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Abstract 24 

Background: Diet-induced obesity and insulin resistance are associated with an increased risk of 25 

cognitive impairment, yet the onset of these changes before overt type 2 diabetes (T2DM) remains 26 

poorly understood. This study investigated cognitive and hippocampal alterations associated with 27 

diet-induced metabolic dysfunction in a pre-diabetic rat model. Methods: Forty-eight male and 28 

female Sprague–Dawley rats were fed either a high-fat diet (HFD) with fructose water or a regular 29 

diet for 21 weeks. Behavioural assessments were performed after 15 weeks of dietary intervention, 30 

before streptozotocin (STZ) administration, to evaluate cognitive function during the pre-diabetic 31 

stage. Metabolic parameters were measured throughout the study, and hippocampal and serum 32 

biomarkers of neurodegeneration, oxidative stress, and neuroplasticity were analysed at the study 33 

endpoint. Results: HFD significantly increased body weight, fasting blood glucose, and insulin 34 

resistance (all P < 0.0001). Behavioural testing revealed impaired long-term memory consolidation 35 

without affecting spatial learning. Hippocampal analysis demonstrated increased MMP-9, 36 

phosphorylated tau, and β-amyloid levels, indicating early neurodegenerative changes. 37 

Unexpectedly, hippocampal BDNF levels were elevated in HFD male rats (P < 0.05), suggesting 38 

a potential compensatory response during early metabolic dysfunction. Conclusion: Diet-induced 39 

metabolic dysfunction was associated with early cognitive impairment and hippocampal molecular 40 

alterations before the development of overt T2DM. These findings suggest that metabolic 41 

disturbances may initiate neurobiological changes preceding clinical diabetes and support the 42 

existence of an early window for intervention. 43 

 44 

 45 

 46 
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Introduction 47 

Metabolic dysfunction can affect the brain long before the clinical onset of diabetes, suggesting 48 

that cognitive vulnerability may emerge during the earliest stages of impaired metabolic 49 

regulation(Garcia-Serrano & Duarte, 2020; Soares et al., 2013). Type 2 diabetes mellitus (T2DM), 50 

which represents the majority of diabetes cases, is characterized by progressive insulin resistance 51 

and pancreatic β-cell dysfunction (Haines, 2023; Hossain et al., 2024). Beyond its well-established 52 

metabolic and vascular complications, T2DM has increasingly been associated with cognitive 53 

impairment, with mild cognitive impairment reported in substantial proportion of affected 54 

individuals (You et al., 2021). Epidemiological studies have further linked diabetes and related 55 

metabolic disorders to an increased risk of dementia and Alzheimer's disease (AD) (Jeffry, 2023; 56 

Tseng, 2026), suggesting that metabolic abnormalities may contribute to neurodegenerative 57 

processes (Mehla et al., 2014; Zhang et al., 2017). Insulin signaling within the brain contributes to 58 

neuronal growth, synaptic plasticity, and memory formation (Agrawal et al., 2014; Mehla et al., 59 

2014). Chronic metabolic disturbances can impair central insulin signaling and promote oxidative 60 

stress, neuroinflammation, and synaptic dysfunction, processes that are closely associated with 61 

cognitive decline (Agrawal et al., 2014; Garcia-Serrano & Duarte, 2020). Importantly, 62 

accumulating evidence suggests that these alterations may begin during earlier metabolic 63 

dysfunction, before the onset of clinically apparent diabetes (Garcia-Serrano & Duarte, 2020; 64 

Soares et al., 2013). Despite growing evidence linking diabetes with cognitive decline, most 65 

experimental investigations have focused on established diabetes after persistent hyperglycemia 66 

has developed (Palazzo et al., 2024). Consequently, the early effects of metabolic dysfunction on 67 

brain function remain insufficiently understood. High-fat diet (HFD)-fed rodents provide a useful 68 

model of obesity, insulin resistance, and early glucose dysregulation that precede overt diabetes 69 
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(Gannon et al., 2022; Soares et al., 2013). Although cognitive deficits have been reported in these 70 

models (Soares et al., 2013), it remains unclear whether these early metabolic disturbances are 71 

accompanied by hippocampal changes in neuroplasticity, neurodegenerative signaling, and 72 

oxidative stress before hyperglycemia becomes established (Gannon et al., 2022). 73 

The hippocampus is particularly vulnerable to metabolic stress because of its critical role in 74 

learning and memory and its dependence on intact insulin signaling and synaptic plasticity 75 

