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ABSTRACT

Objective(s): Metabolic syndrome (MS) is associated with insulin “=sistance, hyperglycemia, and
dyslipidemia, leading to impaired neuronal energy metabolism an hippocampal dysfunction. Rho-
associated kinase (ROCK) has been implicated in metabolic and ne ‘roinflammatory dysregulation;
however, its role in MS-induced hippocampal energy imbalance rema'ns unclear. This study aimed
to determine whether pharmacological ROCK inhibition with fas.. ‘il re ores hippocampal energy
metabolism in a rat model of fructose-induced MS.

Materials and Methods: Male Lewis rats were divided ir 0. =i, MS, and MS+fasudil groups.
Plasma and hippocampal metabolic parameters were asse ssed L sing biochemical assays. Activities of
glycolytic enzymes, Krebs cycle enzymes, and mitochuna. 2l respiratory chain complexes -1V were
measured. Phosphatidylinositol 3-kinase/Protei.. . asc B/Mechanistic target of rapamycin (PI3K/AKT/
mTOR) pathway components, including ph. nhoi /latec. Pi3K, AKT, mTOR, Phosphatase and tensin
homolog (PTEN), and Ras homolog enriched ii. “iain (Rheb), were analyzed by Western blotting.
Results: MS disrupted glucose homec stasis and . =nificantly suppressed the activities of glycolytic,
mitochondrial, and respiratory chain en.. ‘mes in the hippocampus. These changes were accompanied
by reduced phosphorylation of PI3K, AK:, and mTOR, increased PTEN expression, and decreased
Rheb levels, indicating impaired PI3K/, KT/m OR signaling. Fasudil treatment normalized plasma and
hippocampal glucose levels, restore « er. natic activities across major energy-producing pathways,
and reactivated PI3K/AKT/mTOR signal ng by reducing PTEN and restoring AKT and Rheb activity.
Conclusion: These findings >mo.._.ate that ROCK overactivation contributes to central insulin
resistance and hippocar,. .| e ~r3y dysfunction in MS. ROCK inhibition with fasudil effectively
reverses these alterations, hizhlighting ROCK as a potential therapeutic target for preserving

hippocampal metab<' = 1. 22*5n in MS.
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Introduction

Metabolic syndrome (MS) is a 'uster of interrelated
metabolic disorders, inc uding oObesity, dyslipidemia,
hyperglycemia, insulin resist. 2ce, arid arterial hypertension,
which collectively increase the risk of type 2 diabetes
mellitus, cardiovascular diseases such as myocardial
infarction, cerebrovascular disorders, and non-alcoholic
fatty liver disease (1-4). Epidemiological data indicate that,
as 0f 2020, MS affected approximately 3% of children and 5%
of adolescents worldwide (5), while in 2012, its prevalence
among the global adult population was estimated at around
35% (6). In recent years, increasing attention has been paid
to the effects of MS on the central nervous system (CNS)
(7, 8). Clinical studies have demonstrated that individuals
with MS exhibit structural and functional alterations
in the brain, including hippocampal atrophy, cognitive
impairment, mood disturbances, and an elevated risk of
neurodegenerative disorders such as Alzheimer’s disease
(9-11). Consistent with these findings, neuroinflammatory

and neurodegenerative changes have also been observed
in animal models of MS (12, 13). The brain is particularly
susceptible to the systemic disturbances associated with
MS, given its high dependence on glucose metabolism and
vulnerability to oxidative stress and inflammation. Insulin
resistance, one of the hallmark features of MS, impairs
neuronal glucose uptake, thereby disrupting cellular energy
metabolism, and concurrently alters insulin-dependent
signaling cascades, leading to deficits in neuroplasticity,
neurotransmission, and neurogenesis (14-16). Furthermore,
the chronic oxidative stress and neuroinflammatory
responses accompanying these changes damage neurons,
glial cells, and the integrity of the blood-brain barrier (17,
18). Collectively, these findings underscore the urgent
need to develop novel therapeutic strategies that target the
molecular mechanisms underlying the neuropathological
consequences of MS, rather than focusing solely on
symptomatic treatment.

