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Epigallocatechin-3-gallate Attenuated Autophagy Exacerbated
High-fat Diet-induced Memory and Testicular Toxicity in Rats:
The Function of Inflammatory and Mechanistic Target of
Rapamycin Signaling Pathways

Onyekweli Chinedu Charles, Ben-Azu Benneth', Nwangwa E. Kingsley?, Oyovwi 0. Mega

Departments of Physiology and 'Pharmacology, Faculty of Basic Medical Sciences, Delta State University, Abraka, 2Department of Physiology, Faculty of Basic
Medical Sciences, Adeleke University, Ede, Osun State, Nigeria

Background: High-fat diet (HFD) can induce neuroinflammation, oxidative stress, and reproductive toxicity, which contribute to memory and
testicular dysfunctions. Aims and Objectives: To investigate the protective role of epigallocatechin-3-gallate (EGCG) against HFD-induced
cognitive and testicular toxicity via inflammatory and mTOR signaling pathways. Materials and Methods: Male Wistar rats were divided into
groups receiving normal diet, HFD, or HFD with EGCG treatment. Behavioral, biochemical, and histopathological analyses were performed,
and inflammatory and mTOR pathway markers were evaluated. Results: EGCG significantly improved memory and learning performance,
reduced oxidative and inflammatory markers, restored testicular histoarchitecture, and modulated mTOR signaling. Conclusion: EGCG
attenuates HFD-induced cognitive and testicular impairments through the regulation of inflammation and mTOR signaling, suggesting its

therapeutic potential in diet-induced metabolic disorders.

Keywords: Autophagy, epigallocatechin-gallate, high-fat diet, inflammation and apoptosis, metabolic hormone

INTRODUCTION

One of the main public health issues in the world today is
obesity. Obesity is classified as a body mass index (BMI)
equal to 30 kg/m? or higher.['!l Male and female obesity rates
have dramatically increased over the previous 40 years, rising
from 3.2% and 6.4% in 1975 to 27.44% and 38.06% in 2021,
respectively, from 8% and 13.99%.31 Obesity increases
the risk of diverse illnesses, including cancer, diabetes,
hypertension, cardiovascular disease, and male infertility.
Male reproductive function has been shown to be impaired
by obesity, which results from a high-fat diet (HFD), in
both humans and animals.®% HFD has also been linked to
neuropathological changes that cause obesity-related cognitive
impairment and changes to the brain.’®! Preclinical research
has shown that a long-term HFD is linked with cognitive
decline and reproductive issues.’ 7! Learning, memory, and
executive activities are the three important functions of the
brain that an obesogenic diet has the greatest detrimental effects
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on."! These cognitive behaviors are principally controlled
by the prefrontal cortex and hippocampus of the brain.!'>!*]
Obesity’s systemic effects on reproductive health and cognitive
repercussions have drawn increased attention.

There is notable evidence suggesting that HFD-induced sperm
deficiency!' and brain damage!' in rodents are connected
with autophagy dysfunction. Of note, autophagy, which is an
important biological machinery involved in cellular recycling
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and degradation of cellular elements, is regulated by lysosomal
enzymes, and has been reported to play an important role in
reproductive biology and neuronal degeneration.!'! Notably,
rapamycin-mediated autophagy is a popular preclinical
rodent model for producing autophagy, through mechanisms
related to increased apoptotic activity, p70SK expression,
and stimulation of mechanistic target of rapamycin (mTOR)
and adenosine monophosphate-activated protein (AMPK)
phosphorylations.'s) Although synthetic drugs have made
remarkable progress in attenuating obesity-related reproductive
and cognitive damage linked to autophagy, interesting findings
have been reported from compounds with reproductive and
psychotropic compounds naturally distributed in plants
polyphenolic extracts of medicinal plants.!'”-'®]