(Spinelli et al., 2017, 2019). Therefore, this study examined multiple molecular pathways 76 

implicated in metabolic-associated cognitive dysfunction. BDNF (abbreviations are defined in 77 

Supplementary Table S1) and NT-3 were assessed as indicators of synaptic plasticity and 78 

neurotrophic support (Agrawal et al., 2014; Garcia-Serrano & Duarte, 2020)whereas Aβ and P-tau 79 

were evaluated as markers associated with neurodegenerative processes (Dubey et al., 2022; Kim 80 

et al., 2009; Mehla et al., 2014). MMP-9 was examined for its role in synaptic remodeling, blood-81 

brain barrier integrity, and neuroinflammation (Dubey et al., 2022; Kim et al., 2009). In addition, 82 

AGEs and GPX were measured to assess metabolic and oxidative stress responses (Qaed et al., 83 

2025; Tsiknia et al., 2022). Because sex can influence metabolic responses, cognitive outcomes, 84 

and susceptibility to neurobiological stress, potential sex-dependent differences were also 85 

investigated (Shin et al., 2020). 86 

Accordingly, this study investigated whether prolonged HFD exposure induces cognitive and 87 

hippocampal alterations during diet-induced metabolic dysfunction before the development of 88 

overt diabetes. Behavioral assessments were conducted before streptozotocin administration to 89 

isolate the effects of diet-induced metabolic changes on cognition. We hypothesized that prolonged 90 

metabolic dysregulation would impair memory performance and be associated with early 91 

hippocampal molecular alterations before overt hyperglycemia develops. 92 
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 93 

Materials and Methods 94 

Animals and Treatments 95 

 96 

A total of 48 five-week-old Sprague–Dawley (SD) rats (body weight: 65–125 g) were obtained 97 

from the animal facility at Jordan University of Science and Technology (JUST). Experimental 98 

procedures were initiated after approval from the Animal Care and Use Committee (ACUC) at 99 

JUST (approval no. 72/12/4/16) and were conducted in accordance with the National Institute of 100 

Health's guide for the Care and Use of Laboratory Animals. The rats were maintained under 101 

standard laboratory conditions at a temperature of 24 ± 1 °C with a 12-hour light/dark cycle 102 

beginning at 07:00 a.m. Animals had ad libitum access to water and standard laboratory feed prior 103 

to dietary manipulation.  104 

Rats were naive to drug treatments and experimentation at the beginning of all studies. All tests 105 

were conducted between 08:00 a.m. and 04:00 p.m. Following one-week acclimatization period,  106 

rats were randomly assigned according to dietary intervention and sex into four experimental 107 

groups (n = 12/group): high-fat diet male group (HFDM) with STZ injection; high-fat diet 108 

female group (HFDF) with STZ injection; regular diet male group (RDM) without STZ 109 

injection; and regular diet female group (RDF) without STZ injection. The RD groups served as 110 
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the controls. The experimental timeline is illustrated in Figure 1. 111 

 112 

Figure 1. Schematic Representation of The Project Timeline 113 

Behavioral Experiments 114 

Behavioral assessments were conducted after 15 weeks of dietary manipulation and prior to STZ 115 

administration to evaluate cognitive changes associated with diet-induced metabolic dysfunction 116 

before induction of overt diabetes. STZ was administered following behavioral testing, and 117 

hippocampal and serum biomarkers were assessed at the study endpoint. Rats with fasting blood 118 

glucose levels ≥ 200 mg/dL four days after STZ administration were considered diabetic. All rats 119 

completed behavioral testing. One RDF rat was excluded from biochemical analyses due to 120 

detection of an abnormal mass following behavioral testing. Mortality following STZ 121 

administration resulted in further exclusion of seven HFDM and three HFDF animals from 122 

biochemical analyses. (Supplementary Table S2). 123 

 124 

Induction of Hyperglycemia Following Dietary Intervention 125 
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Diabetes was induced in the rats following the method described by Anoka A. Njan et al (Njan et 126 

al., 2020). In short, HFD (31.4% fat, 12% carbohydrate, and 13% protein). Fructose water was 127 

provided concurrently at a concentration ranging from 10% to 20%, adjusted based on observed 128 

consumption; concentration was increased when intake was low and decreased when consumption 129 

was adequate, to ensure consistent fructose exposure across the study period. Following the dietary 130 

intervention period, rats were fasted for 6 hours and injected intraperitoneally with STZ 131 

(MedChemExpress® CO., Monmouth junction, USA). STZ was dissolved in 0.1M citrate buffer, 132 

pH 4.4, and administered at a dose of 40 mg/kg. The STZ-injected rats were given a 10% glucose 133 

solution for 3 days to prevent death from STZ-induced hypoglycemic shock.  To assess and confirm 134 

diabetes, blood samples were obtained from the tail vein and evaluated for fasting blood glucose 135 