The hippocampus is particularly vulnerable to insulin
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resistance due to its high density of insulin receptors and
its critical dependence on insulin-sensitive signaling
pathways for metabolic regulation and synaptic plasticity
(19-21). Beyond its established role in learning and
memory, the hippocampus functions as an important
metabolic sensor, integrating peripheral metabolic signals
with central neuroendocrine responses. Insulin signaling
within hippocampal neurons regulates glucose utilization,
mitochondrial function, and the activity of key intracellular
pathways such as phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT) and mechanistic target of rapamycin
(mTOR), which are essential for protein synthesis, dendritic
spine remodeling, and long-term potentiation. Disruption
of these pathways during insulin resistance impairs synaptic
plasticity, reduces neurogenesis in the dentate gyrus,
and promotes neuroinflammatory responses, thereby
contributing to cognitive decline (22, 23). Moreover, the
hippocampus participates in hypothalamic-pituitary—
adrenal axis modulation and systemic energy homeostasis,
further linking metabolic dysregulation to structural and
functional hippocampal alterations (24). These features
collectively explain the selective susceptibility of the
hippocampus to MS-associated insulin resistance.

One ofthekeysignaling pathways regulating the structural
and metabolic functions of the nervous system is the RhoA/
Rho-kinase (ROCK) pathway. ROCK exists in two isoforms,
ROCKI1 and ROCK2, both of which play essential roles in
cytoskeletal dynamics, vascular tone regulation, endothelial
permeability, and cell survival (25-27). Importantly, ROCK
has been strongly implicated in neuroinflammatory and
neurodegenerative processes (28-30). Increased ROCK
activity promotes the production of proinflammatory
mediators and cytokines, microglial activation, disrnp ion
of the neurovascular unit, and neuronal apoptcsis (31).
Fasudil, a selective ROCK inhibitor clinically v<ed .= 1= pan
and China for the treatment of cerebral viso.nasm, has
gained substantial interest as a neuroprot stive agent. In
addition to improving cerebral blood 1< v a.d reducing
ROCK-dependent vasoconstriction, .sudi. demonstrates
the capacity to modulate cythskeletal stavility, endothelial
barrier function, and micro, ‘ial reactivity. Experimental
studies in models of stroke, .''“lieimers disease, and
Parkinson’s disease indicate that fasudil may attenuate
neuronal damage and promote functional recovery,
suggesting its broad potential in CNS disorders (32-36).

Group I: Drinking Water ad libitum
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Notably, despite these promising observations, the effects of
fasudil on metabolic dysfunction-related brain alterations
remain poorly understood. Thus, further research is
required to elucidate whether pharmacological inhibition
of ROCK by fasudil can counteract the neurobiological
consequences of MS and restore disrupted metabolic and
signaling pathways in the brain.

Materials and Methods
Study design

The research was conducted on 60 male specific
pathogen-free Lewis laboratory rats, aged 8 weeks and
weighing 250+10 g. The animals were housed, cared for,
and tested in accordance with the Guide for the Care and
Use of Laboratory Animals, 2021 (37) at the Department
of Biology, Iv. Javakhishvili Thlisi State University and its
vivarium. Throughout the sttdy the rats had unrestricted
access to both water and starnard laboratory-grade food
(LabDiet, Cat# 5001). The zzshier room temperature was
rigorously maintained at 2242 'C to ensure a stable and
comfortable environnic t . =the animals. Furthermore,
the rats were subiected t» a controlled 12-hr light-dark
cycle to mimic their notaral circadian rhythm. Before the
commen eme t o1 2ny experimental procedures, the rats
were given 7 days to acclimatize to the vivarium conditions.
Fol'owing thi. adaptation phase, they were systematically
parti* ~ned into three distinct experimental groups, each
coraposc 1of 20 rats (Figure 1):
< Greoni (Control): Animals received a standard laboratory
diet and tap water ad libitum for 60 days. Subsequently, they
weie administered daily intraperitoneal injections of 0.9%
sterile NaCl (100 pl) for 14 consecutive days.
o Group II (Metabolic Syndrome Model): Animals were fed
a standard laboratory diet, while their drinking water was
replaced with a 30% fructose solution for 60 days to induce
metabolic syndrome-like conditions. Following this period,
they received daily intraperitoneal injections of 0.9% sterile
NaCl (100 ul) for 14 days.
o Group III (Fasudil-Treated): Animals were subjected to
the same 30% fructose feeding protocol for 60 days and then
treated with daily intraperitoneal injections of fasudil (10
mg/kg, dissolved in sterile 0.9% NaCl; 100 pl per injection)
for 14 consecutive days.

