022). 
Characterized by conditions such as small vessel disease, 
cerebral amyloid angiopathy, and strategic infarcts, 
VCID results from compromised cerebral blood flow and 

neurovascular unit dysfunction, leading to white matter 
damage and neuronal injury (Jiménez-Ruiz et al., 2024). 
While vascular dementia (VaD) is recognized as the 
second most common cause of cognitive impairment 
after Alzheimer's disease (AD), neuropathological 
studies reveal that pure vascular dementia is relatively 
rare; instead, the majority of cases exhibit mixed 
pathology, with cerebrovascular disease commonly 
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coexisting with and exacerbating AD pathology Cerebral 
amyloid angiopathy (CAA) and small vessel diseases 
(SVD) are common in neocortical areas and basal ganglia, 
respectively (Gorelick et al., 2016). Vascular dementia 
(VaD) is the second most prevalent basis of dementia 
after Alzheimer’s disease (AD) due to a recent decrease 
in cardiovascular risk factors. The global burden of 
dementia is 5.7 × 106 (2021), and 5-10% of dementia 
cases include VaD. At present, there is no FDA-approved 
drug treatment specific for VaD, however, drugs for AD 
and the underlying diseases, such as hypertension, 
obesity, diabetes, etc., are used for the treatment of 
vascular dementia with limited success (Smith et al., 
2025) (Khodir et al., 2022).  
Among the myriad modifiable vascular risk factors, 
hyperhomocysteinemia (HHcy) has garnered 
considerable attention for its strong association with 
cognitive decline and cerebral microvascular 
degeneration. Elevated homocysteine (Hcy) disrupts 
endothelial nitric oxide (NO) signaling, promotes 
excitotoxicity, enhances mitochondrial permeability 
transition, and increases neuroinflammatory and 
apoptotic cascades, ultimately impairing neuronal 
survival and synaptic plasticity (Moosavi et al., 2014; 
Alachkar et al., 2022). Experimental models of VCID 
induced by chronic L-methionine (L-met) administration 
reproducibly mimic the biochemical, vascular, and 
neurobehavioral alterations (Hemanth Kumar et al., 2017) 
associated with HHcy in humans, thereby providing a 
robust platform to investigate mitochondrial and 
endothelial-based neuroprotective strategies. 
Mitochondrial dysfunction is a central mechanistic driver 
in the pathogenesis of VCID (He et al., 2024; Patai et al., 
2025). Excess homocysteine (Hcy) and its metabolite 
homocysteic acid compromise respiratory chain 
complexes, impair membrane potential, adenosine 
triphosphate (ATPs) and calcium (Ca2+) homeostasis, 
and promotes cytochrome-c release via opening of the 
mitochondrial permeability transition pore (mPTP) 
(Zhang et al., 2020). Hcy inhibits tricarboxylic acid 
(TCA) cycle via reduction in aconitase and the UQCRC2 
(Ubiquinol-Cytochrome C Reductase Core Protein 2) 
component of complex III. Hcy elevates mitochondrial 
reactive oxygen species (ROS) leakage, impairs 
antioxidant mechanisms (e.g., MnSOD, Nrf2 pathway), 
and enhance ROS-producing enzymes, such as NADPH 
oxidase (Nox) and nitric oxide synthase (NOS) (Kaplan 
et al., 2020). HHcy can alter mtDNA, epigenetic 

mechanisms, and induce mitochondrial apoptotic 
pathways through several mechanisms, such as 
endoplasmic reticulum (ER) stress and excitotoxicity, 
that might alter mitochondrial dynamics (e.g., 
mitochondrial fission and fusion) (Chen et al., 2021; 
Škovierová et al., 2016). These events collectively impair 
neuronal energy metabolism and accelerate cognitive 
deficits. Thus, therapeutic interventions that stabilize 
mitochondrial bioenergetics, preserve membrane 
potential, reduce oxidative overload, and prevent 
inflammatory signaling represent a promising approach 
for mitigating VCID progression. 
Nesfatin-1, an 82-amino acid peptide derived from 
nucleobindin-2 (NUCB2), has recently emerged as a 
pleiotropic neuroprotective factor (Zhou and Nao, 2024). 
Preclinical studies have demonstrated its capacity to 
activate pro-survival signaling pathways, including 
PI3K/Akt and ERK1/2, thereby preserving mitochondrial 
membrane potential, inhibiting cytochrome c release, and 
attenuating neuronal apoptosis in models of 
neurotoxicity (Tan et al., 2015). While these antioxidant, 
anti-apoptotic, and endothelial-stabilizing properties 
have been observed in various contexts of metabolic and 
ischemic brain injury (Damian-Buda, 2024), its specific 
mechanistic role in mitochondria-targeted 
neuroprotection against HHcy-induced VCID has not 
been explored. The present study was designed to 
investigate the mitochondria-targeted neuroprotective 
effects of nesfatin-1 in an experimental rat model of 
HHcy-induced VCID. Specifically, the study aimed to 
evaluate the effect of nesfatin-1 on cognitive 
performance, including spatial learning and memory, as 
well as to assess its impact on serum biochemical 
alterations induced by L-methionine (Schalla and 
Stengel, 2018). The L-methionine–induced 
hyperhomocysteinemia model is a well-established and 
clinically relevant paradigm that replicates hallmark 
features of human VCID, including oxidative stress, 
endothelial dysfunction, mitochondrial injury, and 
cognitive deficits. Through intracerebroventricular 
administration, this study ensures direct engagement of 
nesfatin-1 with central mitochondrial and vascular 
targets. The comprehensive study design, incorporating 
multiple mitochondrial biomarkers, behavioral assays, 
and histological evaluations, facilitates a thorough 
mechanistic exploration of nesfatin-1–mediated 
neuroprotection. 
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2. Material and Methods 
 
2.1. Experimental Animals  
Protocol no. SSP/IAEC/2025/014 was approved by 
IAEC in May 2025. Adult male Wistar rats ranging 
around 220 and 250 g were acquired and kept in 
controlled environments (22±2°C, 12-h light/dark cycle, 
55–65% humidity) with unlimited access to water and a 
regular pellet diet. The CCSEA, New Delhi 
recommendations and ARRIVE criteria were followed in 
every procedure. Rats fasted for 12 h before to surgery as 
part of the pre-surgical procedures, although they were 
allowed to drink water ad libitum. Regarding the various 
therapy regimens provided to animal cohorts, the animal 
handlers and custodian were blinded. Every animal-
based study was conducted from 0900 to 1500 h in a 
single day. 14 days before the experiment, the animals 
were acclimated.  
 
2.2. Drugs treatment schedule 
The rats were divided into 7 groups (n = 8): i) V+Sham 
group received vehicle and sham surgery, ii) LM+Sham 
group received L-Met and sham surgery, iii) N(3) per se 
group was given Nesfatin-1 (3 μg/kg), iv) LM+N(0.3) 
group was given L-Met and Nesfatin-1 (0.3 μg/kg), v) 
LM+N(1) group was given L-Met and Nesfatin-1 (1 
μg/kg), vi) LM+N(3) group was given L-Met and 
Nesfatin-1 (3 μg/kg), vii) LM+P group was given L-Met 
and piracetam (500 mg/kg, p.o.). VCID was induced in 
rats by chronic oral administration of L-methionine (LM; 
1.7 g/kg/day) for 8 weeks. This regimen reliably elevates 
serum Hcy and evokes cerebrovascular and cognitive 
deficits characteristic of VCID (Bhatia and Singh, 2021). 
At the start of 5th week, an ICV cannula was implanted. 
Nesfatin-1 (doses 0.3, 1, and 3 μg per kg body weight in 
5 μl volume of aCSF) (Goebel et al., 2011; Dore et al., 
2020; Shimizu et al., 2009; Mortazavi et al., 2015; Dong 
et al., 2013; Arabaci Tamer et al., 2022) was 
administered ICV for 14 days (day 43 to 56). Piracetam, 
standard nootropic drug, (dose 500 mg/kg) was given 
orally for 14 days (Chester et al., 2017; Wang et al., 
2020). Equal amount of vehicle was administered in the 
vehicle control and LM control groups. Body weight and 
feed/water intake was monitored each day and analyzed 
weekly. Locomotor activity and motor coordination of 
rats was evaluated on day(s) 1, 49, and 56. The Morris 
water maze test was performed to evaluate the long-term 
spatial memory of rats. Acquisition trials were performed 

from day 57-61 and retention trial was performed on day 
62. Novel object recognition task was conducted on day 
63 to assess the working memory of rats. 
 