(FBG) (Akbarzadeh et al., 2007). 136 

 137 

Preparation of High Fat Diet (HFD) 138 

 139 

During the 21-week dietary intervention, rats had ad libitum access to HFD (62.1% kcal from fat), 140 

or RD (10.4% kcal from fat) according to their experimental group assignment. The fat source 141 

consisted of sheep rump fat, which was melted and incorporated into standard rat chow according 142 

to calculated proportions. The mixture was homogenized for 30 min and converted into pellet. 143 

Food was replaced daily to maintain freshness (Kolahdouzi et al., 2019).  144 

 145 

Metabolic Parameters 146 

The following parameters were measured during the experimental period. 147 

Rats’ Body Weight   148 
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Rats’ body weights were measured and recorded at baseline and weekly thereafter using an 149 

electronic weighing scale.  150 

Fasting Blood Glucose (FBG) 151 

FBG was determined using a GlucoLab® meter (Osang Healthcare Co., Anyang, Republic of 152 

Korea). FBG levels were measured at the following time points: 15 weeks (before the behavioral 153 

tests), 21 weeks (just after completion of behavioral tests and before STZ injection), two days after 154 

STZ injection (to exclude hyperglycemia), and five days after STZ injection. 155 

Fasting Insulin (FI) 156 

FI was determined using a Rat Insulin Enzyme-linked immunosorbent assay (ELISA) kit 157 

(Genochem World Co., Valencia, Spain). FI levels were measured at: 15 weeks (before the 158 

behavioral tests), 21 weeks (just after completion of behavioral tests and before STZ injection), 159 

and five days after STZ injection. 160 

Insulin Resistance Assessment 161 

Insulin resistance was expressed as the homeostasis model assessment-insulin resistance (HOMA-162 

IR): HOMA-IR= fasting Insulin (µU/mL) x [fasting Glucose (mg/dL)/405] 163 

 164 

Behavioral Experiments 165 

Open field test (OFT) 166 

Open field experiment was run as previously explained ((Nuseir et al., 2024) ). Briefly, rats were 167 

placed in the middle of a clear box divided into 16 squares and left to explore freely for 15 168 

minutes. Video record was taken to be assed later for parameters such as time spent in each area 169 

and number of crossings of each.   170 

Elevated Plus Maze (EPM) 171 



9 

 

This test was performed as previously described (Nuseir et al., 2024). In brief, rats were put in 172 

the center of two raised arms and allowed to freely choose either the closed or open arm. Video 173 

recordings of 5 minutes exploration were later assessed for number and time of entries. 174 

Radial Arm Water Maze (RAWM)  175 

RAWM investigates learning and memory including short- and long-term memory performance in 176 

models of aging and neurodegenerative diseases like AD [8]. The test was performed using a black 177 

circular stainless-steel pool (diameter:167 cm; height: 55 cm; depth: 43 cm). Six V-shaped 178 

stainless-steel plates (height:49 cm; length: 55 cm) were used to form a swimming arena with six 179 

arms (width: 35 cm). A hidden platform was placed at the end of one arm and served as the goal. 180 

The test was conducted in four phases: acclimation, learning, short-term memory evaluation, and 181 

long-term memory evaluation. During acclimation, animals underwent six trials. The goal platform 182 

was positioned 2 cm above the water surface under normal lighting conditions and without visual 183 

cues. On the following day, learning and memory were assessed using a 12-trial protocol, with 5-184 

min rest period after the first six trials. During this phase, the goal platform was submerged 2 cm 185 

below the water surface, lighting was dim, and visual cues were provided. Rats were allowed up 186 

to 60 s to locate the platform. Animals failing to reach the platform within this period were gently 187 

guided to it, and an error was recorded. The number of errors was the number of entries into an 188 

arm other than the arm containing the goal. Rats were required to successfully complete at least 189 

80% of learning trials to be considered eligible for memory testing.  190 

Short-term memory was evaluated as a single trial conducted 30 minutes after the learning phase, 191 

while long-term memory was assessed in single trials performed 5 h and 24 h after training. 192 

Brain Dissection and Blood Collection  193 
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Rats were fasted for 6 hours prior to terminal blood and tissue collection. One week after STZ 194 

injection, rats were euthanized by rapid decapitation. The brains were immediately extracted, and 195 

the hippocampi were carefully dissected. Brain tissues were placed on filter paper over crushed 196 

ice and rinsed with normal saline to remove residual blood. The isolated hippocampus was 197 

transferred to pre-labeled 1.5 ml tubes, immediately snap-frozen in liquid nitrogen, and 198 

subsequently stored at −80 °C until analysis. Blood samples were collected and centrifuged at 199 