On the 74th day of the study, the animals from each group
were euthanized in accordance with international guidelines

Group II: 30% Fructose in Drinking Water ad libitum
Group III: 30% Fructose in Drinking Water ad /ibitum
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Figure 1. Schematic representation of the study design
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(AVMA Guidelines for the Euthanasia of Animals: 2020
Edition) (38). After euthanizing the animals, we decapitated
them. Then, their brains were removed and frozen at -80
°C. Using the rodent brain coronal matrix (RBMS-200C),
stereomicroscope (Laxco LMS-Z230PMZS33), and rat
brain atlas (39), we dissected the Hippocampus.

Subcellular fractionation

Subcellular fractionation was performed using a
procedure similar to the method described in previous
studies (40, 41).

Determination of glucose concentration in hippocampal
cells and plasma

To determine glucose concentration in plasma and
cytosolic fraction of hippocampus cells, we used a kit
provided by Mybiosource (MBS8243232).

Determination of liver dysfunction and dyslipidemia

To assess liver dysfunction and dyslipidemia as a
component of MS, plasma lipid profiles and the activities
of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured in experimental
animals. The following assay kits (MyBioSource) were
used: LDL (MBS2540573), HDL (MBS168359), total
cholesterol (MBS8305378), triglycerides (MBS9719080),
ALT (MBS2540581), and AST (MBS2540582).

Behavioral assessments

To evaluate locomotor activity, exploratory behavior,
and hippocampus-dependent spatial working memory,
animals were subjected to the Open Field test and the
T-maze spontaneous alternation task. Behavioral testing
was performed during the light phase of the light/dark
cycle under controlled environmental conditions (2212 °C;
50-60% humidity). Animals were habituated to the testin’y
room for at least 30 min prior to the experiments: L
apparatuses were cleaned with 70% ethanol between trials
to eliminate olfactory cues.

Open field test

The Open Field test was used to assess zenei 1 locomotor
activity and anxiety-like behavior. The ap, ~ratas consisted
of a square arena (e.g., 50x50x40 ~m) with/opaque walls and
a non-reflective floor divided vir. ally irito peripheral and
central zones. Each animal was placed individually in the
center of the arena and allowed to explore freely for 5-10
minutes.

The following parameters were analyzed: total distance
traveled (cm), time spent in the central zone (s). Total
distance traveled was used as an indicator of locomotor
activity, whereas time spent in the center was interpreted
as an index of anxiety-related behavior. The Open Field
test was conducted prior to cognitive testing to exclude
confounding effects of altered locomotion.

T-maze spontaneous alternation test

Spatial working memory was assessed using a T-maze
spontaneous alternation paradigm, which is sensitive to
hippocampal function. The T-maze consisted of three arms
of equal dimensions (e.g., 40 cm lengthx10 cm widthx20
cm height), arranged in a T configuration. At the beginning
of each trial, the animal was placed in the start arm and
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allowed to choose freely between the two goal arms.

For spontaneous alternation assessment, each animal
underwent a series of consecutive trials (e.g., 5-10 trials),
separated by short inter-trial intervals (approximately 30-60
s). An alternation was defined as entry into the arm opposite
to the one visited in the previous trial. The percentage of
spontaneous alternation was calculated as:

Spontaneous alternation (%)=(Number of alternations/
Total possible alternations)x100

Total arm entries were also recorded to control for
locomotor activity. Increased alternation percentage
was interpreted as improved spatial working memory
performance.

Determination of energetic metabolism enzyme activity

To assess the functional state of glycolytic metabolism,
the activities of key regulatory enzymes were determined.
The activity of hexokinase, which catalyzes the
phosphorylation of glucose to glucose-6-phosphate and
represents the first irreversible” step of glycolysis, was
measured using a commercial a say kit according to the
manufacturer’s instructions (MBS.719202). The activity
of phosphofructokinase, the oriucipal rate-limiting
enzyme responsible for th. corversion of fructose-6-
phosphate to fructose-1/0-bi. ohusphate, was assessed using
a specific assay kit 7nc >t ovtimized reaction conditions
(MBS8243182;. The ‘erminal glycolytic enzyme, pyruvate
kinase, cata., zing the ¢unversion of phosphoenolpyruvate
to pyruvate wit. concomitant ATP generation, was analyzed
in a sin flar mann . (MBS9719073).

To eva. :ate the coupling between glycolysis and oxidative
metab: lism. = the activity of pyruvate dehydrogenase,
a/ multic.izyme complex that mediates the oxidative
de-arb xylation of pyruvate to acetyl-CoA, was determined

sing the Pyruvate Dehydrogenase Activity Assay Kit
(MyBioSource, MBS8243249). All measurements were
performed according to the respective manufacturer’s
protocols, and the resulting enzymatic activities were
expressed in units per milligram of protein.

