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Abstract

Objective: Obesity is an important modifiable risk factor for cognitive impairment. This study aimed to investigate whether time-restricted feeding
can improve obesity-related cognitive decline and to preliminarily explore its underlying mechanisms in mice on a high-fat diet.

Methods: A total of thirty male C57BL/6 mice were randomly assigned to three groups: Normal Chow Diet (NCD), High-Fat Diet (HFD), and Time-
Restricted Feeding (TRF). The NCD group received standard chow ad libitum, while the HFD group was provided a 60% high-fat diet ad libitum.
The TRF group was provided with ad libitum access to the high-fat diet within an 8-hour window during the early active phase (00:00 AM to 08:00
AM), corresponding to the definition of early-time restricted feeding (eTRF). After 24 weeks of intervention, spatial learning and memory were
assessed using the Morris water maze. Inflammatory markers (TNFa, IL1B, IL6), lipid metabolism profiles, and circadian rhythm gene expression
were analyzed. Liver, epididymal, and subcutaneous adipose tissues were collected for histological analysis.

Results: After 24 weeks of intervention, the TRF group exhibited significantly lower body weight compared to the HFD group (-10.20 + 3.65 g, p
< 0.05), despite comparable food intake. TRF effectively reversed HFD-induced cognitive deficits, as evidenced by significantly shortened escape
latency and increased time spent in the target quadrant during the probe trial. At the molecular level, TRF attenuated HFD-elevated hippocampal
levels of pro-inflammatory cytokines (TNF-a, IL-1B, and IL-6). Furthermore, TRF restored the expression of hepatic circadian clock genes (Bmalil,
Clock, Perl) and down regulated lipogenic genes (SREBP1c, SCD1, FASN), which were disrupted by HFD. Histological analysis confirmed that TRF
alleviated HFD-induced hepatic steatosis and adipose tissue hypertrophy.

Conclusion: Early-time TRF attenuates HFD-induced cognitive impairment via mitigating neuroinflammation, restoring circadian rhythms, and
improving lipid metabolism in mice. These findings support TRF as a promising non-pharmacological intervention against obesity-related cognitive

decline.

Keywords: Time-restricted feeding; High-fat diet; Cognitive dysfunction; Neuroinflammation; Circadian Rhythm

Introduction

Obesity is a significant and modifiable risk factor for various
cognitive impairments and dementia, including Alzheimer’s disease
[1-3]. This association is particularly prominent in middle-aged and
elderly populations, though early-life obesity also adversely affects
long-term cognitive health [4-8]. Compared to those with normal
weight, individuals with early-onset obesity exhibited an average
reduction of 3.2% in hippocampal volume and a decrease of 0.06
mm in prefrontal cortex thickness [9]. A cross-sectional study [10]
of 180 individuals with severe obesity found that 41% of participants
met the criteria for “cognitive impairment” on the Repeatable Battery
for the Assessment of Neuropsychological Status (RBANS) scale; 8%
showed abnormalities only in basic tests, with the most pronounced
deficits observed in executive function and short-term memory. In a
longitudinal cohort study [11] of 1,823 middle-aged and elderly obese

adults, verbal memory Z-scores declined by an additional 0.05 per
year and executive function by 0.04 per year compared to normal-
weight individuals.

Studies have shown that cognitive impairment can occur within
3-14 days after on a high-fat diet (HFD) [12-14]. Adipose tissue,
particularly visceral fat, functions as an endocrine organ that secretes
pro-inflammatory cytokines, including TNF-q, IL-1f, and IL-6 [15].
These cytokines traverse the blood-brain barrier, activate microglia,
and induce chronic neuroinflammation, ultimately impairing synaptic
plasticity and promoting neurodegeneration. Furthermore, Central
Nervous System (CNS) insulin receptor signaling plays a crucial role
in synaptic plasticity, neuronal survival, and learning and memory
[16]. Diet-induced obesity, particularly visceral fat accumulation,
promotes peripheral insulin resistance and hyperinsulinemia, and is
associated with disrupted insulin signaling in the CNS [17,18].
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Over the past decade, lifestyle modifications have become a
promising alternative strategy for reducing the risk of cognitive
impairment [19]. Compared to traditional caloric restriction, Time-
Restricted Feeding (TRF) may offer unique advantages in mitigating
obesity-related cognitive decline [20]. By consolidating food intake
within a consistent daily window (e.g., 8-10 hours) during the early
active phase - known as early time-restricted feeding (eTRF) - this
approach reinforces circadian rhythms [21,22], improves glycolipid
metabolism [23,24], and promotes autophagy [25]. It also facilitates
spontaneous calorie reduction without active counting, improving
long-term adherence [26].