4,500 rpm for 10 min at room temperature to obtain serum which was then stored at −20 °C.  200 

For ELISA analysis, hippocampal samples were homogenized by adding 400 µL of freshly 201 

prepared phosphate-buffered saline (PBS) with protease inhibitors to each sample. The tissues 202 

were manually homogenized using a spatula and subsequently centrifuged at 15,000 rpm for 20 203 

min at room temperature. The resulting supernatant was aliquoted into three 1.5 ml tubes and 204 

stored at −20 °C for further analysis. 205 

Enzyme-Linked Immunosorbent Assay (ELISA)  206 

Commercially available ELISA kits (Genochem World, Valencia, Spain) were used to quantify 207 

serum markers of oxidative/metabolic stress (GPX and AGEs) and hippocampal markers 208 

associated with neuroplasticity and neurodegenerative pathways (BDNF, NT-3, Aβ, 209 

phosphorylated tau, and MMP-9). 210 

 211 

The concentrations of these biological markers in serum and hippocampal samples were 212 

determined using ELISA according to the manufacturer’s instructions. Sample concentrations were 213 

calculated from a standard curve using GainData Arigo ELISA data calculator. Hippocampal 214 

markers concentrations were normalized to the total hippocampal protein content, which was 215 

determined using the standard Bio-Rad® protein assay.  216 

Statistical Analysis 217 
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Data distribution was assessed using the Shapiro–Wilk normality test (α = 0.05; Table S3). Body 218 

weight, glucose levels, metabolic parameters, behavioral outcomes, and biochemical markers were 219 

analyzed using two-way ANOVA with diet and sex as factors, followed by Tukey’s multiple 220 

comparisons test when significant effects were detected. For glucose measurements obtained at 221 

multiple time points, repeated-measures analysis was performed where appropriate. When 222 

comparisons were limited to two groups, an unpaired Student’s t-test was applied. Outlier analysis 223 

was performed only for individual biomarker datasets using GraphPad Prism criteria. All analyses 224 

were performed using GraphPad Prism 9.5.1 (GraphPad Software, La Jolla, CA, USA), and data 225 

are presented as mean ± SEM. Statistical significance was set at P < 0.05. 226 

Sensitivity analysis  227 

Outliers were identified using the ROUT method (Q = 1%) in GraphPad Prism. 228 

Sensitivity analysis was performed for the RAWM dataset by repeating the statistical analysis after 229 

exclusion of identified outliers. The same statistical approach used in the primary analysis was 230 

applied to the sensitivity dataset to allow direct comparison. Results were consistent with the 231 

primary analysis, with no changes in the direction or statistical interpretation of the observed 232 

effects (Figure S1), indicating that the findings were not substantially influenced by extreme 233 

values. 234 

Results  235 

 236 

HFD increased body weight compared with RD  237 

During the first 12 weeks of dietary intervention, body weight did not differ significantly between 238 

dietary groups within either sex. From week 12 onward, HFD-fed rats exhibited significantly 239 

greater body weight gain compared with sex-matched RD controls (F (18, 834) = 217.9, P < 0.0001; 240 
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Figure 2).  241 

 242 

Figure 2. Rats’ Body Weight Over Time.  243 

Body weight was recorded weekly throughout the dietary intervention. Two-way ANOVA with 244 

Tukey’s multiple comparisons test demonstrated a significant effect of diet beginning at week 12. 245 

RDM: regular diet male; RDF: regular diet female; HFDM: high-fat, high-fructose diet male; 246 

HFDF: high-fat, high-fructose diet female. Data is presented as mean ± SEM of N = 11–12 rats 247 

per group. 248 

Rats in HFD groups had higher fasting blood glucose levels than RD groups. 249 

Fasting blood glucose levels were assessed at three key time points: week 15 of dietary 250 

manipulation (just before behavioral testing), week 21 (immediately after behavioral testing), 251 

two days after STZ administration (only for HFD group), and one week following STZ 252 

administration. Because neither sex nor the diet × sex interaction significantly affected fasting 253 

blood glucose levels, male and female groups were combined for diet-based comparisons (Two-254 

At ). = 0.7204) P= 0.1298,  (1, 44) way ANOVA followed by Tukey’s multiple comparisons test (F255 
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week 15, rats in the HFD group showed a significant elevation in fasting blood glucose 256 