To further examine the TCA cycle, we quantified the
activities of several critical enzymes, including citrate
synthase  (MBS9719200), Isocitrate  dehydrogenase
(MBS8305396), a-ketoglutarate dehydrogenase
(MBS8309683), succinate dehydrogenase (MBS8243220),
fumarase (MBS7218132), and malate dehydrogenase
(MBS8309689), each using their respective assay kits. These
measurements provided an integrated view of the glycolytic
and TCA cycle enzyme functionality.

To characterize mitochondrial ATP production more
comprehensively, we examined the activities of the main
complexes of the electron transport chain (ETC). Complex
I (NADH: ubiquinone oxidoreductase) activity was
determined using the MyBioSource kit (MBS8806971), while
Complex II (succinate dehydrogenase) was assayed with
kit MBS8243220. The activity of Complex III (cytochrome
bcl complex) was measured using the Complex III Test
Kit (MBS3805803). Finally, Complex IV (cytochrome c
oxidase) was evaluated with the test kit (MBS037447).

PI3K-AKT-mTOR pathway Western blot analysis

Tissue samples from the hippocampus of experimental
animals were subjected to western blot analysis following
established procedures (42, 43). The following primary
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Figure 2. Glucose concentration in hippocampal cells (A) and plasma of rats (B)
Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc tests. Significance annotations: ‘P<0.05, “P<0.01, “"P<0.001
compared to the Control group (Group I); “P<0.05, *P<0.01, **P<0.001 compared to the Metabolic Syndrome group (Group II)

antibodies were utilized: PI3K p85 antibody (Cell
Signaling, #4292), phospho-PI3K (Tyr458) antibody (Cell
Signaling, #4228), AKT antibody (Cell Signaling, #9272),
phospho-AKT (Ser473) antibody (Cell Signaling, #9271),
mTOR antibody (Cell Signaling, #2983), phospho-mTOR
(Ser2448) antibody (Cell Signaling, #2971), PTEN antibody
(Cell Signaling, #9559), and Rheb antibody (Cell Signaling,
#13879). Immunoreactive proteins were visualized
using enhanced chemiluminescence detection (ECL
kit, Santa Cruz Biotechnology). Protein concentrations
were determined by the bicinchoninic acid (BCA) assay
(Thermo Scientific), and band intensities were quantified by
densitometric analysis using Image]J software (NIH, USA).
The relative expression levels were normalized to B-actin
(Cell Signaling, #4970).

Chemicals and reagents

All the reagents were purchased from Sigma-Aldi.-h
(Sigma-Aldrich Inc., St. Louis, US.A.) unless othe: visc
specified.

Statistical analysis
Data are presented as meantstandar. error of the
mean (SEM), and statistical analysis w7~ pertc smed using
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GraphPad Prism 9.0 software (GraphPad Prism 9.0, USA).
To assess the assumption of normality, the Shapiro-Wilk test
was applied. Only data that met the normality assumption
were subjected to further analysis using a one-way ANOVA
to determine statistical sig..ficance, followed by Tukey’s
post hoc test for multiple.comy 'risons. P-values of 0.05 or
less were considered stz tistic. lly significant.

Results
Glucose concevtra.. > changes

Assliow. ini‘oure2 (A, B), plasma glucose concentration
was sig. ‘ficantly elevated in the metabolic syndrome group
comparea vith controls (F (2, 57)=5.36, P<0.01), whereas
ar.'mals in tue third group exhibited a reduction in plasma
glucc e levels (F (2, 57)=4.10, P<0.05). In contrast, glucose
¢ ncencration in  hippocampal cells was significantly
decreased in the metabolic syndrome group (F (2, 57)=3.99,
7<0.05) and increased in the third group (F (2, 57)=4.67,
P<0.05).