Therefore, in this study, we implemented an 8-hour eTRF regimen
in high-fat diet-fed mice to evaluate its effectiveness in counteracting
HFD-related cognitive decline. We further explored its potential
mechanisms from the perspectives of neuroinflammation, hepatic
circadian rhythm resetting, and lipid metabolism.

Materials and Methods
Animals

Thirty healthy male C57BL/6 mice (13-14 weeks old, 25-30 g) were
obtained from the Laboratory Animal Centre of Sun Yat-sen University
(Guangzhou, China). They were housed under controlled conditions
(24-26°C, 45-55% humidity, 12-hour light/dark cycle) with ad libitum
access to food and water. The experimental protocol was approved by
the Laboratory Animal Management and Ethics Committee of Top
Biotechnology Co., Ltd., Shenzhen (TOP-IACUC-2021-0061), and
complied with National Institutes of Health guidelines.

Animal experimental procedure

After one week of adaptive feeding, the mice were randomly
divided into normal chow diet (NCD) group, high-fat diet (HFD)
group, and time-restricted feeding (TRF) group, with 10 mice in each
group. The NCD group was fed a standard chow diet (LAD2001, 3.8
keal/g, 4% fat content, TROPHIC Animal Feed High-tech Co., Ltd.,
China) ad libitum. The HFD group received a high-fat diet (TP24200,
5.5 keal/g, 60% fat content, TROPHIC Animal Feed High-tech Co.,
Ltd., China) ad libitum. The TRF group was also provided with the
high-fat diet, but their daily food access was restricted to an 8-hour
window during the early active phase (from 00:00 AM to 08:00 AM),
consistent with early-time restricted feeding (eTRF). The intervention
lasted for 24 weeks, with body weight and food intake recorded weekly.
Cognitive function in each group of mice was assessed using the
Morris water maze test prior to sacrifice. Mice were then euthanized
with pentobarbital sodium (45 mg/kg, i.p.). Brain, liver, subcutaneous
adipose tissue (SAT), and epididymal white adipose tissue (eWAT)
were subsequently collected for further analysis.

For hippocampal tissue dissection, the mouse brain was carefully
extracted from the cranial cavity and immediately placed in a petri
dish on ice following decapitation. The cerebellum and brainstem
were removed gently. Using a sterile scalpel, the cerebral hemispheres
were separated along the midline fissure. The hippocampus, located
medially and inferiorly to the lateral ventricle, was then delicately
dissected away from the overlying cortex using fine forceps. All
procedures were performed on a chilled surface to minimize RNA
and protein degradation. The isolated hippocampal tissues were
immediately snap-frozen in liquid nitrogen and stored at -80°C until
further processing.

Morris water maze (MWM) test

Spatial learning and memory were assessed using the MWM
system (Top Biotechnology Co., Ltd., Shenzhen), following established
protocols [27]. The apparatus consisted of a white circular pool (120
cm in diameter, 50 cm in height) filled with water (22 + 1°C) to a depth
of 35 cm. The pool was conceptually divided into four quadrants (I-
IV) by two perpendicular lines intersecting at the center. A hidden
platform (10 cm in diameter) was placed 2 cm below the water surface
in the center of quadrant III.

Each mouse underwent two hidden-platform trials per day for
five consecutive days. Before the first trial each day, the animals were
placed on the platform for 30 s for spatial orientation. On the sixth day,
a probe trial was conducted with the platform removed. Escape latency,
defined as the time taken to locate the hidden platform, was recorded
to evaluate learning and memory performance. During the probe trial,
the time spent in the target quadrant (quadrant III) was measured
to assess spatial memory retention. All behavioral assessments were
performed by an experimenter blinded to the group assignments.