2.3. ICV cannula implantation in rats 
The rats were anesthetized (ketamine, 80 mg/kg, i.p. and 
xylazine, 10 mg/kg, i.p.), the hair were removed, and an 
incision was given in the skin to open the skull of the rat. 
An analgesic (equal parts of lidocaine and bupivacaine) 
was used and a burr hole was created using stereotaxic 
apparatus (anteroposterior from bregma = −0.8 mm, 
mediolateral from mid-sagittal suture = ± 1.5 mm, and 
dorsoventral from the skull = ± 3.6 mm) (Paxinos and 
Watson, 1986). The intracerebroventricular (ICV) guide 
cannula (heparinized), was rooted 3.6 mm underneath the 
skull surface by using dental cement. A 28-gauge 
stainless steel stylet was introduced into the cannula to 
block the opening. For ICV injections the stylet was 
removed. Again, the surgical wound was applied with 
local anesthetic, the skin was sutured, Reflin® 
(cephazolin sodium, 30 mg/kg, i.p., Ranbaxy) was 
injected. Neosporin® (GSK, Mumbai) was applied for 6 
days. Meloxicam (2 mg/kg) was given orally for 3 days. 
To avoid dehydration, lactated Ringer’s solution (5 ml) 
was administered subcutaneously (s.c.). The body 
temperature at 37±0.5°C was maintained using a heating 
pad (Kumar and Bansal, 2018). 
 
2.4. Locomotor activity 
Animal was positioned in the actophotometer (INCO, 
Ambala, India) for habituation (5 min) and then observed 
for 10 min and stated as counts per 10 min (Kumar et al., 
2021; Reddy and Kulkarni, 1998). 
 
2.5. Rotarod test 
The rats were made proficient (≥ 60 s fall-off time at 9 
rpm) on the apparatus. Each rat was positioned on the 
cylindrical shaft whose rotation was incrementally 
amplified (over 50 s) every 10 s from 6 rpm (1st speed) to 
30 rpm (5th speed) and fall-off time (s) was observed for 
5 min (Oyamada et al., 2008; Reddy and Kulkarni, 1998). 
The results are expressed as latency to fall-off (s). 
 
2.6. Morris water maze test  
Memory (spatial) was evaluated in three phases: 
acquaintance, acquisition, and retention. A circular tank 
pool of black color (200 cm × 60 cm, half-filled with 
water, 25±1°C) was separated into 4 alike quadrants 
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designated north (N), east (E), south (S) and west (W) 
(clockwise). A platform [area 11 cm2, task difficulty ratio 
(search area: target ratio) of 314:1] was placed north-west 
(NW), 2 cm below water surface and disguised by 
making the water opaque with a non-toxic water color. 
Each rat was allowed to travel the maze for 120 s without 
platform. In acquisition phase, each animal received 4 
consecutive trials each day with inter-trial gap (ITG) of 
30 s with unaltered position of the camouflaged platform. 
The drop location of rat was changed each day for each 
trial for 5 days during acquisition trials and permitted 120 
s to trace underwater dais. Mean escape latency (MEL) 
was noted. 24 h after last acquisition trial, memory 
retained was assessed in which the platform was removed 
and animal placed 180° from original platform location 
was permitted to discover the pool for 60 s. Time spent 
in target quadrant (TSTQ) probing for the concealed 
platform refers to retrieval memory (Morris, 1984, 
Vorhees & Williams, 2006).  
 
2.7. Novel object recognition task 
An open wooden box (80×40×60 cm3) was positioned in 
a sound-attenuated area illumined by a 60W bulb. The 
trial consisted of habituation (P1), acquisition (P2) and 
retrieval phase (P3). P1 was performed for 3 successive 
days prior to testing and rats were allowed to explore the 
box area for 5 min. In P2, rats were allowed to explore 
the 2 indistinguishable immovable wooden objects of 
different shapes and color (placed 10 cm separate from 
walls at opposite ends) in the box for 5 min. Exploration 
referred to directing the snout near the item ≤ 2 cm or 
touching the object. After an intertrial interval (ITI) of 60 
min, P3 started. In P3, rats were allowed to explore two 
different objects (one familiar and other novel) while 
counterbalancing all the combinations and location of 
objects to eliminate the potential bias. 20% ethanol was 
used to clean the objects. The time spent exploring each 
article in P2 and P3 was manually noted. The total 
exploration time for two identical objects in P2 (E1 = 
EA1 + EA2) and the exploration time for two different 
objects in P3 (E2 = EA3 + EB) was calculated. Retention 
of memory is given by EB – EA3. Discrimination index 
is calculated by DI = (EB – EA3) / (EA3 + EB) and 
expressed as % DI (Ennaceur and Delacour, 1988). 
 
2.8. Blood sample preparation 
The blood samples via retro-orbital venipuncture were 
collected in Eppendorf tubes and allowed at room 

temperature to clot for 21 min. The coagulate was 
separated with a glass stirrer and then centrifuged for 15 
min at 3000 rpm speed in order to separate the serum. 
Blood lipoproteins levels were estimated as per the 
colorimetric kit instructions.  
 
2.9. Preparation of brain samples  
Diethyl ether anesthesia was used and animals were then 
decapitated (Saxena et al., 2010). Whole brains were 
dissected out, rinsed with ice-cold isotonic saline (0.9% 
NaCl) while placed on ice and weighed. Potter-
Elvehjam-type glass homogenizer was used to prepare 
mitochondria fractions of 10% w/v homogenate by using 
ice-cold mitochondrial separation 10 ml buffer A (225 
mM mannitol, 75 mM sucrose, 1 mM EGTA, 1 mg/ml 
BSA, 5 mM HEPES, pH 7.4) (Khan et al., 2005; Kamboj 
et al., 2008; Puka-Sundvall et al., 1995). 20 ml of buffer 
A was again added and mixture was centrifuged at 4 °C 
(2000 × g, 3 min). The supernatant was conserved. Pellet 
was again centrifuged (12,000 × g for 8 min) in buffer A 
(10 ml) using 4 tubes. The pellet was added with buffer 
A (10 ml) and digitonin (0.02%) to lyse the 
synaptosomes, and then again centrifuged (12,000 × g for 
10 min). Buffer A was prepared lacking BSA/EGTA and 
mitochondrial pellet was washed and resuspended in a 
suitable buffer for biochemical investigations. For the 
measurement of Complex I, II, IV, V, mitochondrial 
permeability transition (MPT), and citrate synthase (CS) 
activity, phosphate buffer (50 mM, pH 7.4) was added to 
mitochondrial pellet (−20 °C temperature) that were 
utilized within 3 days. The previously separated 
homogenate was used to evaluate biomarkers of 
inflammation, apoptosis, eNOS, and PGC-1α. 
Myeloperoxidase (MPO) activity, a biomarker of 
inflammatory neutrophil extravasation, was assessed 
using mitochondrial pellet and expressed as Units/mg 
protein (Grisham et al., 1990). The total protein in the 
brain homogenate was measured by following the 
procedure given by Lowry et al. (1951).  
 
2.10. Estimation of serum homocysteine levels 
Dithiothreitol (1 ml) and Tris buffer (9 ml) (Solution A) 
was mixed. Reducing agent, dithiothreitol, freed the 
complexed homocysteine. The Solution A (2 ml) was 
added with methionine α,γ-lyase solution (1 ml). Sample 
(20 µl) was added with solution A (200 µl), incubated 
(room temperature, 5 min), added with an oxidant, and 
re-incubated at room temperature (5 min). Hydrogen 
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sulfide (H2S) produced by methionine α,γ-lyase reacts 
with chromophore having absorbance at 660 nm and 
measured as µM homocysteine (Zhao et al., 2015).  
 
2.11. Estimation of serum nitrite content 
A copper and cadmium alloy (10% w/w) was activated 
using 0.5 N HCl. To the supernatant (0.1 ml) carbonate 
buffer (0.4 ml, pH 9) and alloy (150 mg) was added 
followed by incubation at room temperature (60 min). 
Sodium hydroxide (0.35 m) and zinc sulfate (120 mM) 
were added to the assay mixture and then centrifuged 
(4000 rpm for 10 min). Supernatant (0.1 ml) was treated 
with 0.5 ml of Greiss reagent (1:1 solution of 1% 
sulphanilamide in 3 M HCl and 0.1% N-1-Napthyl 
ethylene diamine dihydrochloride in water), incubated in 
dark, and absorbance noted at 548 nm. The concentration 
of unknown sample was calculated from the standard 
curve between absorbance and concentration of sodium 
nitrite (10-100 μM). Nitrite content is stated as µmol/mg 
of protein (Sastry et al., 2002). 
 