Green tea (Theaceae) is usually made from the leaves and
buds of the Camellia sinensis L. plant. The health advantages
of green tea have been researched the most thoroughly
among the several forms of tea, including black tea, oolong
tea, and green tea.'"” The active polyphenol found in green
tea (C. sinensis), epigallocatechin-3-gallate (EGCG), has
attracted some interest for its potential health benefits,
including those against cancer,?*?! obesity,?>**! diabetes, 23]
and neuroprotective?2 agents. The numerous health benefits
of EGCG have been extensively attributed to its robust
antioxidant and metal-chelating capacities, alongside its
well-documented anticarcinogenic, anti-inflammatory, and
anti-apoptotic mechanisms of action.**"! These include the
prevention of neurodegenerative disorders, improvement of
reproductive functions, and weight control through decreased
energy absorption and improved fat burning.B** It is interesting
to note that EGCG reduces reproductive toxicity and oxidative
damage in rats exposed to cyromazine and chlorpyrifos.*!! In
addition, it has been suggested that drinking green tea is safe
for reproductive, liver, and renal health and has been shown
to improve testicular functions in male rats.* As a result,
safety investigations showed that EGCG has no teratogenic
effect and is also not hazardous to the reproductive system.*?)
In addition, it has been demonstrated that EGCG reduces
oxidative stress and neuroinflammation to improve learning
and memory impairments in rats exposed to ischemia stress!**!
and Alzheimer’s disease.l*® In addition, pharmacokinetic
research showed that EGCG’s improved blood—brain barrier
permeability relates to the supplement’s potential to improve
cognition in naturally aged rats.*J In this connection, it was
suggested that EGCG supplementation in high-fat induced
obesity-related diseases of neurodegeneration and reproduction
in male rats would have a positive effect.

MAaTeriALS AND METHODS

Materials

Animals

Thirty-six Wistar rats, aged 68 weeks, were used in the
study. They were housed in a controlled setting with a 12-h
light/dark cycle. They underwent acclimatization for 14 days

and therapy for 56 days. The experiment adhered to NIH
standards and received ethical approval from the Faculty
Animal Care and Use Research Ethics Committee (REC/
FBMS/DELSU/22/147).

Preparations of drugs

Sigma-Aldrich Chemical Company (St. Louis, MO, USA)
provided the EGCG, which was produced in 0.1% DMSO
and administered orally in accordance with previous
dosing.! Rapamycin was selected within the dose-response
effect and previous investigation by Scarpace et al.*! The
doses used were in agreement with the recommendations
for converting human doses to those for animals. The length
of time EGCG was administered was determined by the
spermatogenesis’ endpoint. The doses selected were in line
with the recommendations for extrapolating human doses to
animal doses. The daily doses were given orally between the
hours of 8§ and 9.

Diet formulation

In this study, two different types of diets-a specific high-fat
diet (HFD) (35%) intended to induce obesity in rats and cause
cognitive and reproductive impairments were used.

Typical rat chow diet

As described in Lillie et al.,*" the typical rat chow diet was
created. The typical normal rat diet contains 65% CHO,
5% fat, 20% crude protein, and 5% fibers. It is also made
up of 350 g concentrate, 600 g maize, calcium carbonate,
dicalcium phosphate, sodium chloride, magnesium oxide, and
vitamins (50 g). The diet’s metabolic energy was 2813 kcal/kg,
with 8% of it derived from fat.

The high-fat diet

According to Lillie et al.,*"" it contained 50 g of vitamins,
minerals, and fibers along with 300 g of concentrates, 350 g
of corn, and 300 g of beef tallow. Crude protein made up 20%
of the HFD, followed by fat at 35%, CHO at 40% (starch at
35% and sugar at 5%), and vitamins, minerals, and fiber at 5%.
This diet’s metabolic energy was 5130 kcal/kg, with 61% of it
coming from fat. The HFD, consisting of lard, sunflower oil,
and starch, was created by adding 30% lard or beef tallow and
5% sunflower to the control diet.

Eachrat’s body weight was measured in grams using a weighing
balance after every 7 days during the entire experiment. The
Lee index was used to define the obesity index. According to
Lee’s formula, the Lee index was calculated (1980).

Rats were deemed obese and used in the study if their Lee
obesity index value was greater than 310 g/cm, which is similar
to a BMI of 30 in humans.

Methods

Experimental protocol

Six experimental groups of six animals each were created
using 36 experimental rats. Group I: This group served as

the control. Rats were treated with a normal rat chow diet
plus 0.1% DMSO for 56 days. Group II: Rats in this group
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were treated with EGCG alone at a dose of 80 mg/kg daily
dissolved in 0.1% DMSO orally for 28 days (45). Group III:
This group was treated with HFD plus 0.1% DMSO daily
for 56 days. Group IV: This group was treated with HFD
plus Rapamycin at 1 mg/kg body weight orally for 56 days
to induce autophagic flux (46). Group V: This group was
treated with HFD for 56 days plus EGCG at 80 mg/kg
body weight orally for 28 days, starting from day 29 to 56.
Group VI: This group was treated with HFD plus rapamycin
for 56 days plus EGCG at 80 mg/kg body weight from day
29 to 56.