Hematoxylin and Eosin staining

Liver, subcutaneous adipose tissue and epididymal white adipose
tissue were rapidly collected, rinsed in normal saline, and fixed in
4% formaldehyde followed by paraffin embedding. Sections of 2
um thickness were prepared from the paraffin blocks and stained
with hematoxylin and Eosin (H&E). Histological examination was
performed under a light microscope at 200x magnification.

Oil red O staining

Liver tissues were embedded in optimal cutting temperature
compound and frozen for cryosectioning. Sections of 8 um thickness
were fixed in 10% neutral buffered formalin for 10 minutes, rinsed
gently, and then stained with filtered Oil Red O working solution
for 15 minutes at room temperature. After differentiation in 60%
isopropanol, the sections were counterstained with hematoxylin to
visualize nuclei. Finally, the slides were mounted with glycerin gelatin
and observed under a light microscope at 200x magnification. Lipid
droplets appeared bright red against a blue nuclear background.

qPCR

Total RNA was extracted from liver and hippocampal tissues using
TRIzol reagent [28]. cDNA was synthesized following the instructions
provided with the Prime Script RT reverse transcription Kkit.
Quantitative real-time PCR (qPCR) was performed using the primer
sequences listed in table 1. Gene expression levels were quantified
using the comparative 2/ (-AACt) method.

Statistical analysis

Data are expressed as mean + SD. One-way ANOVA with Tukey’s
post hoc test was used for group comparisons (SPSS 26.0). A p-value <
0.05 was considered statistically significant.

Results

TRF ameliorates obesity and cognitive deficits induced by a
high-fat diet

At the end of the intervention, the TRF group exhibited significantly
lower body weight compared to the HFD group (-10.20 + 3.65 g; p
< 0.05; figure 1A), despite no significant difference in average food
intake between the two groups (p > 0.05; figure 1B). Furthermore,
compared to baseline, the TRF group showed no significant change
in body weight (1.24 + 2.38; p > 0.05; figure 1A), whereas the HFD
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group demonstrated a significant increase (12.02 + 4.894; p < 0.05;
figure 1A).

Figures 1A-1C illustrates the swimming paths and trajectories of
mice from the three groups during the acquisition training phase.
Escape latencies to locate the hidden platform were significantly
longer in HFD-fed mice compared to NCD mice (95.58 + 16.504 vs.
54.03 + 14.01; p < 0.05; figure 1D). Notably, the TRF group exhibited a
pronounced decrease in escape latency over the testing period. By the
final trial, no significant difference was detected between the NCD and

Table 1: Primer Gene Sequences.

TREF groups (-1.569 + 10.61; p > 0.05; figure 1D), whereas a substantial
difference remained between the NCD and HFD groups ( —66.40 +
10.61; p < 0.001; figure 1D).

In the probe trial initiated on day 6 (with the platform removed),
swimming time in the target quadrant (Q3) was significantly reduced
in HFD-fed mice compared to the NCD-fed mice (-14.27 + 1.483; p <
0.0001; figure 1E). This impairment was markedly ameliorated by TRF
intervention (-1.360 + 1.483; p > 0.05; figure 1E). C57BL/6 mice were
fed either a normal chow diet (NCD group) or a high-fat diet (HFD