Liver dysfunction and dyslipidemia

Plasma lipid parameters were assessed to evaluate
dyslipidemia associated with MS (Figure 3). Group II
animals showed significantly increased total cholesterol

160
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Triglycerides in plasma (mg/dL
o
g

mControl = Metabolic Syndrome (MS) = MS + Fasudil

#HitH

1 ek

HDL in plasma (mmol/L)
5

=]

m Control Metabolic syndrome (MS) = MS+Fasudil

Figure 3. Plasma lipid panel of rats: Concentrations of total cholesterol (A), triglycerides (B), low-density lipoprotein (C), and high-density lipoprotein (D)
Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc tests. Significance annotations: "'P<0.05, "P<0.01, ""P<0.001
compared to the Control group (Group I); *P<0.05, *P<0.01,***P<0.001 compared to the Metabolic Syndrome group (Group II)
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Figure 4. Activity of plasma alanine aminotransferase (A) and aspartate aminotransferase of rats (B)
Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc tests. Significance annotations: "P<0.05, "P<0.01, “"P<0.001
compared to the Control group (Group I); “P<0.05, *P<0.01, **P<0.001 compared to the Metabolic Syndrome group (Group II)

(F (2, 87)=6.82, P<0.01), triglycerides (F (2, 87)=3.37,
P<0.05), and low-density lipoprotein (LDL) levels (F (2,
87)=11.27, P<0.001), together with a significant decrease
in high-density lipoprotein (HDL) levels (F (2, 87)=9.48,
P<0.001), compared with controls. In Group III, fasudil
treatment resulted in significantly lower total cholesterol (F
(2, 87)=3.25, P<0.05), triglycerides (F (2, 87)=4.18, P<0.05),
and LDL levels (F (2, 87)=5.11, P<0.01), as well as higher
HDL concentrations relative to Group II (F (2, 87)=12.44,
P<0.001).

Liver function markers were also evaluated (Figure
4). Activities of alanine aminotransferase (ALT)(F (2,
87)=13.04, P<0.001) and aspartate aminotransferase (AST)
(F (2, 87)=8.95, P<0.001) were significantly altered among
groups. In Group III, fasudil treatment normalized ALT (F
(2, 87)=4.99, P<0.01) and AST activities (F (2, 87)=7.34,
P<0.001).

Behavioral assessments
Open field

Open Field assessment demonstrated ‘that | MS
significantly altered locomotor and anxietylike o ' uvior
(Table 1). Total distance traveled was mirked 'v reduced
in MS animals compared with controls 7 (2, 87)=8.31,
P<0.001), indicating decreased explo‘atos - acavity. Fasudil
treatment partially restored Jocomot. = performance (F (2,
87)=5.22, P<0.01), though 1 alues remained slightly below
control levels.

Time spent in the center u. the arena, an index of
anxiety-like behavior, was also significantly decreased in
MS animals relative to controls (F (2, 87)=4.97, P<0.01),
reflecting increased anxiety. Fasudil treatment improved
center exploration (F (2, 87)=7.03, P<0.01), suggesting
partial mitigation of anxiety-like behavior. These findings

indicate that MS induces both hypoactivity and increased
anxiety, which are ameliorated by ROCK inhibition.

T maze

Spatial working memory pe formance was significantly
affected by MS and fasudii “reat :ient (Table 2). Animals
in the metabolic syndi»me 3roup exhibited a marked
reduction in spoiita. 20us alternation compared to
controls (F (2, 87)-10.0., P<0.001), indicating impaired
hippocamy=s-c. nenacut  working memory. Treatment
with facdil . .gni1 -antly improved cognitive performance
comparea  untreated MS animals (F (2, 87)=6.51, P<0.01),
allhough va. 'cs remained slightly lower than control
levzic These findings suggest that MS induces significant
hipocavipal dysfunction, which is partially reversed by
O 7 mhibition.

cnergy metabolism enzyme activity
The changes in the activities of glycolytic enzymes were
not uniform (Figure 5). Hexokinase activity was elevated

Table 2. Change in spontaneous alternations (%) between experimental
rats

Group Mean (%) SEM  P-Value
Group I - Control 74.6 24

Group II - Metabolic Syndrome 49.2 2.1 X
Group III - Metabolic Syndrome-+Tasudil 63.8 23 ##

Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc tests. Significance annotations: "P<0.05, “"P<0.01,
""P<0.001 compared to the Control group (Group I); “P<0.05, *P<0.01, **P<0.001
compared to the Metabolic Syndrome group (Group II)

Table 1. Change in total distance (cm) and time in center (s) between experimental rats

Group Total Distance (cm) SEM  P-Value Timein Center (s) SEM  P-Value
Group I - Control 4523 210 38.5 3.2

Group II - Metabolic Syndrome 3897 185 e 27.2 2.5 o
Group III - Metabolic Syndrome+Fasudil 4221 200 ## 34.5 2.8 ##

Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc tests. Significance annotations: 'P<0.05, "P<0.01, ""P<0.001
compared to the Control group (Group I); “P<0.05, *P<0.01, **P<0.001 compared to the Metabolic Syndrome group (Group II)
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Figure 5. Activity (U/mg) of glycolytic enzymes: Hexokinase (A), Phosphofructokinase (B), Pyruvate inas (C). and Pyruvate Dehydrogenase in the
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Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post he= te *s. Sign ficance annotations: "P<0.05, "P<0.01, ""P<0.001
compared to the Control group (Group I); *P<0.05, *P<0.01,***P<0.001 compared to the Metabolic Syndrome s -oup (U =71I)

in the metabolic syndrome group (F (2, 57)=6.02, P<0.01)
and normalized in the fasudil-treated group (F (2, 57)=5.11,
P<0.01). In contrast, phosphofructokinase (F (2, 57)=5.69,
P<0.01) and pyruvate kinase (F (2, 57)=9.21, P<0.001)
activities were decreased in the metabolic syndrome group,
while in the fasudil-treated group both enzymes showed
significant increases (phosphofructokinase - F (2, 57)=6/.4,
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Regarding the citric acid cycle enzymes (Figure 6),
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Figure 6. Activity (U/mg) of citrate synthase (A), isocitrate dehydrogenase (B), alpha-ketoglutarate dehydrogenase (C), succinate dehydrogenase (D),

Fumarase (E), and Malate Dehydrogenase in the hippocampal cells of rats (F)

Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc tests. Significance annotations: "P<0.05, "P<0.01, ""P<0.001
compared to the Control group (Group I); *P<0.05, *P<0.01,***P<0.001 compared to the Metabolic Syndrome group (Group II)
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Figure 7. Activity (U/mg) of electron transport chain enzyme complexes: I complex (NADH-dependent dehydroger. <<) (A); II complex (succinate
dehydrogenase) (B); III complex (cytochrome c reductase) (C); IV complex (cytochrome c oxidase) in the hippocampal ceits  f rats (D)

Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc tests. Significance an=atatior. "P<0.05, "P<0.01, ""P<0.001
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(2, 57)=8.66, P<0.001), isocitrate dehydrogenase (ICDH)
(F (2, 57)=12.15, P<0.001), a-ketoglutarate dehydrogenase
(aKGDH)(F (2, 57)=10.20, P<0.001), succinate
dehydrogenase (SDH)(F (2, 57)=8.27, P<0.001), fumarase
(FH)(F (2, 57)=4.23, P<0.05), and malate dehydrogenase
(MDH)(F (2, 57)=10.39, P<0.001), were significantly
decreased in the hippocampus of the metabolic syndrome
group. Fasudil treatment (Group III) resulted in partial or
complete restoration of the activities of all these enzymes
(CS-F (2,57)=6.33, P<0.01; ICDH-F (2, 57)=11.54, P<0.001;
aKGDH-F (2,57)=7.23, P<0.01; SDH-F (2, 57)=4.82,
P<0.05; FH-F (2, 57)=5.78, P<0.01; MDH-F (2, 57)=13.7
P<0.001).

Based on the data obtained, it became relevant to s ud'v the
effects of fasudil on ATP synthesis, in particular by« ssessing
the activity of mitochondrial respiratory cha’ com lexes
across all experimental groups. As shown i Fiy 1re 7, the
activity of all enzyme complexes iz the respL atory chain
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was significantly reduced i1, metabolic syndrome group
animals (Complex T-F(.57)=6.80, P<0.01; Complex II-
F(2,57)=9.16, £« .00.: Complex III-F(2,57)=7.08, P<0.01;
and Comple. IV-F(2,57)=11.06, P<0.001). After fasudil
administration, ~e function of the electron transport chain
approac. =d normul levels (Complex I-F(2,57)=5.87, P<0.01;
Complex .*-F (2, 57)=3.99, P<0.05; Complex III-F (2,
57)=7..2 P-0.01; and Complex IV-F (2, 57)=6.28, P<0.01).