). By week 21, no significant A3Figure ; = 0.0461 P= 2.050,  (46) (tcompared to the RD group 257 

Following ). B3Figure ; = 0.3758 P= 0.895,  (45) (tdifferences were observed between diet groups 258 

STZ administration, HFD-fed rats developed marked hyperglycemia compared with RD controls 259 

)C3Figure ; < 0.0001 P= 22.05,  (35) t( 260 

 261 

Figure 3. Fasting Blood Glucose Levels.  262 

Fasting blood glucose levels were measured at three time points: (A) week 15 (before behavioral 263 

testing), (B) week 21 (after behavioral testing), and (C) one week following STZ injection. 264 

Unpaired t-tests revealed significant differences between diet groups at week 15, and one week 265 

after STZ injection, but not at week 21.  Error bars represent mean ± SEM of N = 14–24 rats per 266 

group. 267 

 268 

HFD combined with STZ administration increased HOMA-IR 269 

Insulin resistance was assessed using the HOMA-IR model at three points corresponding to fasting 270 

glucose and insulin measurements (week 15, week 21, and one week after STZ). At weeks 15 and 271 

21, HFD rats showed a non-significant tendency toward higher HOMA-IR values compared with 272 
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RD controls. Following STZ administration, HOMA-IR was significantly increased in HFD rats 273 

compared with RD controls (F (3, 33) = 86.61, P < 0.0001; Figure 4). 274 

 275 

 276 

Figure 4: Insulin Resistance Assessed by HOMA-IR.  277 

Insulin resistance values were calculated using the HOMA-IR equation at weeks 15 and 21 and 278 

one week after STZ. Two-way ANOVA followed by Tukey's multiple comparisons test revealed a 279 

significant increase in insulin resistance was observed in the HFD groups compared to RD groups 280 

one-week post-STZ Data are presented as mean ± SEM of N = 5–12 rats per group. 281 

 282 

Female rats in the HFD group exhibited higher numbers of rearing in the open field test.  283 

Locomotor activity and anxiety-like behaviors were assessed using OFT following 15 weeks of 284 

dietary intervention (Figure 5). Six behavioral parameters were analyzed: number of rearing 285 

episodes, time spent in the center, number of crossed squares, number of grooming episodes, 286 

number of defecation pellets, and number of freezing episodes.  HFDF rats displayed significantly 287 
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increased rearing frequency compared with HFDM rats (F (1, 43) = 15.41, P = 0.0013; Figure 5A). 288 

No significant effects of diet or sex were observed for the remaining behavioral parameters. 289 

 290 

 291 

Figure 5: Open Field Test Results 292 

Assessed parameters included: (A) rearing frequency, (B) time spent in the center, (C) number of 293 

crossed squares, (D) number of grooming episodes, (E) number of defecation pellets, and (F) 294 

number of freezing episodes. Two-way ANOVA followed by Tukey’s multiple comparisons test 295 

was performed and revealed a significant difference in rearing frequency between HFDM and 296 

HFDF groups. Data represented as mean ± SEM of N = 12 rats per group. 297 

HFD reduced open-arm exploration in female rats  298 

Anxiety-like behaviors were assessed using the EPM test following 15 weeks of dietary 299 

intervention (Figure 6). Four behavioral parameters were analyzed: number of open arm entries, 300 
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number of closed arm entries, time spent in open arms, and time spent in closed arms. The HFDF 301 

group entered the open arms less frequently than the RDF group (F (1, 37) = 8.494, P = 0.0060; 302 

Figure 6A). No significant differences were observed in the number of closed arm entries or time 303 

spent in open arms between diet or sex groups (Figure 6B, C). HFDF rats spent significantly less 304 

time in the closed arms compared to RD female rats (F (1, 35) = 10.06, P = 0.0031; Figure 6D). 305 

 306 

Figure 6: Elevated Plus Maze Results 307 

Assessed parameters included: (A) number of open arm entries, (B) number of closed arm entries, 308 

(C) time spent in open arms, and (D) time spent in closed arms. Two-way ANOVA followed by 309 

Tukey's multiple comparisons test revealed a significant main effect of diet on open arm entries (F 310 

(1,37) = 8.494, P = 0.0060). Post hoc analysis showed that HFDF rats entered the open arms 311 