2.12. Estimation of biomarkers of oxidative stress, 
inflammation, and neurotransmitters in the brain 
Thiobarbituric acid reactive substances (TBARS) 
(Ohkawa et al. 1979), reduced glutathione (GSH) 
(Ellman, 1959), superoxide dismutase activity (Suzuki, 
2000), catalase activity (Claiborne, 1985), and protein 
carbonyl (Yan et al., 1995; Reznick and Packer, 1994) 
content was evaluated. A double-beam UV-Vis 
spectrophotometer was used to detect the absorbance of 
the chromophore. Molar extinction coefficient of 
chromophore 1.56×105 M−1cm−1 at 532 nm was used for 
calculation of total TBARS content. The quantity of 
glutathione (µmol GSH/mg protein) was measured using 
molar extinction coefficient (ε) 1.36×104 M−1cm−1 of the 
chromophore at 412 nm. SOD activity is expressed in 
units of SOD per mg of protein. Catalase (CAT) 
enzymatic activity (µmol H2O2 decomposed/min/mg 
protein) was determined utilizing molar extinction 
coefficient (ε = 43.6 M-1cm-1 at 240 nm). To determine 
protein carbonyls, the separated protein was suspended in 
1 mL of denaturing buffer and absorbance noted at λmax = 
370 nm spectrophotometrically. Protein carbonylation 
was quantified using ε = 22,000 /M/cm (Hissin and Hilf, 
1976). Double antibody sandwich ELISA technique was 
employed to quantify the tumor necrosis factor (TNF)-α, 
interleukin (IL)-1β, caspase-3, caspase-9, matrix 
metalloproteinase (MMP)-9, peroxisome proliferator-

activated receptor-γ coactivator (PGC)-1α, monocyte 
chemoattractant protein-1 (MCP-1), carnitine 
acetyltransferase, and endothelial nitric oxide synthase 
(eNOS) levels, in the rat brain samples. A standard curve 
of different biomarkers was plotted to estimate TNF-α 
(pg/ml), IL-1β (pg/ml), caspase-3/-9 (ng/ml), eNOS 
(pg/ml), carnitine acetyltransferase, MMP-9 (ng/ml), 
PGC-1α (ng/ml), and MCP-1 (ng/ml) in the samples. The 
concentration of GABA and glutamate were assessed by 
using high-performance liquid chromatography-
fluorescence detector (HPLC-FLD) technique (Kumar et 
al., 2021). 
 
2.13. Estimation of mitochondrial respiratory chain 
functions in the brain 
 
NADH dehydrogenase (complex I) (King and Howard, 
1967), succinate dehydrogenase (complex II) (King et al. 
1976), cytochrome oxidase (complex IV) (Sottocasa et 
al. 1967), and F1F0 synthase (complex V) (Fiske and 
Subbarow, 1925; Griffiths and Houghton, 1974) were 
quantified to assess the activity of mitochondrial 
respiratory chain. Citrate synthase activity was measured 
by following the method of Coore et al. (1971). 
Cytochrome c was assessed by the method given by 
Perez-Pinzon et al. (1999). 
 
2.14. Evaluation of MTT reduction 
Dehydrogenase enzymes in the mitochondrial assay 
mixture reduce MTT to blue formazan that depicts 
mitochondrial functionality (Liu et al., 1997). MTT (0.1 
mg/ml) and mitochondrial suspension was incubated (37 
°C for 30 min) and centrifuged (2000 × g). Absolute 
ethanol and formazan pellet mixture was re-centrifuged 
10 min and supernatant was removed whose absorbance 
was measured at λmax = 595 nm. MTT reduction is stated 
as μg formazan formed/min/mg protein and the data was 
normalized to citrate synthase activity. 
 
2.15. Estimation of mitochondrial permeability 
transition 
Mitochondrial swelling and contraction (Tedeshi and 
Harris, 1958) and mitochondrial membrane potential 
(MMP) (Cassarino et al., 1999) were noted to assess 
mitochondrial permeability transition (MPT) (Varibro et 
al., 2001). 
 
2.16. Evaluation of Adenine (ATP and ADP) 
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nucleotide levels 
Freezing brain tissue was added to a micro-centrifuge 
tube (2.0 ml) along with perchloric acid (0.4 M) and 
instantly homogenized. The homogenate was ice-cooled 
(35 min). It was centrifuged (14,000 × g at 4 °C). K2CO3 
(4 M) was added to the supernatant which was again 
cooled for 12 min at −80 °C for precipitation of the 
perchlorate. The assay mixture was re-centrifuged. 
Supernatant was stored at −80 °C for high-performance 
liquid chromatography (HPLC) analysis. The sample and 
standard were added discretely to the HPLC column. 
Elution was observed at λmax = 254 nm, at a flow rate of 
2 ml/min using Supelcosil LC-18, 5 μm (15 cm × 0.46 
cm) reversed phase column (Supelco, Crans, 
Switzerland). An isocratic elution of the samples was 
executed with 0.52 μm KH2PO4 buffer (pH 4.0), 
containing 1.25% (v/v) methanol and 0.04% 
tetrabutylammonium phosphate. Peaks were recognized 
by their retention period and by means of co-
chromatography with standards. ATP and ADP levels 
was represented as nmol/mg protein (Victor et al. 1987). 
 
2.17. Estimation of brain acetylcholinesterase (AChE) 
activity 
The supernatant (0.05 ml), 0.1 M phosphate buffer (pH 
8, 3 ml), 0.05 M Ellman’s reagent (0.1 ml) and 0.075 M 
acetylthiocholine iodide (0.1 ml) were taken and the 
absorbance of yellow colored chromophore was 
spectrophotometrically (λmax=412 nm) determined for 2 
min at 30 s interval. The rate at which absorbance 
changes per min was determined [ΔA412/min = 
{A412(time 2) – A412(time 1) / {Time 2 – Time 1}]. Molar 
extinction coefficient of the chromophore (ε=1.36 × 104 
M-1cm-1 at 412 nm) was used for calculation of AChE 
activity (µmol acetylthiocholine iodide (AThCh) 
hydrolysed/min/mg protein) (Ellman et al., 1961). 
 
2.18. Brain histology 
10% neutral buffered formalin solution (10% NBF) was 
administered via left ventricle through a gravity fed 
perfusion setup in anesthetized animals. Brain tissues 
were fixed in 10:1 ratio using 10% NBF and 0.05% 
sodium azide (pH 7.1) and stored at 4°C for histology 
(Zaborszky et al., 2006). 5.0 μm sections were carved out 
and stained with hematoxylin and eosin (H&E). DPX-
resin mounting medium was used to prepare slides. 
Slides were analyzed using light microscopy (× 40).  
 

2.19. Statistical analysis 
Data will be scrutinized by a knowledgeable researcher, 
blinded to diverse treatments of rat cohorts. Grubb’s test 
was used to detect outliers. Kolmogorov-Smirnov test was 
used to assess the normal distribution and Levene’s test 
disclosed homogeneity of variance (HOV p > 0.05). Data 
was examined by one-way ANOVA and Tukey’s posthoc 
test. Time dependent data of mean body weight, 
feed/water intake, locomotor activity, motor coordination, 
and escape latency in MWM acquisition trials was 
analyzed by repeated measures two-way ANOVA and 
Bonferroni’s posthoc test. Data stated as mean ± S.E.M. 
A p value less than 0.05 is considered to be statistically 
significant. 
 
3. Results 
 
3.1. Nesfatin-1 attenuated LM-induced rise in mean 
body weight, food intake, and water intake 
 
LM administration for 8 weeks in sham rats caused a 
significant (p < 0.001) increase in mean body weight, 
feed, and water intake in comparison to sham rats that 
were given vehicle only. However, nesfatin-1 (0.3, 1, and 
3 μg/kg, ICV) treatment significantly (p < 0.001) 
attenuated LM-induced rise in mean body weight, feed, 
and water intake of rats in comparison to rats that were 
given LM only. ICV administration of nesfatin-1 per se 
also decreased (p < 0.001) the mean body weight, feed, 
and water intake of rats with respect to sham rats that 
were given vehicle alone. Administration of piracetam (a 
nootropic drug) attenuated (p < 0.001) the LM-induced 
rise in the mean body weight, feed, and water intake of 
rats in comparison to rats that were given LM only (Fig. 
1). 
 

 
 
Fig. 1 Nesfatin-1 attenuated (A) mean body weight, (B) 
mean food intake, and (C) mean water intake (n = 8). ### 
p < 0.001 vs. V+Sham, *** p < 0.001 vs. LM+Sham. V: 
Vehicle, LM: L-Methionine, N: Nesfatin-1 
 
3.2. Nesfatin-1 had no effect on the locomotor activity 
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and motor co-ordination 
 
There was no significant (p > 0.05) difference in the 
mean locomotor activity and motor coordination among 
different groups in response to diverse drug treatments 
(Fig. 2).  
 
3.3. Nesfatin-1 increased learning and memory of rats 
in Morris water maze and novel object recognition 
task (NORT) in LM rat model of VCID 
 
The MEL of different groups showed no significant (p > 
0.05) difference from day 1 to 3; however, significant 
inter-group variation was observed on day 4 during the 
acquisition trials (Fig 2C). On day 4, administration of 
LM in sham rats caused a significant (p < 0.01) increase 
in the MEL of rats with respect to the vehicle treated 
sham rats. V+Sham and N(3) per se groups exhibited 
marked (p < 0.001) reduction in MEL on day 5 with 
respect to that of day 1. On day 5, we observed that 
administration of piracetam (standard drug) for 14 days 
in LM treated rats caused a significant (p < 0.001) fall in 
MEL when compared to administration of LM in sham 
rats. Interestingly, ICV administration of nesfatin-1 (0.3, 
1, and 3 μg/kg) in LM treated rats decreased (p < 0.05, p 
< 0.01, p < 0.001) the MEL with respect to rats that 
received LM alone. N(3) per se group exhibited no 
significant variation in the MEL with respect to V+Sham 
group. 
During probe trial on day 6, administration of LM for 8 
weeks significantly (p < 0.001) decreased the TSTQ 
when compared to sham rats that received vehicle alone. 
ICV administration of nesfatin-1 (0.3, 1, and 3 μg/kg) in 
LM treated rats augmented the TSTQ (p < 0.01, p < 
0.001, p < 0.001) with respect to rats that were subjected 
to LM treatment alone. Piracetam significantly (p < 
0.001) elevated the TSTQ in LM treated rats (Fig 2D). 
N(3) per se group showed significant (p < 0.001) increase 
in TSTQ with respect to LM+Sham group, however, no 
significant (p > 0.05) variation was noticed with respect 
to V+Sham group.  Nesfatin-1 (1 and 3 μg/kg, ICV) 
caused a significant increase (p < 0.001) in TSTQ in 
comparison to nesfatin-1 (0.3 μg/kg, ICV) in LM rat 
model of VCID.  
 