Gene Forward Reverse
SREBP-1c GGTTTTGAACGACATCGAAGA CGGGAAGTCACTGTCTTGGT
SCD1 TTCCCTCCTGCAAGCTCTAC CAGAGCGCTGGTCATGTAGT
FASN GCTGCTGTTGGAAGTCAGC AGTGTTCGTTCCTCGGAGTG
Clock CAGCCAGTGATGTCTCAAGC ATGCGTGTCCGTTGTTCC
Bmall TGCCACCAATCCATACACAG TTCCCTCGGTCACATCCTAC
Perl CTGCTACAGGCACGTTCAAG CTCAGGGACCAAGGCTAGTG
TNF-a ACTCCAGGCGGTATGT GTGAGGGTCTGGGCGATAGAA
IL-1B TTCCTGAAACTGATGC TGTTGATGGCTGCGAG
IL-6 CCACTTCACAAGTCGGAGGCTTA CCAGTTTGGTAGCATCCATCATTTC
36B4 ACTGGTCTAGGACCCGAGAAG CTCCCACCTTGTCTCCAGTC
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Figure 1: Scatter plot: the graph illustrates the distribution of the percentages of reduction in the thickness of the cSDH after the treatment. It
indicates that in approximately a third of cases, there was a 100% resolution by three months.
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group) for 24 weeks. The TRF group received the same HFD but was
subjected to 8-hour time-restricted feeding (00:00 AM to 08:00 AM).
N=10 for each group. (A) Body weight changes; (B) Average weekly
food intake;(C) Representative swimming paths of mice from each
group during the Morris water maze acquisition training phase. (D)
Escape latency during hidden platform training. N=4 for each group.
(E) Time spent in the target quadrant (Q3) during the probe trial on
day 6. N=4 for each group. Data are presented as mean + S.D. *p < 0.05,
*p < 0.001, ***p < 0.0001 vs. HFD group; #p < 0.05, ##p < 0.01 vs.
NCD group; &&&p < 0.001 vs. NCD or TRF group (or as appropriate
based on actual statistical comparisons). ns: not significant (p > 0.05).

TRF decreases the levels of inflammatory factors in
hippocampal tissue

The high-fat diet significantly elevated the concentrations of pro-
inflammatory cytokines in hippocampal tissue, with increases of
1.337 + 0.329 for TNF-a, 0.401 + 0.111 for IL-1p, and 0.870 + 0.131
for IL-6 compared to the control group (p < 0.05, figures 2A-2C).
Notably, TRF intervention effectively attenuated the HFD-induced
neuroinflammatory response, reducing the elevations of pro-
inflammatory cytokines by 1.297 + 0.329 for TNF-q, 0.333 £ 0.111 for
IL-1PB, and 0.645 + 0.131 for IL-6 compared to the HFD group (p <
0.05, figures 2A-2C).

C57BL/6 mice were fed either a normal chow diet (NCD group) or
a high-fat diet (HFD group) for 24 weeks. The TRF group received the
same HFD but was subjected to 8-hour time-restricted feeding (00:00
AM to 08:00 AM). Levels of pro-inflammatory cytokines (A) TNF-q,
(B) IL-1PB, and (C) IL-6 in hippocampal tissue. Gene expression was
analyzed and normalized to 36B4 expression in the same sample. “A.U”
stands for “arbitrary units” N=4 for each group. Data are presented as
mean * $.D,; *p < 0.05, **p < 0.01, **p < 0.001; ns: not signiﬁcant (p
> 0.05).

TRF favorably regulates hepatic circadian rhythms and the
expression of genes related to lipid metabolism

The expression levels of core circadian clock genes in the liver were
significantly decreased in the HFD group compared to the NCD group,

with reductions of 0.592 + 0.061 for Bmall, 0.530 + 0.160 for Clock,
and 0.583 + 0.123 for Perl (p < 0.05, figures 3D-3F). Time-restricted
feeding effectively counteracted this HFD-induced decline and
restored the expression of hepatic circadian rhythm genes, increasing
their levels by 0.822 £ 0.061 for Bmall, 1.493 + 0.160 for Clock,
and 0.373 £ 0.131 for Perl compared to the HFD group (p < 0.05;
figures 3D-3F). Meanwhile, the mRNA levels of key lipogenic genes
(SREBP1c, SCD1, FASN) were markedly up-regulated by HFD, with
increases of 0.602 + 0.122 for SREBPIc, 0.771 + 0.158 for SCD1, and
0.803 + 0.127 for FASN compared to the NCD group (p < 0.01; figures
3A-3C). TRF intervention significantly attenuated this HFD-induced
increase, reducing the expression levels by 0.346 + 0.122 for SREBP1c,
0.469 + 0.158 for SCD1, and 0.501 + 0.127 for FASN compared to the
HFD group (p < 0.05; figures 3A-3C).