Cognitive function test

New object recognition task performance

The habituation, trial, and test phases made up the object
recognition (NOR) task. Plastic made up the arena, which
was 43 cm by 31 cm by 16 cm. During the trial phase, each
rat was left alone in an open field for 5 min with two identical
objects (Al and A2). After that, the rat was put back in its
usual cage. The study involved washing the arena and objects
with 70% v/v ethanol to remove smell cues. A short-term
memory (STM) test was conducted 5 min after the trial
phase, with each rat repositioned with identical objects
swapped with a different one. The object placement was
counterbalanced to prevent bias, with half of each group
seeing the new object on the left side. Before using the NOR
task to test a rat’s long-term memory (LTM), a wash-out
time of 5 days was permitted. The process followed the
same steps as for STM, with the exception that rats were
exposed to the test phase 24 h following the trial phase.
Using a stopwatch, we manually kept track of how much
time was spent investigating each object in each phase.
When a rat’s head was pointed in the direction of an object
within 2 cm of it or when the nose made contact with the
object, the rat was rated as exploring. Measured variables
included the amount of time (in seconds) spent examining the
familiar object (Tf), the novel object (Tn), and the combined
amount of time (Tn + Tf). The following equation was used
to calculate the percentage of discrimination index (%DI):
%DI = Tn divide by Tn + Tf multiply by 100%.4

Blood and tissues preparation

At the conclusion of the trial, the animals were fasted for the
night before being put to sleep by cervical dislocation. Blood
was then drawn through heart punctures and tested for leptin and
adiponectin using ELISA techniques. The testes and the brain
were dissected out for biochemical assay (B cell lymphoma-2,
Caspase 3, tumor necrotic factor-o, interleukin (IL)-18,
necrotic factor-kappa B, nitrite, Beclin-1, mammalian target
of rapamycin, glutamate, dopamine, and norepinephrine) and
histological studies, including that of the adrenal gland. The
reproductive organ was harvested, freed from adherent tissues,
and weighed on an electronic weighing balance.

Estimations of leptin, adiponectin, and corticosterone in
serum: Using an ELISA kit from Cayman Ltd. in the United
States in accordance with the manufacturer’s instructions,

the levels of leptin, adiponectin, and corticosterone in serum
were measured.

Testicular inflammation markers test

Using the ELISA kit bought from IL-18) (R a D systems, USA and
Thermo Fisher Scientific, respectively, testicular cells were used to
assess and quantify (pg/mg protein) proinflammatory cytokines in
the testes, including nuclear factor kabba (NF-kB), tumor necrosis
factor (TNF), cyclooxygenase-2 (COX-2), and IL-1.

Examination of testicular apoptotic markers: The expression
of Bcl-2 and caspase-3 in testicles was evaluated using
commercial ELISA kits from Sigma-Aldrich and BioVision,
Inc., following manufacturer’s recommendations.

Evaluation of autophagic-related protein markers in testicular
and brain homogenate: A commercial ELISA kit from
MyBioSource, BioVision, or Abbexa was used to measure the
mechanistic expressions of BECLIN-1 and mTOR in testes
and brain homogenate, respectively.

Estimation of dopamine concentration: The reaction mixture
used in the study, consisting of 0.05 mL of 0.4 M HCI,
0.1 mL of ethylenediaminetetraacetic acid (EDTA), 6.9 pH
of sodium acetate buffer, and 0.1 mL of iodine solution, is
used to calculate the amounts of dopamine in the brains. After
2 min, 0.1 mL of Na2SO3 was added to stop the reaction.
After 1.5 min, 0.1 mL of acetic acid was added.*! After 6 min
of heating to 100°C, a spectrofluorimeter’s excitation and
emission spectra are read. Norepinephrine measurements are
made at 395-485 nm, whereas dopamine readings are made
between 330 and 375 nm.

Measurement of glutamate concentration: The supernatant
of the brain homogenate (1 mL) was evaporated and then
reconstituted in distilled water. Using glutamate and GABA
solutions, the sample was spotted on Whatman No. 1
chromatography paper. After that, the paper was put inside a
solvent chamber. After being dried and coated with ninhydrin
reagent, the first and second papers were baked at 100°C
for 4 min. CuSO4 in 75% ethanol was used to elute the
glutamate-carrying parts of the sample. A spectrophotometer
was used to test their absorption.