 
 
Fig. 2 Nesfatin-1 attenuated LM-induced symptoms of 
dementia in rats and had no significant effect on 
locomotor activity and motor co-ordination. Effect of 
nesfatin-1 on (A) locomotor activity, (B) motor co-
ordination, (C) mean escape latency (MEL) in MWM 
acquisition trials, (D) Time spent in target quadrant 
(TSTQ) in MWM retention trial, and (E) % 
discrimination index (DI) in NORT (n = 8). ## p < 0.01, 
### p < 0.001 vs. V+Sham, * p < 0.05, ** p < 0.01, *** p < 
0.001 vs. LM+Sham, @ p < 0.05, @@@ p < 0.001 vs. 
LM+N(0.3). V: Vehicle, LM: L-Methionine, N: 
Nesfatin-1 
 
In the NORT, administration of LM for 8 weeks 
significantly (p < 0.001) lowered the % discrimination 
index (DI) in comparison to vehicle treated sham rats. 
Administration of nesfatin-1 (ICV) for 14 days 
significantly (p < 0.001, p < 0.001, p < 0.001) increased 
the %DI in LM treated rats with respect to rats that 
received LM alone. Piracetam treated group showed a 
significant (p < 0.001) rise in %DI when compared to 
LM+Sham group. N(3) per se group showed a significant 
increase (p < 0.001) in the %DI with respect to the 
LM+Sham group, however, no significant variation (p > 
0.05) was observed in comparison to the V+Sham group 
(Fig. 2E). Nesfatin-1 (1 and 3 μg/kg, ICV) caused a 
significant increase (p < 0.05) in %DI in comparison to 
nesfatin-1 (0.3 μg/kg, ICV) in LM rat model of VCID.  
 
3.4. Nesfatin-1 attenuated serum homocysteine (Hcy) 
levels, total nitrites, and lipoproteins in LM rat model 
of VCID 
 
Administration of LM in sham rats for 8 weeks amplified 
(p < 0.001) the serum HCy levels, total nitrites, TC, TGs, 
LDL-C, and VLDL levels and decreased (p < 0.001) 
HDL-C levels when compared with vehicle treated sham 



 
 

Nesfatin-1 Ameliorated Cognitive Functions In L-Methionine-Induced Vascular Cognitive 
Impairment and Dementia By Restoring Brain Mitochondrial Activity 

 

IJDDT, Volume 16 Issue 18s, 2026 Page 160 
 

rats. Treatment of LM administered rats with nesfatin-1 
(0.3, 1, and 3 μg/kg, ICV) for 2 weeks significantly 
diminished the serum HCy (p < 0.05, p < 0.001, p < 
0.001), nitrites content (p < 0.05, p , 0.01, p < 0.001), TC 
(p < 0.05, p < 0.001, p < 0.001), TGs (p < 0.01, p < 0.01, 
p < 0.001), LDL (p > 0.01, p < 0.001, p < 0.001), and 
VLDL levels (p < 0.05, p < 0.05, p < 0.001) and increased 
HDL levels (p > 0.05, p > 0.001, p < 0.001) with respect 
to rats that received LM alone. In LM treated rats, 
administration of piracetam significantly (p < 0.001) 
diminished the serum HCy, nitrites content, TC, TGs, 
LDL-C, and VLDL levels and increased HDL-C levels 
with respect to rats that received LM alone (Fig. 3). N(3) 
per se group showed a significant decrease in serum HCy 
(p < 0.001), nitrites content (p < 0.001), TC (p < 0.001), 
TG (p < 0.001), LDL (p < 0.001), and VLDL levels (p < 
0.001) and increase in HDL levels (p < 0.05) with respect 
to LM+Sham group, however, the increase in HDL level 
was significantly less (p < 0.001) with respect to the 
V+Sham group. The current data showed that nesfatin-1 
(3 μg/kg, ICV) caused a significant amelioration in the 
levels of blood biomarkers (HCy, total nitrites, TC, TGs, 
LDL-C, VLDL, and HDL-C) in comparison to nesfatin-
1 (doses 0.3 and/or 1 μg/kg, ICV) in LM rat model of 
VCID.  
 

 
 
Fig. 3 Nesfatin-1 ameliorated levels of serum 
hmocysteine, total nitrites, and dyslipidaemia in LM rat 
model of VCID A) homocysteine, B) total nitrites, C) 
total cholesterol, D) triglycerides, E) LDL-C, F) VLDL, 
and G) HDL-C (n = 8) ### p < 0.001 vs. V+Sham, * p < 
0.05, ** p < 0.01, *** p < 0.001 vs. LM+Sham, @ p < 0.05, 
@@ p < 0.01, @@@ p < 0.001 vs. LM+N(0.3), $ p < 0.05, 
$$$ p < 0.001 vs. LM+N(1). Hcy: Homocysteine, TC: 
Total cholesterol, TG: Triglycerides, LDL-C: Low-

density lipoprotein cholesterol, VLDL: Very low-density 
lipoproteins, HDL-C: High-density lipoprotein 
cholesterol, V: Vehicle, LM: L-Methionine, N: Nesfatin-
1 
 
3.5. Nesfatin-1 attenuated mitochondrial oxidative 
stress in the brain of LM treated rats 
 
Oral administration of LM in sham rats for 8 weeks daily 
significantly amplified (p < 0.001) the mitochondrial 
TBARS and protein carbonyls levels and decreased SOD, 
catalase activity, and GSH levels when compared to the 
vehicle treated sham rats. Treatment of LM administered 
rats with nesfatin-1 (0.3, 1, and 3 μg/kg, ICV) diminished 
mitochondrial TBARS (p < 0.05, p < 0.05, p < 0.001) and 
protein carbonyls levels (p < 0.05, p < 0.01, p < 0.001) 
and enhanced SOD (p > 0.05, p < 0.001, p < 0.001), 
catalase (p < 0.001, p < 0.001, p < 0.001), and GSH levels 
(p > 0.05, p < 0.01, p < 0.001) with respect to rats that 
received LM alone. In LM administered rats, treatment 
with piracetam conspicuously declined mitochondrial 
TBARS (p < 0.001) and protein carbonyls levels (p < 
0.001) and enhanced SOD (p < 0.001), catalase (p < 
0.001), and GSH levels (p < 0.001) with respect to rats 
that received LM only (Fig. 4). N(3) per se group showed 
a significant decrease in brain TBARS (p < 0.001) and 
protein carbonyls (p < 0.001) and an increase in SOD (p 
< 0.001), catalase (p < 0.001), and GSH levels (p < 0.001) 
with respect to rats that received LM alone, however, no 
significant variation was noticed (p > 0.05) with respect 
to the V+Sham group. The current data showed that 
nesfatin-1 (3 μg/kg, ICV) caused a significant 
amelioration in the levels of brain biomarkers of 
oxidative stress (TBARS, SOD, catalase, and protein 
carbonyls) in comparison to nesfatin-1 (doses 0.3 and/or 
1 μg/kg, ICV) in LM rat model of VCID.  
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Fig. 4 Nesfatin-1 ICV treatment for 14 days ameliorated 
biomarkers of oxidative stress in the mitochondrial 
fraction of the brain of LM treated rats A) Thiobarbituric 
acid reactive substances (TBARS), B) Glutathione 
(GSH), C) Superoxide dismutase (SOD), D) Catalase, 
and E) Protein carbonyls (n = 5) ### p < 0.001 vs. 
V+Sham, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 
LM+Sham, @ p < 0.05, @@ p < 0.01, @@@ p < 0.001 vs. 
LM+N(0.3), $$$ p < 0.001 vs. LM+N(1). V: Vehicle, LM: 
L-Methionine, N: Nesfatin-1 
 