C57BL/6 mice were fed either a normal chow diet (NCD group) or
a high-fat diet (HFD group) for 24 weeks. The TRF group received the
same HFD but was subjected to 8-hour time-restricted feeding (00:00
AM to 08:00 AM). mRNA levels of key lipogenic genes (A) SREBP1c,
(B) SCD1, (C) FASN and core circadian clock genes (D) Bmall, (E)
Clock, (F) Perl1 in liver. Gene expression was analyzed and normalized
to 36B4 expression in the same sample. “a.u” stands for “arbitrary
units” N=4 for each group. Data are presented as mean + S.D,; *p <
0.05, **p < 0.01, **p < 0.001; ***p < 0.0001; ns: not significant (p > 0.05).

TRF ameliorates hepatic steatosis and adipose tissue
morphology

Compared to the NCD group, HFD feeding induced pronounced
hepatic steatosis, characterized by substantial lipid droplet
accumulation in hepatocytes, as well as adipose tissue abnormalities
exemplified by adipocyte hypertrophy and disrupted tissue
architecture in both epididymal (eWAT) and subcutaneous (SAT) fat
depots. Time-restricted feeding intervention significantly alleviated
these HFD-induced pathological alterations: lipid deposition in the
liver was reduced, and adipocyte size and tissue morphology in white
adipose tissues were restored to a state comparable to the NCD group.
These results demonstrate that TRF effectively counteracts HFD-
induced lipid deposition.

A B C
TNF-a IL-1B IL-6
ns ns ns
4 %k Kk 08 * * 2.5 okok *ok
El ° — ’ ® ?
& S 8 2.0
c 3- S 0.6 £ I
2 c ° o
4 2 0.4 2 1.5 o
B — B
g 2- g g ° =
o x r o 1.0 'I.
¢ : 3 0.2 P ) 2
£1] o0 & s kS
T 0 g ° g 057
K 5 0.0 4
0 o -
T 1 1 00 1 1 1
NCD  HFD TRF 0.2 N(I:D o o NCD  HFD TRF

Figure 2: Time-restricted feeding reduces hippocampal inflammation induced by high-fat diet.
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Discussion

Our study provides comprehensive evidence that 8-hour time TRF
effectively ameliorates HFD induced cognitive impairment through
multi-system mechanisms involving metabolic, inflammatory, and
circadian pathways. While the ability of TRF to ameliorate HFD-
induced weight gain is consistent with previous reports, our findings
significantly extend current knowledge by demonstrating that its
cognitive benefits occur independently of caloric reduction, suggesting
a fundamental role of feeding-fasting cycles in brain health (Figure 4).

C57BL/6 mice were fed either a normal chow diet (NCD group)
or a high-fat diet (HFD group) for 24 weeks. The TRF group received
the same HFD but was subjected to 8-hour time-restricted feeding
(00:00 AM to 08:00 AM). Representative images of liver tissue sections
stained with Oil Red O (for lipids, red) and hematoxylin (for nuclei,
blue). Representative hematoxylin and eosin (H&E)-stained sections
of liver, epididymal white adipose tissue (eWAT) and subcutaneous
adipose tissue (SAT). N=4 for each group. Images were observed
though a light microscope at 200x magnification.

Time-restricted feeding is operationally defined as the voluntary
limitation of all daily caloric intake to a predefined window of 4-12 h,
followed by a prolonged fasting period of 12-20 h without overt caloric
reduction [29]. Based on the alignment of this window with the master
circadian clock, TRF protocols are conventionally classified into early
(eTREF; first meal before 9:00 a.m.) and late TRF (ITRF; first meal after
11:30 a.m.; thus, typically excluding breakfast) [30]. Accumulating
evidence indicates that the metabolic and chronobiological outcomes
of these two variants diverge markedly. In humans, eTRF (08:00-
14:00) for 5 weeks improved 24-h glucose homeostasis, increased
nocturnal autophagy flux markers, and synchronized peripheral clock
gene expression, despite isocaloric conditions [25]. Conversely, ITRF
(12:00-20:00) failed to enhance insulin sensitivity or advance the phase
of core-body-temperature rhythm in overweight adults [23]. Similarly,
another study [21] demonstrated that restricting high-fat feeding to
the active phase (eTRF) preserved circadian amplitude of clock genes
and attenuated metabolic dysfunction in middle-aged mice, whereas
late TREF failed to do so. Collectively, these data support the hypothesis
that the physiological response to TRF is gated by circadian timing,
with eTRF conferring superior metabolic protection and more robust
reinforcement of circadian rhythms. Guided by this framework, the
present study adopted a 8-h eTRF protocol (00:00 AM-08:00 AM) in
mice to maximize the potential for both metabolic improvement and
clock realignment. Nevertheless, we propose that future studies should
include both eTRF and ITRF protocols in parallel to compare their
differential effects on high-fat-diet-induced cognitive impairment.