Estimation of norepinephrine level: The process involved
adding iodine (0.1 ml) solution, 0.05 ml of 0.4 M HCl, 0.1 ml
of EDTA/Sodium acetate buffer (PH 6. 9). 0.1 ml of Na2SO3
solution was added after 2 min to stop the process. 1.5 min
later, 0.1 mL of acetic acid was added to the aqueous phase.
After heating to 100°C for 6 min, the spectrofluorimeter’s
excitation and emission spectra were recorded, with readings
for nor-adrenaline collected at 330-375 nm and 395-485 nm.

Histopathological examination of brain: The brain slices were
stained with hematoxylin and eosin stain.’” The Olympus
microscope was used to analyze the stained sections.

Statistical analyses
With the aid of the post hoc Bonferroni’s #-test and an analysis
of variance (ANOVA), differences between groups were found
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using the GraphPad Software, LLC (Boston, Massachusetts,
USA) program. P < 0.05 was used to evaluate statistical
significance, along with the mean and standard error of the
mean.

INTERPRETATION OF RESULTS

Effect of EGCG on rapamycin exacerbated high-fat
diet-induced nonspatial memory impairment in male
Wistar rats

Using anovel object recognition test [Figure 1a and b], the study
investigated the effects of EGCG on HFD-induced memory
impairment. In comparison to the control group, EGCG had
no discernible impact on the discrimination index in either
short-or LTMs. However, both the short-term [Figure 1a] and
long-term [Figure 1b] discrimination index in the HFD-treated
rats and the combination of HFD and rapamycin exposure were
lower. In rats exposed to HFD and those receiving HFD and
rapamycin, EGCG markedly improved the discrimination index.

Effect of EGCG on rapamycin-mediated high-fat
diet-induced weight changes and obesity as indicated by
Lee index in rats

The effect of EGCG on HFD and rapamycin-induced
increase in body weight and obesity, as indicated by the
Lee index in rats, is shown in Figure 2a-c. HFD, as well as
rapamycin treated-HFD produced a significant (P < 0.05)
increase in Lee index values of rat’s body weight [Figure 2a];
however, with a marked decrease in brain [Figure 2b] and
testicular [Figure 2c¢] weights. However, treatment with
EGCG (80 mg/kg p. o) significantly (P <0.05) reversed HFD
or HFD in combination with rapamycin-induced obesity as
indicated by a decrease in Lee index values [Figure 2a] as
well as increased brain [Figure 2b] and testicular [Figure 2c]
weights relative to HFD or HFD plus rapamycin-treated rats
alone. In EGCG-treated HFD alone, there was no significant
difference as compared to EGCG-treated HFD plus rapamycin.

Effect of EGCG on rapamycin-enhanced high-fat
diet-induced changes on leptin, adiponectin, and
corticosterone concentrations in rats

Figure 3a and b depicts the effects of EGCG HFD, and
rapamycin-induced alterations in leptin and adiponectin.

Following the results of the Bonferroni post hoc test,
which showed that HFD or HFD with rapamycin
significantly (P < 0.05) raised leptin concentration in
comparison to the normal control group, one-way ANOVA
was used [Figure 3a]. In comparison to HFD group or HFD
plus rapamycin group, EGCG therapy significantly reduced
the increase in leptin level caused by HFD and HFD plus
rapamycin [Figure 3]. When compared to the normal control
group, HFD or HFD + Rapamycin significantly (P < 0.05)
lowered adiponectin concentration, according to one-way
ANOVA and Bonferroni’s post hoc test results [Figure 3b].
When compared to the HFD group or the HFD plus rapamycin
group, EGCG (80 mg/kg b. w.) therapy significantly corrected
the HFD and HFD plus rapamycin-induced decrease in
adiponectin levels [Figure 3b]. Furthermore, rats treated
with HFD or HFD rats co-treated with rapamycin showed a
substantial (P < 0.05) rise in corticosterone concentration.
In comparison to HFD and HFD + rapamycin-treated
rats, EGCG (80 mg/kg, p. 0.) significantly (P < 0.05)
reduced the corticosterone rise caused by HFD and
rapamycin [Figure 3c].