17 

 

significantly less frequently than RDF rats (adjusted P = 0.0407). A significant diet × sex 312 

interaction was observed for time spent in the closed arms (F (1,35) = 10.06, P = 0.0031). No 313 

significant differences were observed in the number of closed arm entries or time spent in open 314 

arms. Error bars represent mean ± SEM of N = 12 rats per group. 315 

 316 

HFD impaired long-term spatial memory performance 317 

Short-term memory performance was not affected by diet; however, females exhibited a higher 318 

number of errors than males (F (1, 39) = 18.64, P = 0.0001; Figure 7A). At 5 h post-training, a 319 

significant diet × sex interaction was observed, with HFDF rats showing fewer errors than RDF 320 

rats (F (1, 39) = 9.099, P = 0.0045; Figure 7B). At 24 h post-training, HFD animals of both sexes 321 

demonstrated impaired long-term memory, with increased errors compared with RD controls (F (1, 322 

39) = 12.38, p = 0.0011; Figure 7C).  323 

 324 

 325 

Figure 7.  Radial Arm Water Maze Test Results.  326 

Rat memory performance was assessed at (A) 30 min, (B) 5 h, and (C) 24 h post-training. Two-327 

way ANOVA followed by Tukey’s multiple comparisons test was performed and revealed the 328 

following: (A) only sex (but not diet) has a significant effect. (B) Unlike male rat groups, HFDF 329 

rats made significantly lower errors than RDF rats. (C) HFD rats of both sexes committed 330 
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significantly more errors than RD rats. Error bars represent mean ± SEM of N = 11–12 rats per 331 

group. 332 

 333 

Hippocampal Molecular Markers  334 

To assess molecular alterations associated with the observed behavioral outcomes, hippocampal 335 

levels of neuroplasticity and neurodegeneration-related markers were measured at the study 336 

endpoint. Normalized BDNF levels were significantly higher in the HFDM group compared with 337 

both RDM (P = 0.0004) and HFDF (P = 0.0048) (Figure 8A). A similar pattern was observed for 338 

normalized MMP-9 (Figure 8B), with significantly higher levels in HFDM compared with RDM 339 

(P = 0.0014) and HFDF (P = 0.0080). P-Tau levels (Figure 8C) were likewise significantly 340 

elevated in HFDM relative to RDM (P = 0.0055) and HFDF (P = 0.0252), and Beta-amyloid levels 341 

(Figure 8D) followed the same trend HFDM significantly higher than both RDM (P = 0.0058) and 342 

HFDF (P = 0.0273). 343 

 344 
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 345 

Figure 8. Hippocampal Cognitive Biomarkers.  346 

Following a long-term high-fat, high-fructose diet (HFD) and STZ administration, levels of (A) 347 

BDNF, (B) MMP-9, (C) P-Tau, and (D) Beta-amyloid were quantified. Two-way ANOVA 348 

followed by Tukey’s multiple comparisons test was performed and revealed significant differences 349 

between HFDM and both RDM and HFDF groups.  Concentrations were normalized to total 350 

hippocampal protein. Error bars represent mean ± SEM; N = 5–12 rats per group. 351 

Serum metabolic and neurotrophic markers  352 

To evaluate whether these hippocampal alterations were reflected systemically, serum levels of 353 

neurotrophic and oxidative stress-related markers were also measured at the end of the study. 354 

Serum AGEs levels were not significantly affected by diet or sex (Figure 9A). However, HFDM 355 

rats exhibited increased GPX levels compared with RDF (P = 0.0458) and HFDF (P = 0.0184) 356 
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(Figure 9B). Serum levels of the neurotrophic factor NT-3 were significantly elevated in HFDM 357 

compared with RDM (P = 0.0418; Figure 9C). 358 

 359 

Figure 9. Serum Oxidative Stress and Neurotrophic Markers.  360 

Following a long-term high-fat, high-fructose diet (HFD) and STZ administration, levels of (A) 361 

AGEs, (B) GPX, and (C) NT-3 were quantified in all groups. Statistical significance was 362 

determined by two-way ANOVA (Diet × Sex) followed by Tukey's multiple comparisons test. 363 

Error bars represent mean ± SEM; N = 5–12 rats per group. 364 

 365 

Discussion   366 

Metabolic consequences of HFD exposure before overt diabetes 367 

The present findings indicate that cognitive and neurobiological alterations were associated with 368 

diet-induced metabolic dysfunction before the development of overt diabetes. Behavioral 369 

assessment was performed before STZ administration, whereas molecular analyses were 370 

conducted after STZ-induced metabolic progression. Therefore, these findings represent distinct 371 

stages of metabolic alteration rather than a single experimental time point. 372 

Consistent with previous reports, rats fed HFD exhibited significant weight gain beginning at week 373 