The rescue of hippocampal-dependent memory by TRF may
be attributed to several interconnected mechanisms. First, the
observed reduction in hippocampal pro-inflammatory cytokines
(TNF-a, IL-1p, IL-6) indicates suppression of neuroinflammation-a
known driver of synaptic dysfunction and cognitive decline [31-
35]. This anti-inflammatory effect likely originates from multiple
sources: the reduction in visceral adipose tissue mass decreases
systemic inflammation, while the daily fasting window may
promote ketogenesis, and ketone bodies like f-hydroxybutyrate have
demonstrated potent anti-inflammatory properties through inhibition
of NLRP3 inflammasome activation [36-38]. Additionally, TRF has
been shown to enhance autophagy, a cellular clearance process that
removes damaged organelles and protein aggregates, thereby reducing
neuronal stress and inflammation [39,40].

Notably, our study reveals that TRF restores the expression of core
circadian clock genes (Bmall, Clock, Perl) in the liver. This finding is
particularly significant in light of emerging research on the gut-brain-
liver axis and its role in cognitive function. Circadian disruption has
been increasingly implicated in blood-brain barrier leakage, impaired
glymphatic clearance, and neuroinflammation [41-43]. By realigning
peripheral circadian rhythms, TRF may help restore optimal temporal
organization of metabolic processes, such as lipid handling and
glucose metabolism, thereby reducing the systemic metabolic stress
that contributes to neural impairment.

Furthermore, the downregulation of lipogenic genes (SREBPIc,
SCD1, FASN) and reduction in hepatic steatosis indicate that TRF
promotes a metabolic shift toward lipid utilization and oxidative
metabolism. This is consistent with studies showing that TRF enhances
mitochondrial biogenesis and function, particularly in peripheral
tissues like the liver and muscle [44-46]. Improved metabolic health
not only reduces ectopic lipid deposition but may also enhance brain
energy substrate availability and insulin sensitivity-both critical for
cognitive processes.

The integration of these findings supports a model in which TRF
acts as a system-level intervention that synchronizes metabolic,
inflammatory, and circadian processes. Rather than targeting a single
pathway, TRF leverages the inherent coupling of these systems,
resulting in synergistic benefits that are difficult to achieve with
pharmaceutical or dietary composition interventions alone. Our work
reinforces the growing recognition that when we eat may be as critical
as what we eat, particularly in the context of circadian biology and
brain health.

This study has several limitations: First, the sample size in
behavioral and molecular assays (n=4) may limit the generalizability
of some findings. Second, although TRF restored circadian gene
expression and reduced neuroinflammation, the exact causal links
between these pathways and cognitive improvement remain to be fully
elucidated through targeted mechanistic studies. Besides, the study
was conducted in a male mouse model; future research should include
female subjects to examine potential sex differences in TRF response.
Finally, physical activity is a key factor affecting body weight but was
not assessed in this study. This limitation should be addressed in future
research.

Conclusions

In conclusion, our findings demonstrate that early time TRF is an
effective non-pharmacological strategy to counteract high-fat diet-
induced cognitive impairment in mice. Early time TRF not only
ameliorate HFD-induced weight gain but also significantly improved
spatial learning and memory, likely through multi-level mechanisms
involving the suppression of neuroinflammation, restoration of
circadian rhythm gene expression, and regulation of lipid metabolism.
These results highlight the critical role of feeding timing in metabolic
and brain health, and support early time TRF as a promising lifestyle
intervention for preventing obesity-related cognitive decline.
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Figure 3: Time-restricted feeding favorably regulates hepatic circadian rhythms and the expression of genes related to lipid metabolism.
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