Effect of EGCG on rapamycin-high-fat diet-induced
changes on neurochemical concentrations in rat brains
The study found that HFD or HFD plus rapamycin significantly
increased glutamate [Figure 4a], dopamine [Figure 4b], and
noradrenaline [Figure 4c] levels compared to the normal
control group. Nonetheless, EGCG (80 mg/kg b. w.) treatment
significantly reversed HFD and HFD plus rapamycin-induced
decrease in serotonin, glutamate, dopamine, and noradrenaline
concentrations when compared with HFD or HFD plus
rapamycin group, respectively [Figure 4a-c].

Effect of EGCG on rapamycin exaggerated high-fat
diet-induced pro-inflammatory cytokines in rats’ brains

In line with Figure 5a-d, when compared to control mice,
HFD and HFD + rapamycin exposure significantly increased
the levels of TNF-a [Figure 5a], IL-1 B [Figure 5b],
NF-kB [Figure 5c], and COX-2 (5d). According to the
study, EGCG administration dramatically decreased
the high levels of pro-inflammatory cytokines in rats
when compared to the group that received only HFD
treatment [Figure 5a-d].
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Figure 1: (a and b) EGCG prevents rapamycin exacerbated high-fat diet (HFD)-induced memory impairment in male Wistar rats using novel object
recognition performance: short-term memory (a). Bars depict the mean and standard error of the mean (n = 6). #@P < 0.0001 was used as comparison
to the control group; ®*®P < 0.0001 was used as comparism to HFD; *P < 0.0’001 versus rapamycin plus HFD group (One-way analysis of variance
was applied following Bonferroni’s post hoc). STM: Short-term memory, LTM: Long-term memory, HFD: High-fat diet
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Figure 2: (a-c) Effect of EGCG on rapamycin mediated high-fat diet (HFD)-induced increase in Lee index. Bars depict the meanand standard error of
the mean (7 = 6). ®4P < 0.0001 was used as a comparism to control group; "**P < 0.0001 versus HFD; cP < 0.0001 versus rapamycin plus
HFD group (One-way analysis of variance was applied following Bonferroni’s post hoc). HFD: High-fat diet
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Figure 3: (a-c) EGCG abates rapamycin enhanced high-fat diet (HFD)-induced changes in leptin, adiponectin and corticosterone levels. Bars depicts
the meanand standard error of the mean (7 = 6). #@P < 0.0001, *P < 0.05 versus control group; **P < 0.0001 versus HFD; «*P < 0.0001 versus

rapamycin plus HFD group. HFD: High-fat diet

EGCG inhibits high-fat diet-induced release of
pro-inflammatory cytokines in rat testes

According to Figure 6a-c, when compared to control animals,
both HFD and HFD + rapamycin treatment demonstrated a
substantial increased TNF-o. [Figure 6a], IL-1  [Figure 6b]
levels. However, compared to rats receiving HFD therapy
alone, EGCG posttreatment significantly reduced the elevated
pro-inflammatory cytokine levels.

Effect of EGCG on high-fat diet-induced alteration in
testicular autophagy in rat

The research demonstrates that EGCG counteracts the
effects of HFD on testicular autophagy-related protein levels

in rats, restoring decreased mTOR [Figure 7a] and higher
BECLIN-1 [Figure 7b] levels but not significantly changing
mTOR or BECLIN-1 levels compared to normal control
groups.

Effects of EGCG on high-fat diet and rapamycin-mediated
pathological alteration of the adrenal glands of rats

Plate’s la-f shows how EGCG affected the histopathological
alterations brought on by rapamycin and HFD in the rat adrenal
gland. EGCG alone did not alter the adrenal gland’s architecture,
revealing a normal cortex zonation pattern and a normal medulla
layer compared to a normal control group. As opposed to the
normal controls, rats given HFD or rapamycin in this study
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Figure 4: (a-c) EGCG reverses high-fat diet (HFD) and rapamycin-induced alteration in neurochemical concentrations in rats: (a) glutamate, (b) dopamine,
(c) noradrenaline. Bars depict the meanand standard error of the mean (7 = 6). ®*P < 0.0001 was used as comparison to the control group;
bobbP < 0.0001 was used as comparison to HFD; ¢cP < 0.0001 was used as comparison to rapamycin plus HFD group. HFD: High-fat diet
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Figure 5: (a and b) EGCG inhibits high-fat diet (HFD)-induced release of pro-inflammatory cytokines in rat brain. (a) Tumor necrosis factor-alpha (TNF-a),
(b) Interleukin-1p (IL-1B). Bars depict the mean =+ standard error of the mean (SEM) (n = 6). Statistical significance: @@P < 0.0001, P < 0.05 versus
control group, ®®®P < 0.0001, °P < 0.05 versus HFD group, <P < 0.0001 versus rapamycin + HFD group, “P < 0.01 versus HFD + EGCG group.