12 of dietary intervention, which persisted until the end of the study, even in the absence of STZ 374 
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administration (Zhao et al., 2022)[23]. Notably, male rats in the HFD group gained more weight 375 

than their female counterparts. Increased body weight is a key feature of diet-induced metabolic 376 

dysfunction and is commonly associated with adipose inflammation, insulin resistance, and 377 

progression towards T2DM (Barriere et al., 2018; Buettner et al., 2006; Hafizur, 2015; Malicevic 378 

et al., 2025; Zaman et al., 2011)[24-28]. These findings confirm the metabolic impact of the HFD 379 

model and its relevance to metabolic syndrome development. 380 

Despite increased fasting glucose, fasting insulin and HOMA-IR remained unchanged during this 381 

stage, suggesting that early metabolic impairment occurred without marked systemic insulin 382 

resistance. This patternmatches  prior observations in SD rats (Hafizur, 2015; Marques et al., 2016; 383 

Zhao et al., 2022)[23, 25, 29] The reduction in glucose levels after behavioral testing may partly 384 

reflect increased physical activity associated with repeated swimming exposure during RAWM 385 

testing (Caponi et al., 2013; Ghiasi et al., 2015)[30, 31]; however, physical activity was not directly 386 

measured in this study and this interpretation remains speculative. One week following STZ 387 

administration, both FBG and HOMA-IR increased markedly in the HFD groups, confirming 388 

progression toward a diabetic metabolic phenotype. Notably, the effects were more pronounced in 389 

males, paralleling their greater weight gain and suggesting sex-specific differences in metabolic 390 

vulnerability. These findings are consistent with previous studies demonstrating that low-dose STZ 391 

induces progressive pancreatic stress while early endocrine function may be partially preserved. 392 

(Barriere et al., 2018; Hu et al., 2013; Malicevic et al., 2025; Zhao et al., 2022)[23, 27, 28, 32]. 393 

 394 

Behavioral alterations associated with diet-induced metabolic dysfunction 395 

In the OFT, locomotor activity was unaffected by diet or sex, suggesting that differences in 396 

cognitive performance were unlikely to be explained by altered general activity. The observed 397 
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differences in rearing behaviour indicate a possible sex-dependent behavioural response to dietary 398 

challenge. In the EPM, HFD females exhibited reduced open-arm entries and increased closed-399 

arm preference compared with RD females, whereas males showed no significant differences 400 

(Attrill et al., 2025)[33]. The pattern of behavioral effects differed between tests, suggesting task-401 

dependent and sex-specific expression of anxiety-related behavior (Shukitt-Hale et al., 2004)[34]. 402 

Spatial learning and memory were assessed using the RAWM, a hippocampus-dependent task 403 

(Ghafarimoghadam et al., 2022)[35]. All groups showed progressive reductions in errors during 404 

acquisition, indicating intact learning across conditions (Alqudah et al., 2022)[36]. In the short-405 

term memory test, females showed more errors than males regardless of diet (Srivastava et al., 406 

2023)[37].  407 

At the 5-hour time point, a sex-dependent interaction was observed: RDF rats committed 408 

significantly more errors than HFDF rats, whereas male groups were unaffected by diet. This 409 

unexpected finding does not indicate impairment in HFD females; rather, it may reflect baseline 410 

variability or other factors influencing intermediate memory performance and should therefore be 411 

interpreted cautiously. By 24 hours, memory impairment was evident in both HFD groups, 412 

consistent with impaired long-term memory retention following prolonged HFD exposure 413 

(Alqudah et al., 2022; Attrill et al., 2025; Barriere et al., 2018; Shukitt-Hale et al., 2004)[28, 33, 414 

34, 36]. 415 

 416 

Hippocampal molecular responses to metabolic stress 417 

Hippocampal biomarker analysis revealed a male-predominant elevation across BDNF, MMP-9, 418 

P-Tau, and Aβ. Notably, increased hippocampal Aβ levels, a marker associated with AD-related 419 

pathology (Malicevic et al., 2025; Ohta et al., 2014)[27, 38], were observed in HFD males, which 420 
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is consistent with memory impairment observed in the RAWM. Elevated hippocampal MMP-9 421 

levels in HFD males further indicate activation of pathways associated with synaptic remodelling 422 

and neuroinflammatory processes (Li, 2025; Tsiknia et al., 2022; Wang et al., 2014; Whelan et al., 423 

2019)[18, 39-41]. 424 

In parallel, hippocampal phosphorylated tau levels were significantly elevated in HFD male rats. 425 