3.6. Nesfatin-1 restored the mitochondrial activity in 
the brain of LM treated rats 
 
Administration of LM orally in sham rats for 8 weeks 
decreased (p < 0.001) the mitochondrial respiratory 
enzymes (in electron transport chain) activity (Complex 
I, II, IV, and F1F0ATPase) when compared with vehicle 
treated sham rats. Furthermore, LM caused a significant 
(p < 0.001) decrease in MTT reduction, ATP levels, and 
an increase in ADPs in rats with respect to the rats that 
were given vehicle and sham surgery. Treatment of LM 
administered rats with nesfatin-1 (0.3, 1, and 3 μg/kg, 
ICV) for 14 days significantly enhanced the activity of 
Complex I (p < 0.001, p < 0.001, p < 0.001), II (p < 0.01, 
p < 0.001, p < 0.001), IV (p < 0.001, p < 0.001, p < 
0.001), and F1F0ATPase (p > 0.05, p < 0.01, p < 0.001)  
with respect to rats that received LM alone. Nesfatin-1 
(0.3, 1, and 3 μg/kg, ICV) attenuated LM-induced 
decrease in MTT reduction (p > 0.05, p < 0.001, p < 
0.001), ATPs (p < 0.05, p < 0.05, p < 0.001), and 
attenuated the increase in ADPs (p < 0.01, p < 0.001, p < 
0.001) in the brain of rats with respect to rats that 
received LM only. In LM treated rats, oral treatment with 
piracetam for 2 weeks conspicuously (p < 0.001) elevated 
mitochondrial respiratory enzymes activity (Complex I, 
II, IV, and F1F0ATPase), MTT reduction, ATP levels, 
and decreased ADPs with respect to rats that were given 
LM only (Table 1). N(3) per se group showed a 
significant increase (p < 0.001) in the brain Complex I, 
II, IV, and F1F0ATPase activities with respect to rats that 
received LM alone, however, no significant variation was 
noticed (p > 0.05) with respect to the V+Sham group. 
Furthermore, N(3) per se group exhibited enhanced MTT 
reduction (p < 0.001), ATPs (p < 0.001), and a decrease 
in ADPs (p < 0.001) in comparison to rats that received 
LM alone, however, no significant variation was noticed 
(p > 0.05) with respect to the V+Sham group. 

  
Table 1 Effect of nesfatin-1 ICV treatment on the 
mitochondrial functions in LM rat model of VCID. 
 

Parame
ter / 
Group 

V+
Sh
am 

LM
+Sh
am 

N(
3) 

LM
+N(
0.3) 

LM
+N
(1) 

LM
+N(
3) 

L
M
+P 

Compl
ex I 
(nmol 
NADH 
oxidize
d/min/
mg 
protein
) 

10
7.2 
± 
1.5
22 
 

31.
39 
± 
2.1
91 
### 
 

10
9.4 
± 
2.0
5 
*** 
 

57.7
9 ± 
3.58
4 *** 
 

77.
54 
± 
3.9
06 
*** 

@@

@ 
 

100
.9 ± 
2.5
21 
*** 

@@

@ 

$$$ 
 

93.
59 
± 
3.1
37 
*** 
 

Compl
ex II 
(nmol 
succina
te 
oxidize
d/min/
mg 
protein
) 

15
4.6 
± 
4.5
15 
 

66.
91 
± 
4.2
07 
### 
 

16
1.8 
± 
4.9
73 
*** 
 

94.9 
± 
4.67
5 ** 
 

135
.9 
± 
3.3
69 
*** 

@@

@ 
 

162
.4 ± 
3.7
26 
*** 

@@ 

$$$ 
 

15
5.8 
± 
4.7
64 
*** 
 

Compl
ex IV 
(nmol 
cytochr
ome c 
oxidize
d/min/
mg 
protein
) 

14
8.4 
± 
3.0
53 
 

42.
85 
± 
4.3
9 
### 
 

15
6.8 
± 
3.8
61 
*** 
 

66.9
5 ± 
3.16
4 *** 
 

92.
95 
± 
3.0
49 
*** 

@@

@ 
 

121
.0 ± 
2.3
15 
*** 

@@

@ 

$$$ 
 

10
6.5 
± 
2.0
55 
*** 
 

F1F0A
TPase 
(nmol 
ATP 
hydrol
yzed/m
in/mg 
protein
) 

15.
44 
± 
1.1
31 
 

6.7
8 ± 
1.0
73 
### 
 

18.
11 
± 
1.0
73 
*** 
 

12.1
0 ± 
1* 
 

12.
7 ± 
0.7
375 
** 
 

15.
77 
± 
1.1
49 
***  
 

14.
68 
± 
1.2
31 
*** 
 

Mitoch
ondrial 
swellin

0.3
02
9 ± 

0.8
57 
± 

0.2
38
5± 

0.66
37 ± 
0.04

0.5
041 
± 

0.2
155 
± 

0.2
83
9 ± 
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g 
(absorb
ance at 
520 
nm) 

0.0
30
09 
 

0.0
376
4 
### 
 

0.0
22
89 
*** 
 

829 
** 
 

0.0
404
1 
*** 

@ 
 

0.0
239
2*** 

@@

@ 

$$$ 
 

0.0
31
8 
*** 
 

Scatteri
ng at 
540 nm 

80.
83 
± 
2.1
78 
 

29.
48 
± 
3.0
75 
### 
 

81.
02 
± 
4.4
39 
*** 
 

46.0
8 ± 
1.94
** 
 

57.
09 
± 
2.3
68 
*** 
 

80.
61 
± 
2.7
98 
*** 

@@

@ 

$$$ 
 

79.
9 ± 
0.6
86
4 
*** 
 

Mitoch
ondrial 
membr
ane 
potenti
al 
(fluore
scence 
intensit
y) 
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6.6 
± 
20.
69 
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.9 ± 
11.
2 
### 
 

84
7.2 
± 
17.
88 
*** 
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1 ± 
16.5
4 ** 
 

556
.7 
± 
16.
56 
*** 

@@

@ 
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.9 ± 
11.
71 
*** 

@@

@ 

$$$ 
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3.7 
± 
11.
57 
*** 
 

Citrate 
synthas
e 
(nmol/
min/m
g 
protein
) 

61.
27 
± 
3.3
14 
 

167
.2 ± 
6.1
65 
### 
 

48.
67 
± 
3.0
35 
*** 
 

135.
9 ± 
3.53
2 *** 
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.3 
± 
2.2
88 
*** 

@@

@ 
 

65.
82 
± 
4.5
54 
*** 

@@

@ 
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67.
57 
± 
2.7
91 
*** 
 

Carniti
ne 
acetyltr
ansfera
se 
(ng/ml) 

14.
95 
± 
1.7
19 
 

66.
5 ± 
2.0
84 
### 
 

15.
53 
± 
1.7
56 
*** 
 

53.5
1 ± 
2.89
4 ** 
 

47.
8 ± 
1.9
08 
*** 
 

20.
72 
± 
1.3
17 
*** 

@@

@ 
 

22.
72 
± 
1.9
45 
*** 
 

MTT 
reducti

7.8
96 

1.3
97 

8.3
2 

3.21
2 ± 

5.1
03 

8.5
82 

7.7
34 

on (μg 
formaz
an 
formed
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g 
protein
) 

± 
0.3
87 
 

± 
0.1
343 
### 
 

± 
0.6
22
3 
*** 
 

0.27
26 * 
 

± 
0.2
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*** 

@ 
 

± 
0.2
694 
*** 

@@

@ 

$$$ 
 

± 
0.4
65
3**

* 
 

Cytoch
rome c 
(nmol/
mg 
protein
) 

2.3
89 
± 
0.3
82
3 
 

15 
± 
1.0
73 
### 
 

1.6
79 
± 
0.1
99
1 
*** 
 

11.5
2 ± 
0.49
96 
** 
 

8.0
28 
± 
0.4
654 
*** 

@@ 
 

3.3
51 
± 
0.3
633 
*** 

@@

@ 

$$$ 
 

4.2
43 
± 
0.3
18 
*** 
 
 

ATP 
(nmol/
mg 
protein
) 

14.
39 
± 
1.6
5 
 

1.8
15 
± 
0.3
848 
### 
 

15.
52 
± 
1.2
4 
*** 
 

7.18
5 ± 
1.04
2 * 
 

7.3
15 
± 
0.8
273 
* 
 

10.
77 
± 
0.7
458 
*** 
 

9.2
8 ± 
1.1
29 
*** 

ADP 
(nmol/
mg 
protein
) 

4.3
26 
± 
0.8
09
6 
 

10.
81 
± 
0.5
887 
### 
 

2.5
01 
± 
0.4
21
4 
*** 
 

7.52
7 ± 
0.62
33 
** 
 

6.5
72 
± 
0.2
653 
*** 
 

4.5
87 
± 
0.1
021 
*** 

@@ 
 

5.7
83 
± 
0.8
33
6 
*** 
 

 
(n = 5) ### p < 0.001 vs. V+Sham, * p < 0.05, ** p < 0.01, 
*** p < 0.001 vs. LM+Sham, @ p < 0.05, @@ p < 0.01, @@@ 
p < 0.001 vs. LM+N(0.3), $ p < 0.05, $$ p < 0.01, $$$ p < 
0.001 vs. LM+N(1). V: Vehicle, LM: L-Methionine, N: 
Nesfatin-1 
 