TNF-a: Tumor necrosis factor-alpha; HFD: High-fat diet

displayed minor vascular congestion within the medulla, which
was remedied by EGCG given at a level of 80 mg/kg/day.

Effects of EGCG on high-fat diet and rapamycin-induced
histological alteration of the prefrontal cortex of rats

In plate 2a-f, the effects of EGCG on rapamycin-and
HFD-induced histological alterations in the rat prefrontal
cortex are shown. When compared to the normal control group,
rats treated with EGCG alone showed abnormalities in the
prefrontal cortex’s laminae, neuronal cells, and architecture.
As seen by degenerated, hyalinized neuronal cells and dilated
capillaries [Plate 1 and 2] when compared with normal
controls, rats treated with HFD and rapamycin, respectively,
showed reduced neuronal cells of the prefrontal cortex.
However, EGCG therapy reduced HFD-induced hyalinization
and cell degeneration in prefrontal neuronal cells in comparison

to HFD groups. In addition, rats given EGCG displayed fewer
degenerating neural cells than those given HFD.

Discussion

Studies on both humans and animals have revealed that
HFD-induced obesity is connected to testicular dysfunction
and nonspatial memory problems.™” Notably, obesity has
been linked to poor molecular and functional neuronal
homeostasis, which increases the risk of brain injury, behavioral
problems, and cognitive deficiencies.®! The cognitive decline
and neurochemical changes caused by HFD are produced by
significantly more complex molecular pathways than are now
understood, despite the considerable progress made in this
field of neuropathophysiology. To combat nonspatial memory
impairment and anomalies in the testicles caused by HFD, the
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Figure 6: (a and b) EGCG inhibits high-fat diet (HFD)-induced release of pro-inflammatory cytokines in rat testes. (a) Tumor necrosis factor-alpha
(TNF-a), (b) Interleukin-1B (IL-1pB). Bars depict mean =+ standard error of the mean (SEM) (7 = 6). Statistical significance: ##P < 0.0001, 2P <
0.05 versus control group, ®P < 0.0001, P < 0.05 versus HFD group, P < 0.0001 versus rapamycin + HFD group, “P < 0.01 versus HFD

+ EGCG group. TNF-a: Tumor necrosis factor-alpha; HFD: High-fat diet
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Figure 7: (a and b) EGCG counteracts the effects of high-fat diet (HFD) on testicular autophagy-related protein levels in rats. (a) Mammalian Target
of Rapamycin and (b) autophagy (Atg-7) activities. Bars depicts the meanand standard error of the mean (7 = 6). ®@P < 0.0001, 3P < 0.05 versus
control group; ®®®P < 0.0001, °P < 0.05 versus HFD; ®<P < 0.0001 versus rapamycin plus HFD group; “P < 0.01 versus HFD + EGCG group.

HFD: High-fat diet, mTOR: Mammalian target of rapamycin

possible neurotherapeutic potential of EGCG was examined.
In the current work, rats with nonspatial memory deficiencies
and testicular abnormalities brought on by HFD were treated
with EGCG therapy. Treatment with EGCG was able to
reverse the cognitive deficit and the elevated norepinephrine,
glutamate, corticosterone, dopamine, and leptin levels in the
brains of HFD-treated rats. In addition, compared to rats treated
with EGCG, treatment with HFD increased levels of the Lee
index, Beclin-1, caspase-3, NF-kB, IL-18, and TNF while
decreasing levels of adiponectin, mTOR, the discriminating
index, testicular/brain weight, and Bel-2. However, EGCG
corrected the nonspatial memory and testicular deficits brought
on by HFD. As evidenced by a higher Lee index, the HFD
used in the current study was effective in encouraging obesity.
The observed greater Lee index in HFD rats is consistent with
Malafaia et al.*" The findings of Vigueras-Villasefior et al.,
who demonstrated the obesogenic effect of a saturated fat
diet in an animal model, are consistent with this observation.
The increasing Lee obesity index supported the findings that
long-term consumption of high-fat meals led to obesogenic
conditions. It has been determined that the obesity index is
the most accurate predictor of intra-abdominal fat in rats
and, consequently, of central obesity."* There is a correlation
between the Lee index and fat mass. Although the nasoanal