P1.77 {KT-mTOR pathway

Tt is well established that both intrinsic and extrinsic
factors regulate cellular energy metabolism, with the PI3K-
AKT-mTOR signaling pathway playing a central role.
Based on this, we examined quantitative changes in key
components of this pathway in hippocampal cells across
the experimental groups. The results are shown in Figure
8. As illustrated, the total (non-phosphorylated) forms of
PI3K, AKT, and mTOR remained unchanged. However, the

Hk

1
[
##
# i
x .
ok
I *okk
ne

P-AKT mTOR P-mTOR PTEN Rheb

mControl wMS mMS + Fasudil

Figure 8. Mean values and representative Western blots of PI3K, p-PI3K (Tyr458), AKT, p-AKT(Serine 473), mTOR, and p-mTOR (Serine 2448), Rheb, and

PTEN in the hippocampus cells in the hippocampal cells of rats

Data represent mean+SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc tests. Significance annotations: "P<0.05, "P<0.01, ""P<0.001
compared to the Control group (Group I); “P<0.05, *P<0.01, **P<0.001 compared to the Metabolic Syndrome group (Group II)
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phosphorylated forms were significantly altered: p-PI3K
(F (2, 57)=9.15, P<0.001), p-AKT (F (2, 57)=6.74, P<0.01),
and p-mTOR (F (2, 57)=10.92, P<0.001) were markedly
reduced in the metabolic syndrome group (Group II).
In contrast, rats in the fasudil-treated group (Group III)
exhibited significant increases in the expression of all three
phosphorylated proteins (p-PI3K: F (2, 57)=16.11, P<0.001;
p-AKT: F (2, 57)=7.25, P<0.01; p-mTOR: F (2, 57)=12.18,
P<0.001).

Expression of the PI3K inhibitor PTEN was elevated in
the metabolic syndrome group (F (2, 57)=11.82, P<0.001)
and returned to near-control levels following fasudil
treatment (F (2, 57)=7.56, P<0.01). Similarly, the mTOR
activator Rheb was decreased in the metabolic syndrome
group (F (2,57)=8.97, P<0.001) and significantly increased
in the fasudil-treated group (F (2, 57)=10.39, P<0.001).

Discussion

This study investigated the neuroprotective role of
fasudil, a Rho-kinase (ROCK) inhibitor, against MS-
induced energy imbalance in hippocampal cells. Fructose-
induced MS disrupted energy homeostasis in hippocampal
cells, whereas ROCK inhibition effectively restored it.
The pathophysiology of fructose-induced MS in rats
is well known and closely linked to the unique hepatic
metabolism of fructose, which bypasses the regulatory
control of phosphofructokinase and rapidly enters
glycolysis downstream, leading to accelerated production of
acetyl-CoA and enhanced triglyceride synthesis. Excessive
hepatic lipogenesis promotes steatosis and increases LDL
secretion into the circulation, resulting in a dyslipidemic
profile characterized by elevated triglycerides and reduced
HDL levels. Lipid overload in hepatocytes disrupts insulin
signaling, contributing to both hepatic and perizher !
insulin resistance (44-47). Unlike glucose, fructose ¢ ces not
efficiently stimulate insulin or leptin secretion/>nd 1.7 to
suppress ghrelin, resulting in increased caln:1c i1.'ake and
positive energy balance (48). Additionally, 1. itochondrial
overload during fructose metabolisra el 7ates reactive
oxygen species (ROS) production, t.'~eering oxidative
stress and NF-kB-mediatec inflammatory responses
that further impair metabolic regulation. Consequently,
chronic fructose administration in rats induces a
phenotype consistent with MS, including hepatic steatosis,
hypertriglyceridemia, hyperinsulinemia, insulin resistance,
and increased adiposity (49-51).

In the present study, we found that fasudil treatment
restored glucose concentrations disrupted by MS in both
plasma and hippocampal cells (Figure 2), normalized lipid
panel, liver functional tests (ALT, AST) in plasma (Figures
3,4), and increased the activities of glycolytic, Krebs cycle,
and respiratory chain enzymes, which were suppressed under
MS conditions (Figures 5, 6, 7). An exception is hexokinase,
whose activity was increased in rats with MS and normalized
upon fasudil treatment, likely reflecting a compensatory
response to energy deficiency. In addition, behavioral
assessments in the Open Field and T-maze paradigms
provided functional evidence of MS-induced hippocampal
impairment and its partial rescue by fasudil (Tables 1, 2).
MS animals exhibited reduced locomotor activity, increased
anxiety-like behavior, and impaired spatial working
memory, reflecting hippocampus-dependent deficits likely
associated with insulin resistance and disrupted PI3K/

I=MS

ROCK inhibition restores hippocampal energy metabolism

AKT/mTOR signaling. Fasudil treatment partially restored
locomotor exploration, normalized anxiety indices, and
improved spontaneous alternation performance, suggesting
that ROCK inhibition can ameliorate both cognitive and
emotional deficits.