Furthermore, we observed the effects of nesfatin-1 on 
mitochondrial permeability transition, mitochondrial 
swelling, and mitochondrial membrane potential. The 
following parameters were measured from isolated 
Percoll-gradient purified rat brain mitochondria to show 
the direct effect of ICV nesfatin-1 treatment in inducing 
mitochondrial permeability transition: mitochondrial 
swelling, membrane potential dissipation, and 
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cytochrome c release. The reduction in the reflectance of 
light at λmax = 540 nm indicated high-amplitude swelling 
of the mitochondria as a result of the permeability 
transition. Treatment with LM induced a significant (p < 
0.001) swelling in isolated brain mitochondria 
substantiated by a decrease (p < 0.001) in light 
scattering/reflectance at λmax = 540 nm with respect to 
treatment with vehicle alone. In the present study, LM 
treated rats’ mitochondria showed degenerated 
membrane potential, as spotted by the release of the 
membrane potential sensitive dye, Rh123 from the brain 
mitochondria subsequent to the initiation of permeability 
transition. In comparison to vehicle treated sham rats, 
treatment of rats with LM caused a significant (p < 0.001) 
dissipation of membrane potential of mitochondria in the 
brain. This degeneration of membrane potential was 
significantly (p < 0.01, p < 0.001, p < 0.001) inhibited by 
ICV administered nesfatin-1 at doses 0.3, 1, and 3 μg/kg. 
Oral administration of piracetam also attenuated (p < 
0.001) LM-induced mitochondrial swelling and 
dissipation of membrane potential. 
Substrates (e.g., acetyl-coenzyme A) that would 
otherwise be blocked from entering the mitochondrial 
matrix by the inner mitochondrial membrane are made 
possible by the opening of the permeability transition 
pore. It made it possible to use a straightforward enzyme 
assay to show how the permeability hole opened. Acetyl 
coenzyme A injected externally allows citrate synthase 
and carnitine acyltransferase activity to be measured, 
indicating the permeability pore opening. In this study, 
LM administration caused a significant (p < 0.001) rise 
in the brain carnitine acetyltransferase and citrate 
synthase activity with respect to vehicle treated sham 
rats. ICV injection of nesfatin-1 (0.3, 1, and 3 μg/kg) 
prevented the LM-induced rise in carnitine 
acetyltransferase (p < 0.01, p < 0.001, p < 0.001) and 
citrate synthase (p < 0.001, p < 0.001, p < 0.001) activity 
with respect to LM treated rats. Release of cytochrome c 
from the mitochondrial intermembrane space following 
permeability transition was detected. LM administration 
caused a significant (p < 0.001) rise in cytochrome c 
levels with respect to vehicle treated sham rats. ICV 
injection of nesfatin-1 (0.3, 1, and 3 μg/kg) prevented the 
LM-induced rise in cytochrome c (p < 0.01, p < 0.001, p 
< 0.001) levels with respect to LM treated rats (Table 2). 
Piracetam caused a significant decrease in carnitine 
acetyltransferase (p < 0.001), citrate synthase (p < 0.001) 
activity, and cytochrome c levels (p < 0001) with respect 

to L-Met treated rats. 
Furthermore, L-Met caused a significant (p < 0.001) rise 
in the ADPs and decrease in the ATP levels with respect 
to the vehicle treated sham rats. ICV administration of 
nesfatin-1 significantly attenuated L-Met-induced rise in 
the ADPs (p < 0.001, p < 0.001, p < 0.001) and decrease 
in the ATP levels (p < 0.01, p < 0.001, p < 0.001) with 
respect to the L-Met alone treated rats. Treatment with 
piracetam in L-Met administered rats caused a significant 
(p < 0.001) increase in the brain ATPs and a decrease in 
ADPs in comparison to L-Met alone treated rats (Table 
1). The current data showed that nesfatin-1 (3 μg/kg, 
ICV) caused a significant amelioration of mitochondrial 
functions in comparison to nesfatin-1 (doses 0.3 and/or 1 
μg/kg, ICV) in LM rat model of VCID.  
 
3.7. Nesfatin-1 ameliorated parameters of 
neuroinflammation, apoptotic markers, PGC-1α, and 
eNOS 
 
Oral administration of LM in sham rats for 8 weeks daily 
significantly amplified (p < 0.001) TNF-α, IL-1β, MCP-
1, MMP-9, MPO, caspase-3 and caspase-9 levels and 
decreased eNOS and PGC-1α expression when compared 
to the vehicle treated sham rats. Treatment of LM 
administered rats with nesfatin-1 (0.3, 1, and 3 μg/kg, 
ICV) for 14 days diminished TNF-α (p < 0.001, p < 
0.001, p < 0.001), IL-1β (p > 0.05, p < 0.001, p < 0.001), 
MCP-1 (p < 0.05, p < 0.001, p < 0.001), MMP-9 (p < 
0.01, p < 0.001, p < 0.001), MPO (p > 0.01, p < 0.01, p < 
0.001), caspase-3 (p < 0.001, p < 0.001, p < 0.001), and 
caspase-9 (p < 0.001, p < 0.001, p < 0.001) levels and 
enhanced eNOS (p < 0.05, p < 0.001, p < 0.001) and 
PGC-1α levels (p < 0.01, p < 0.001, p < 0.001) with 
respect to rats that received LM alone. In LM 
administered rats, treatment with piracetam noticeably 
declined TNF-α (p < 0.001), IL-1β (p < 0.001), MCP-1 
(p < 0.001), MMP-9 (p < 0.001), MPO (p < 0.01), 
caspase-3 (p < 0.001), and caspase-9 (p < 0.001) levels 
and enhanced eNOS (p < 0.001) and PGC-1α levels (p < 
0.001) with respect to rats that received LM only (Table 
2). N(3) per se group disclosed a significant (p < 0.001) 
decrease in brain TNF-α, IL-1β, MCP-1, MMP-9, MPO, 
caspase-3, and caspase-9 levels and enhanced eNOS and 
PGC-1α levels with respect to rats that received LM 
alone, however, no significant variation was noticed (p > 
0.05) with respect to the V+Sham group. The current data 
showed that nesfatin-1 (3 μg/kg, ICV) caused a 
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significant amelioration in the levels of brain biomarkers 
of inflammation, apoptosis, eNOS, and PGC-1α in 
comparison to nesfatin-1 (doses 0.3 and/or 1 μg/kg, ICV) 
in LM rat model of VCID.  
 
Table 2 Effect of nesfatin-1 ICV treatment for 14 days 
on the inflammatory biomarkers, apoptotic markers, 
PGC-1α, and eNOS in LM rat model of VCID. 
 

Param
eter / 
Group 

V+
Sh
am 

LM
+Sh
am 

N(
3) 

LM
+N(
0.3) 

LM
+N
(1) 

LM
+N
(3) 

L
M
+P 

TNF-α 
(pg/ml
) 

13.
24 
± 
0.5
35
2 
 

61.
55 ± 
2.0
48 
### 
 

16.
62 
± 
0.7
92
9*** 
 

42.6
6 ± 
1.62
2 *** 
 

34.
89 
± 
1.0
44 
*** 

@ 
 

20.
86 
± 
1.8
11 
*** 

@@

@ 

$$$ 
 

23.
7 ± 
2.0
38 
*** 
 

IL-1β 
(pg/ml
) 

0.5
41
8 ± 
0.1
62
1 
 

3.5
55 ± 
0.3
75 
### 
 

0.4
91
3 ± 
0.1
28
2 
*** 
 

2.54
9 ± 
0.38
34 
 

1.6
76 
± 
0.2
426 
*** 
 

1.0
11 
± 
0.2
82 
*** 

@ 
 

1.4
57 
± 
0.2
43
6 
*** 
 

MCP-
1 
(pg/ml
) 

21.
72 
± 
1.1
45 
 

114
.8 ± 
5.5
36 
### 
 

20.
53 
± 
1.6
6 
*** 
 

93.2
7 ± 
5.67
9 * 
 

67.
14 
± 
5.8
77 
*** 

@@ 
 

35.
39 
± 
3.9
31 
*** 

@@

@ 

$$$ 
 

37.
35 
± 
2.0
16 
*** 
 

MMP-
9 
(ng/ml
) 

10.
33 
± 
0.4
37
1 
 

26.
24 ± 
1.9
71 
### 
 

8.0
12 
± 
1.0
73 
*** 
 

17.7
9 ± 
1.99
2 ** 
 

14.
25 
± 
1.1
31 
*** 
 

8.8
26 
± 
1.1
73 
*** 
 

12.
25 
± 
2.1
1 
*** 
 

Myelo 0.2 1.4 0.1 0.48 0.3 0.2 0.2

peroxi
dase 
(U/mg 
protei
n) 

10
4 ± 
0.0
55
84 
 

11 ± 
0.3
444 
### 
 

46
7 ± 
0.0
39
86 
*** 
 

16 ± 
0.16
8 ** 
 

85 
± 
0.1
083 
** 
 

543 
± 
0.3
328 
*** 
 

46
5 ± 
0.0
24
96 
*** 
 

eNOS 
(pg/ml
) 