length in rats is only a somewhat reliable indicator of fat-free
mass, the Lee index is currently employed as a quick and reliable
tool to detect obesity in rodents that have undergone a weight
gain procedure.’ By boosting satiety and energy expenditure,
the hormone leptin, which is mostly produced by adipocytes,
helps to regulate body weight.’>5% According to Power and
Schulkin,?” leptin has both stimulatory and inhibitory effects
on the reproductive system. According to Mayes and Watson,®
the leptin concentration is correlated with the amount and
distribution of body fat, so that in rodents and humans, the
higher the body weights, the higher the leptin concentration.>®
Increased fat accumulation is likely the cause of the higher
serum leptin levels found in the current study. According to
previous research in other studies in the literature that showed
high leptin levels in models of rodent diet-induced obesity,**!
which demonstrated that obesity induced by HFDs occurs in
three stages: Early response due to exogenous leptin sensitivity,
increased food intake, and brain changes, with significant leptin
increase. This conclusion is supported by Aouichat et al.,["
who discovered that leptin loses its anorexigenic activity on
hypothalamic neurons in HFD-induced obesity, increasing
hunger and the creation of fat mass.

However, EGCG therapy reduced the negative changes in
leptin levels caused by HFD consumption. These findings
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Plate 1: (a-f) Photomicrographs demonstrating the impact of EGCG on the histopathological alterations brought on by rapamycin and high-fat
diet (HFD) in the rat adrenal gland. Control (0.1% DMSQ), EGCG (80 mg/kg), HFD, HFD + Rapamycin (1.0 mg/kg), HFD + EGCG (80 mg/kg), and
HFD + rapamycin (1.0 mg/kg) + EGCG (80 mg/kg) are shown in the following order: (a-d, and f). The zonation pattern of the cortex was clearly visible
on slides (a and b) for plate 2, showing columns of clear cells in the zona fasciculata, clusters of stainable cells in the zona glomerulosa, and cells
with acidophilic cytoplasm in the zona reticularis. Lysed red cells were visible on slides (c and d) among medullar cells with vascular congestion in
the medulla. Slides (e and f) are known for displaying the typical anatomy of the adrenal glands. The arrows in this image, which are black and white,
respectively, denote vascular congestion and lysed red blood cells, a normal zonation pattern of the cortex, and a normal medulla layer. For all plates,
the H and E stain was applied using a calibration bar of 0.01 mm (10 um) and an original magnification of x 100

d's 0\ ':2' ita B % 027 Pt f 3 oAl IS, |
Plate 2: Photomicrographs displaying the impact of EGCG on rats’ prefrontal brain alterations caused by the high-fat diet (HFD). Control (0.1% DMSQ),
EGCG (80 mg/kg), HFD, HFD + Rapamycin (1.0 mg/kg), HFD + EGCG (80 mg/kg), and HFD + rapamycin (1.0 mg/kg) + EGCG (80 mg/kg) are shown
in the following order: (a-d and f). Normal neuronal cells on a normal stroma were visible on slides (a and b). Several severely deteriorated neuronal
cells with dilated capillaries were visible on slides (c and d). (Black arrow). Normal neuronal cells on a normal stroma were shown on slides (e and f).
Black arrow indicates necrosis on normal stroma; the white arrow indicates normal neural cells. Original magnification of hematoxylin-eosin stain:
x100; calibration bar: 0.01 mm (10 m); for all figures