Tau hyperphosphorylation disrupts microtubule stability and synaptic integrity and is a key 426 

contributor to neurodegeneration in AD (Liang et al., 2023; Peng et al., 2013)[42, 43]. Together, 427 

these molecular changes provide support for the observed cognitive deficits. 428 

Contrary to expectations, BDNF and NT-3 were not reduced in the HFD groups; both were 429 

maintained or elevated, with males showing a notable increase. This aligns with evidence that 430 

short-term metabolic stress does not necessarily suppress neurotrophic signaling (Omidi et al., 431 

2020; Shin et al., 2020)[19, 44]. The absence of reduced neurotrophic markers may reflect 432 

compensatory responses to metabolic stress, temporal differences in biomarker expression, or 433 

other adaptive mechanisms(Marmigère et al., 2003; Sugiyama et al., 2020) [45, 46]. Alternatively, 434 

the timing of tissue collection relative to metabolic exposure may have influenced these results (de 435 

Paula et al., 2021)[47]. 436 

Serum AGEs, an important mediator associated with diabetic complications, were not significantly 437 

elevated in this study. This finding fits with evidence indicating that AGEs accumulation requires 438 

prolonged hyperglycemia and high-protein intake (Qaed et al., 2025; Xue et al., 2025)[17, 48], 439 

conditions not yet fully established at the one-week post-STZ endpoint examined here. 440 

In contrast, serum GPX, an antioxidant enzyme, was significantly elevated in HFDM relative to 441 

RDF and HFDF, suggesting a sex-specific oxidative stress response to diet-induced metabolic 442 
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challenge in males. Considered alongside the unchanged AGEs levels, this may reflect an early 443 

antioxidant compensatory response that precedes measurable glycation-related injury. 444 

 445 

Sex-dependent responses to metabolic dysfunction 446 

Across these outcomes, a sex-dependent pattern was observed. Females showed distinct 447 

behavioural responses, including altered anxiety-related measures and sex-related differences in 448 

short-term memory performance, whereas males showed greater hippocampal molecular 449 

alterations. This divergence aligns with evidence of sex-specific susceptibility to metabolic stress 450 

and indicates that diet-induced metabolic dysregulation is associated with distinct behavioral and 451 

neurobiological profiles in males and females. 452 

 453 

Implications for early brain vulnerability during metabolic progression 454 

Collectively, these findings support a conceptual model in which HFD-induced metabolic stress 455 

is associated with early behavioral and hippocampal molecular alterations, while overt peripheral 456 

metabolic dysfunction becomes evident only after STZ administration. This temporal separation 457 

suggests that the brain may undergo functional and molecular changes during early metabolic 458 

disturbance, before conventional markers reach diagnostic thresholds for diabetes. These findings 459 

may provide insight into early cognitive vulnerability associated with insulin-resistant and 460 

metabolic dysfunction, where neurobiological alterations may precede clinically apparent 461 

metabolic disease. 462 

 463 

Limitations and future directions 464 
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Several limitations should be considered when interpreting these findings. First, behavioural 465 

testing and molecular analyses were conducted at different stages of metabolic progression; 466 

therefore, cognitive outcomes reflect diet-induced metabolic dysfunction before STZ 467 

administration, whereas molecular findings represent the subsequent STZ-induced metabolic state. 468 

Second, the relatively short post-STZ period may not fully capture long-term neurobiological 469 

changes associated with chronic diabetes. Additionally, the absence of inflammatory cytokine 470 

measurements limits assessment of neuroinflammatory mechanisms underlying the observed 471 

alterations. The use of SD rats, which may exhibit relative metabolic resistance, and the mortality 472 

following STZ administration reduced sample sizes and may have limited sex-based comparisons. 473 

Future studies incorporating longitudinal metabolic and behavioural assessments, inflammatory 474 

profiling, and optimized STZ protocols will help clarify the mechanisms linking early metabolic 475 

dysfunction to cognitive decline. 476 

 477 

Conclusion 478 

This study demonstrates that prolonged HDF exposure is associated with early cognitive and 479 

hippocampal molecular alterations during diet-induced metabolic dysfunction before overt 480 

diabetes. Memory impairment was primarily evident during long-term retention and was 481 

accompanied by increased hippocampal levels of amyloid-β, phosphorylated tau, and MMP-9, 482 

whereas neurotrophic markers were maintained or elevated. Sex-dependent responses were 483 

observed, with females showing behavioural alterations and males exhibiting more pronounced 484 

hippocampal molecular changes. These findings highlight the potential vulnerability of the brain 485 

to metabolic stress before the onset of established diabetes.  486 

 487 
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