18.
97 
± 
2.1
35 
 

4.3
89 ± 
0.6
922 
### 
 

19.
92 
± 
1.5
33 
*** 
 

11.2
3 ± 
1.87 
* 
 

17 
± 
1.4
27 
*** 
  

20.
4 ± 
1.0
07 
*** 

@@ 
 

21.
3 ± 
0.8
23
4 
*** 
 

PGC-
1α 
(ng/ml
) 

76.
82 
± 
5.1
43 
 

17.
82 ± 
1.4
13 
### 
 

87.
26 
± 
4.4
83 
*** 
 

37.3
2 ± 
3.44
5 ** 
 

54.
13 
± 
3.4
27 
*** 
 

75.
95 
± 
4.4
68 
*** 

@@  
 

71.
41 
± 
3.9
26 
*** 
 

Caspa
se-3 
(ng/ml
) 

2.9
22 
± 
0.3
34
1 
 

10.
98 ± 
0.5
108 
### 
 

1.6
98 
± 
0.2
17
4 
*** 
 

7.09
5 ± 
0.50
1 *** 
 

4.4
53 
± 
0.2
76 
*** 

@@

@ 
 

2.4
65 
± 
0.3
653 
*** 

@@

@ $ 
 

2.5
09 
± 
0.3
25
9 
*** 
 

Caspa
se-9 
(ng/ml
) 

1.1
29 
± 
0.1
73
9 
 

8.6
67 ± 
0.3
642 
### 
 

0.8
77
1 ± 
0.0
81
9 
*** 
 

5.72
3 ± 
0.26
89 
*** 
 

3.7
1 ± 
0.3
507 
*** 

@@

@ 
 

1.6
28 
± 
0.2
577 
*** 

@@

@ 

$$$ 
 

2.3
46 
± 
0.2
86
6 
*** 
 

 
(n = 5) ### p < 0.001 vs. V+Sham, * p < 0.05, ** p < 0.01, 
*** p < 0.001 vs. LM+Sham, @ p < 0.05, @@ p < 0.01, @@@ 
p < 0.001 vs. LM+N(0.3), $ p < 0.05, $$ p < 0.01, $$$ p < 
0.001 vs. LM+N(1). V: Vehicle, LM: L-Methionine, N: 
Nesfatin-1 
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3.8. Nesfatin-1 ameliorated GABA and glutamate 
levels and acetylcholinesterase activity in LM rat 
model of VCID 
 
HPLC-FLD data exhibited that LM administration (p.o.) 
in sham rats, significantly augmented (p < 0.001) 
glutamate and AChE activity and decreased GABA 
levels when compared to the vehicle treated sham rats. 
Treatment of rats with nesfatin-1 (0.3, 1, and 3 μg/kg, 
ICV) attenuated LM-induced rise in glutamate (p < 0.01, 
p < 0.01, p < 0.001) and AChE activity (p < 0.01, p < 
0.001, p < 0.001) and also enhanced GABA levels (p < 
0.05, p < 0.05, p < 0.001) with respect to rats that 
received LM alone. In LM administered rats, treatment 
with piracetam noticeably (p < 0.001) declined glutamate 
and AChE activity and enhanced GABA levels with 
respect to rats that received LM only. N(3) per se group 
displayed a significant (p < 0.001) decrease in brain 
glutamate levels and AChE activity and enhanced GABA 
levels with respect to rats that received LM alone, 
however, no significant variation was noticed (p > 0.05) 
with respect to the V+Sham group (Fig. 5).  
 

 
 
Fig. 5 Nesfatin-1 attenuated LM-induced dysfunctions in 
neurotransmitter levels, A) GABA, B) Glutamate, C) 
acetylcholinesterase (AChE) activity, in the brain of rats 
(n = 5). ### p < 0.001 vs. V+Sham, * p < 0.05, ** p < 0.01, 
*** p < 0.001 vs. LM+Sham. V: Vehicle, LM: L-
Methionine, N: Nesfatin-1 
 
3.9. Histopathological features of rat brain cortex and 
hippocampus 
 
In histopathological analysis, the rats that were subjected 
to oral administration of LM and sham surgery showed 
significant neurodegenerative changes in the cortical and 
hippocampus area of the brain of rats. Pathological 
changes in the architecture of plasma membrane (such as 
blebbing), swelling, condensation of chromatin pyknosis 
(darkly stained nucleus), and cytoplasmic vacuolations 
were observed in the brain of rats of LM+Sham group. 
The sham rats showed no signs of neurodegeneration. 

Treatment of rats with nesfatin-1 (0.3, 1, and 3 μg/kg, 
ICV) for 14 days daily attenuated the LM-induced 
neuropathological changes. Nesfatin-1 reduced the 
condensation of genetic material and signs of alterations 
in plasma membrane. Nesaftin-1 attenuated LM triggered 
cytoplasmic vacuolations and darkly stained nuclei. 
Hence, it can be inferred that administration of nesfatin-
1 ICV for 14 days in rats can attenuate the HHcy-
triggered neurodegeneration in the brain (Fig. 6). 
 

 
 
Fig. 6 Cortex and hippocampus regions of rat brain were 
used for histopathological analysis using H&E stain at × 
40 magnification: A) V+Sham; B) LM+Sham; C) N(3) 
per se; D) LM+N(0.1); E) LM+N(1); F) LM+N(3); G) 
LM+P. Nesfatin-1 reduced neurodegenerative cells and 
apoptosis in the brain of rats against LM-induced 
neurotoxicity. Black arrow showing cytoplasmic 
vacuolation and blue arrow showing pyknosis were 
diminished by nesfatin-1 ICV treatment. Green arrow 
showing extravasation of neutrophils was attenuated by 
nesfatin-1 against LM-induced neutrophils accumulation 
in the brain regions. V: Vehicle, LM: L-Methionine, N: 
Nesfatin-1 
 
4. Discussion 
The present study provides comprehensive evidence that 
nesfatin-1 exerts potent neuroprotective and 
vasculoprotective effects in HHcy-induced VCID, 
primarily through preservation of mitochondrial function, 
suppression of oxidative and inflammatory cascades, and 
maintenance of endothelial integrity. HHcy is well 
recognized as a major modifiable risk factor for 
cerebrovascular injury, small-vessel disease, and 
dementia (Khan et al., 2018; Bhatia and Singh, 2021). 
Elevated Hcy levels have been shown to impair 
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endothelial NO signaling, induce oxidative damage, and 
disrupt neuronal energy metabolism pathological 
hallmarks recapitulated in our L-Met model and 
consistent with human VCID pathology (Kumar and 
Sandhir, 2020; Postnikova et al., 2025). The L-Met dose 
(1.7 g/kg/day for 8 weeks) employed in this study reliably 
produces sustained HHcy and associated cognitive 
deficits, as previously validated (Bhatia and Singh, 2021; 
Wang et al., 2020). 
In the present study, L-Met oral administration for 8 
weeks daily substantially increased serum Hcy, nitrites 
(i.e., nitrosative stress), and also caused dyslipidemia 
(elevated TC, TG, LDL, VLDL, and decreased HDL) 
which is a hallmark feature of vascular disturbances.  L-
Met triggered rise in oxidative markers such as TBARS 
and protein carbonyls in the brain. These findings are 
supported by prior studies demonstrating that Hcy 
promotes ROS generation through auto-oxidation and 
NADPH oxidase activation, leading to endothelial and 
neuronal injury (Kumar et al., 2021; Kumar and Sandhir, 
2020). The observed deficits in spatial learning and 
memory align with evidence that HHcy impairs 
hippocampal synaptic plasticity and long-term 
potentiation (LTP), partly via NMDA receptor 
overstimulation and mitochondrial dysfunction 
(Suryavanshi et al., 2014; Kumar and Bansal, 2018; 
Postnikova et al., 2025). 
A key finding of this study is the marked improvement in 
mitochondrial function following nesfatin-1 treatment. 
Mitochondrial dysfunction is a central mechanistic driver 
in the pathogenesis of VCID (Sandhir et al., 2012; Kumar 
and Sandhir, 2020). Excess Hcy induces mitochondrial 
oxidative stress, compromises respiratory chain 
complexes, disrupts ATP homeostasis, and promotes 
cytochrome-c release via opening of the mitochondrial 
permeability transition pore (Kumar and Sandhir, 2020; 
Sandhir et al., 2012). Nesfatin-1 (1 and 3 μg/kg, ICV) 
attenuated mitochondrial swelling, dissipation of 
membrane potential, and cytochrome-c release which are 
widely recognized indicators of protection against 
mitochondrial permeability transition. These results are 
strongly consistent with earlier studies demonstrating 
nesfatin-1’s ability to enhance mitochondrial 
bioenergetics and reduce apoptosis (Varbiro et al., 2001). 
Zarrin et al. (2023) reported that nesfatin-1 activates 
PI3K/Akt signaling, thereby inhibiting mitochondrial 
pro-apoptotic pathways. Another study showed that 
nesfatin-1 regulates AMPK, a master energy sensor that 