Our results demonstrate that, in MS, elevated ROCK
activity is closely associated with impaired energy
metabolism and disrupted insulin signaling in multiple
tissues, including the brain (52). Consistent with this,
rats with MS in our study exhibited suppression of the
PI3K/AKT/mTOR signaling axis, a pathway essential for
neuronal survival, synaptic plasticity, and regulation of
energy metabolism. This was accompanied by reduced
AKT activation, resulting in decreased phosphorylation
of downstream targets, diminished mTOR activity, and
impaired anabolic processes, which collectively contribute
to hippocampal dysfunction. ¥v¢ also observed increased
PTEN expression, which fu-ther inhibits PI3K/AKT
signaling by dephosphorylating .TP;, and a reduction in
Rheb, a direct mTOR activaios, ‘urt .er suppressing mTOR
signaling and energy homc nstasis (Figure 8). Importantly,
fasudil-mediated ROCK 1..Mibiuon in our study normalized
these molecular alte-a. ons. Ireatment reduced PTEN levels
toward cont ' va._ es anu restored AKT and Rheb activity,
thereby r{ ctiv ting wTOR signaling and reestablishing
normal enery ~ metabolism in hippocampal neurons.

KOCK inhy ion has been increasingly recognized
as a-u.ndulatory upstream mechanism influencing the
PI3k/AK, ‘'mTOR signaling cascade. Mechanistically,
RO CK “liegatively regulates insulin receptor substrate
(RS phosphorylation and downstream PI3K activation,
thereby limiting AKT phosphorylation and mTOR
complex 1 (mTORC1) activity (53, 54). In MS and insulin-
resistant states, hyperactivation of ROCK contributes to
cytoskeletal stress, endothelial dysfunction, and impaired
neuronal insulin signaling, collectively suppressing PI3K/
AKT/mTOR pathway activity (55). Moreover, ROCK
inhibition can reduce PTEN activity, a key phosphatase that
antagonizes PI3K signaling, further facilitating pathway
activation (56, 57). These convergent mechanisms provide a
plausible explanation for the observed upregulation of PI3K/
AKT/mTOR signaling following fasudil treatment, linking
ROCK inhibition directly to the restoration of hippocampal
metabolic signaling and functional neuroplasticity in MS.

Taken together, our findings indicate that ROCK
overactivation directly contributes to central insulin
resistance and impaired neuronal energy metabolism in MS,
and that pharmacological ROCK inhibition with fasudil can
reverse these pathological changes by restoring PI3K/AKT/
mTOR pathway integrity.

Despite the promising findings, several limitations
should be acknowledged. First, behavioral assessments
were limited to the Open Field and T-maze tasks; additional
tests, such as novel object recognition or Morris water
maze, could provide a more comprehensive evaluation of
cognitive and emotional domains. Second, while fasudil-
mediated activation of the PI3K/AKT/mTOR pathway was
demonstrated, the study did not directly manipulate this
pathway to confirm causality between pathway activation
and behavioral improvements. Finally, experiments were
performed in a single animal model of MS, and extrapolation
to other models or to humans requires caution. Addressing
these limitations in future studies will strengthen the
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mechanistic and translational relevance of ROCK inhibition
in MS-associated hippocampal dysfunction.

Conclusion

In conclusion, the present study demonstrates that
fructose-induced MS disrupts systemic and hippocampal
energy homeostasis, leading to impaired glucose and
lipid metabolism, altered liver function, and suppression
of key metabolic and survival signaling pathways in the
hippocampus. Pharmacological inhibition of ROCK with
fasudil effectively reversed these alterations, restoring
plasma metabolic parameters, energy metabolism enzyme
activities, and PI3K/AKT/mTOR signaling in hippocampal
cells. These findings identify ROCK overactivation as a
critical mediator of central insulin resistance and neuronal
energy imbalance in MS, and highlight fasudil as a potential
therapeutic strategy to mitigate MS-associated hippocampal
dysfunction.

Our findings demonstrate that fasudil-mediated ROCK
inhibition restores hippocampal energy metabolism
via PI3K/AKT/mTOR pathway reactivation, providing
mechanistic insight into Rho-kinase’s role in neuronal
dysfunction in metabolic syndrome and highlighting
ROCK inhibition as a promising strategy to reverse central
metabolic impairment and support neuronal resilience.
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