improves mitochondrial oxidative phosphorylation 
(Dong et al., 2013; Yin et al., 2015). A study 
demonstrated that nesfatin-1 reduces mitochondrial ROS 
generation in models of ischemic brain injury (Yu et al., 
2024). Our findings extend these results by showing that 
nesfatin-1 restores electron transport chain (ETC) 
complex activities (I, II, IV, V) and normalizes 
ATP/ADP ratio, suggesting enhanced metabolic stability 
that was critically hampered by L-Met. This is 
mechanistically relevant because impaired ETC activity 
and loss of ATP are primary drivers of cognitive decline 
in VCID and Alzheimer’s-like pathologies. Restoration 
of mitochondrial function likely underlies the marked 
behavioral improvements observed in nesfatin-1–treated 
rats. 
HHcy causes systemic and central oxidative overload, 
which triggers inflammatory signaling via NF-κB, 
NLRP3 inflammasome, and cytokine activation (Kumar 
and Bansal, 2018; Yu et al., 2024). In the present study, 
nesfatin-1 markedly reduced MPO activity and lowered 
IL-1β, TNF-α, and MCP-1 levels. These effects are 
supported by previous findings showing that nesfatin-1 
suppresses NF-κB signaling and pro-inflammatory 
cytokine release in models of diabetic neuropathy and 
ischemic stroke (Fan et al., 2022; Yu et al., 2024). 
Nesfatin-1 reduces oxidative stress markers, including 
MDA and protein carbonyls, while boosting antioxidant 
enzymes such as SOD, catalase, and GSH (Solmaz et al., 
2016). Our results mirror these outcomes, suggesting that 
nesfatin-1 exerts systemic antioxidative effects that 
stabilize neuronal and endothelial functions. The increase 
in reduced glutathione (GSH) and restoration of 
antioxidant enzyme activities indicate that nesfatin-1 
enhances endogenous antioxidant defense, which is 
essential because mitochondrial ROS are central to 
progressing VCID pathology. 
Endothelial dysfunction is a critical early event in VCID 
pathogenesis. Hcy is known to uncouple endothelial 
nitric oxide synthase (eNOS) and impair NO signalling, 
leading to endothelial dysfunction (Barutcigil and 
Tasatargi, 2018; Shah and Singh, 2006). Nesfatin-1 
significantly reduced MMP-9 levels and enhanced eNOS 
expression, indicating protection against vascular injury. 
The ability of nesfatin-1 to reverse these abnormalities 
aligns with reports that nesfatin-1 enhances endothelial 
AMPK/eNOS activation and reduces vascular 
inflammation (Xu and Chen, 2020). The present data is 
supported findings by Zhou and Nao, 2024, who showed 
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that nesfatin-1 protects integrity of blood-brain barrier 
(BBB) in models of traumatic brain injury through 
modulation of tight junction proteins and oxidative 
defense pathways. The association between HHcy and 
MMP-9 activation is well documented; homocysteine 
disrupts the balance between MMP-9 and its tissue 
inhibitor TIMP-1 through epigenetic mechanisms 
involving DNA methylation (Mangat et al., 2014). 
Elevated MMP-9 contributes to extracellular matrix 
degradation, BBB disruption, and vascular remodelling 
in cerebral small vessel disease. The ability of nesfatin-1 
to reduce MMP-9 levels in the present study represents 
an important vasculo-protective mechanism. 
HHcy disrupts the cholinergic system and alters GABA–
glutamate balance, contributing to cognitive deficits 
(Kumar et al., 2021; Postnikova et al., 2025). In the 
present study, L-Met administration significantly 
increased AChE activity and glutamate levels while 
decreasing GABA levels in the brain. Nesfatin-1 
normalized AChE activity and restored neurotransmitter 
levels, indicating stabilization of synaptic transmission. 
This observation aligns with prior reports showing that 
nesfatin-1 modulates central neurotransmitter systems, 
particularly in the hippocampus, influencing learning and 
memory (Goebel-Stengel and Stengel, 2016). The 
interaction between Hcy and GABA receptors is 
particularly noteworthy; Hcy has been shown to act as an 
antagonist at GABA-A receptors, and GABA receptor 
agonists can ameliorate Hcy-induced vascular 
remodeling. The restoration of GABA levels by nesfatin-
1 may therefore contribute to its neuroprotective effects. 
The present study also investigated the involvement of 
key signalling pathways. Nesfatin-1 treatment 
significantly increased the levels of PGC-1α, a master 
regulator of mitochondrial biogenesis, as well as total and 
phosphorylated AMPK. These findings suggest that the 
mitochondrial protective effects of nesfatin-1 are 
mediated, at least in part, through activation of the 
AMPK/PGC-1α signalling pathways (Dong et al., 2013; 
Xu et al., 2018; Huang et al., 2022). PGC-1α activation 
promotes mitochondrial biogenesis and antioxidant 
defence, while AMPK acts as a cellular energy sensor 
that enhances oxidative phosphorylation and maintains 
energy homeostasis. The concurrent activation of these 
pathways by nesfatin-1 provides a mechanistic basis for 
its pleiotropic neuroprotective effects. Furthermore, 
nesfatin-1 treatment attenuated apoptotic markers, 
including caspase-3 and caspase-9 activation, consistent 

with inhibition of the mitochondrial apoptotic pathway 
(Yu et al., 2024; Zarrin et al., 2023). The reduction in 
cytochrome-c release from mitochondria to cytosol 
further supports the conclusion that nesfatin-1 preserves 
mitochondrial membrane integrity and prevents the 
initiation of apoptosis. 
Histopathological examination of the brain cortex and 
hippocampus revealed that L-Met administration caused 
neurodegenerative changes, including plasma membrane 
blebbing, chromatin condensation, and neuronal swelling. 
Nesfatin-1 treatment, particularly at the higher doses (1 
and 3 μg/kg), markedly attenuated these 
neuropathological alterations, confirming the structural 
correlates of the functional and biochemical 
improvements observed. Collectively, the findings 
suggest that nesfatin-1 provides neuroprotection through 
multiple mechanisms converging on mitochondrial 
stability via activation of AMPK and PGC-1α signaling, 
thereby supporting that mitochondrial survival and an 
increase in ATPs production are the key features that 
might improve the cognitive symptoms against L-Met-
induced VCID. Stabilization of membrane potential 
prevents permeability transition and cytochrome-c 
release. Reduction of ROS generation diminishes 
inflammation and prevents vascular injury. Restoration 
of endothelial NO signaling supports cerebral perfusion, 
which is vital to preventing cognitive decline. Hence, the 
neuroprotective and vasculo-protective outcomes 
observed in the present study are consistent with the 
established role of nesfatin-1 as a metabolic and 
mitochondrial regulator. 
The doses of nesfatin-1 employed in this study (0.3, 1, 
and 3 μg/kg, ICV) are consistent with previous reports 
demonstrating central effects of this peptide (Goebel et 
al., 2011; Dore et al., 2020; Shimizu et al., 2009; 
Mortazavi et al., 2015; Arabacı Tamer et al., 2022). The 
dose-dependent nature of the observed effects, with 
maximal protection at 3 μg/kg, supports the specificity of 
nesfatin-1-mediated neuroprotection. Piracetam, used as 
a standard nootropic agent, also attenuated L-Met-
induced deficits, validating the experimental model and 
providing a reference for comparison. This study 
provides experimental evidence that nesfatin-1 directly 
targets and preserves mitochondrial homeostasis in 
HHcy-driven vascular cognitive impairment. The data 
identify nesfatin-1 as a mechanistically targeted 
modulator of mitochondrial bioenergetics and 
neurovascular integrity, supporting its development as a 
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candidate therapeutic for mitigating mitochondrial 
failure-mediated VCID. Further studies employing 
specific inhibitors of the AMPK and PGC-1α pathways 
would help to definitively establish the causal role of 
these signalling cascades in nesfatin-1-mediated 
neuroprotection. Additionally, long-term studies are 
warranted to evaluate the sustained efficacy and safety 
profile of nesfatin-1 in chronic models of VCID. 
 
5. Conclusion 
This study provides experimental evidence that nesfatin-
1 directly targets and preserves mitochondrial 
homeostasis in HHcy-driven vascular cognitive 
impairment. In L-Met–treated rats, nesfatin-1 restored 
mitochondrial respiratory complex activities, stabilized 
membrane potential, prevented permeability transition, 
and suppressed cytochrome-c leakage, thereby 
maintaining ATP generation and preventing downstream 
neuronal injury. Biochemical levels, including 
normalisation of Hcy levels, reduction of lipid and 
protein oxidative adducts, restoration of redox balance, 
and attenuation of pro-inflammatory cytokine signalling 
accompanied these mitochondrial effects. Nesfatin-1 also 
improved endothelial reactivity and reduced MMP-9–
associated vascular damage, indicating preserved 
neurovascular coupling. Additionally, these molecular 
and cellular corrections translated into significant 
improvements in spatial learning, memory consolidation, 
and recognition performance, confirming that nesfatin-1 
effectively counteracts the cognitive sequelae of HHcy. 
Overall, the data identify nesfatin-1 as a mechanistically 
targeted modulator of mitochondrial bioenergetics and 
neurovascular integrity, supporting its development as a 
candidate therapeutic for mitigating mitochondrial 
failure–mediated VCID. 
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