suggested that lower plasma leptin levels following EGCG  understand the physiological mechanisms by which EGCG
medication could be attributed to decreased lipid formation exerts its therapeutic intervention on levels of insulin
in white adipose tissue. We measured the levels of serum  and blood glucose. Adipokines have functions in insulin
adiponectin in rats that had undergone an HFD to better  sensitization, immunology, neuroendocrine function, glucose
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and lipid metabolism regulation, energy homeostasis,
anti-inflammatory, antiatherogenic, and cardiovascular
function.[*-*] In research, it was found that adiponectin
influences the sensitivity of diabetic mice to insulin.!*! People
with type 2 diabetes, coronary artery disease, and obesity
brought on by the HFD had low levels of adiponectin.[! As
previously reported, this study’s HFD-treated rats showed
a substantial drop in serum adiponectin levels.[®! Insulin
resistance, poor insulin sensitivity, and the emergence of
obesity have all been associated with lower blood levels of
adiponectin.l**6"l The suppression of gluconeogenesis and
an increase in lipid oxidation caused by adiponectin have
been found to promote AMPK, which regulates glucose
metabolism and improves insulin sensitivity.[®® Type 2
diabetes, coronary artery disease, and obesity brought on by
the HFD were all associated with low levels of adiponectin. [
A considerable decrease in serum adiponectin was seen in
this investigation in the HFD-treated rats, as was previously
reported.[®® Insulin resistance, poor insulin sensitivity, and
the emergence of obesity have all been associated with
lower blood levels of adiponectin.[**%¢"l ITmproved insulin
sensitivity and glucose metabolism regulation have been
seen as a result of adiponectin’s stimulation of AMPK by
reducing gluconeogenesis and enhancing lipid oxidation.[*®
Inflammation, which is connected to hyperglycemia, is one
of the key pathogenic aspects of HFD-induced obesity.[6¢-%]
As demonstrated below, the chronic inflammatory flux that
ensues may result in the development of insulin resistance
in tissues.[*”l Notably, it has been demonstrated that fat
accumulation in adipocytes increases brain—testicular
TNF-production and that TNF causes insulin resistance in
obese animal models.’” TNF-o and IL-1 levels in the brain
were considerably greater in the HFD-treated rats than in
the control group. EGCG therapy lowered brain—testicular
TNF-a, and IL-1 levels to levels comparable to the control

group.

Recently, it was shown that EGCG can reduce inflammation
and increase insulin sensitivity.’") In response to growth
factors, cytokines, and pro-inflammatory substances, the
inducible isoform COX-2 quickly expresses itself in a variety
of cell types. Hormonal cues and IL1 regulate testicular COX-2
expression in these somatic cells.l'” Decreased hormonal
input and increased IL1 may, therefore, be the root of the
abnormal rise in COX-2 expression. The role of COX-2 in
inflammatory reactions in peripheral tissues has recently come
to light. The brain’s production of COX-2 has been associated
with pro-inflammatory actions that are hypothesized to play
a part in the neurodegenerative processes of a variety of
acute and chronic disorders. According to previous research,
HFD-induced obesity is linked to abnormal adrenal cortical
function as seen by elevated corticosterone levels.[7>73
These data show that HFD exposure has a significant and
long-term impact on the development of neurometabolic
regulating mechanisms. EGCG, on the other hand, prevented
the HFD-induced rise in corticosterone in rats. Male rats

with HFD-induced obesity had alterations in testis and
brain weights. These findings are consistent with the study’s
findings."¥ Numerous earlier studies have demonstrated that
consuming HFD might result in histological abnormalities in
the brain and reduced neuro-reproductive organ weights.[>7°
The current research discovered that HFD-induced brain—
testicular damage was accompanied by a reduction in the
relative weights of the testes and brain, which may be the
result of hypercorticism and excessive apoptosis in the brain—
testicular structure. The negative effects of HFD exposure, on
the other hand, were mitigated by EGCG treatment. In this
work, a new object recognition task (NORT) was employed to
assess HFD-induced nonspatial memory deficit. However, as
object identification studies rely on spontaneous exploratory
behavior, they do not completely rule out the possibility that
some animals have a preference for a given object that is
not influenced by its novelty or familiarity.’”! As a result,
the capacity to detect novel items is thought to be one of the
most important tests for measuring an animal’s aversion to
new objects, which influences working or learning memory.
AHFD has previously been demonstrated to impair nonspatial
memory as judged by the NORT paradigm.’® However, there
was a noticeable increase in the amount of time spent exploring
new items in the EGCG-treated HFD rats. The NORT, which
is based on rats’ natural tendency to investigate strange objects
more thoroughly than they do familiar ones. This identification
memory test is nonrewarding, well-validated, and significant
to ethology.l” This paradigm was employed in this study to
evaluate a memory-improving drug’s effectiveness against
memory impairments brought on by HFD.

In the object identification test, the effects of EGCG on memory
impairment were further examined. Between all EGCG-treated
groups and the control group, there was no statistically significant
difference in the total amount of time spent examining two
objects, suggesting no variation in visual recognition abilities. In
this experiment, poor eyesight, dilated pupils, and impaired lens
adaptation may all be brought on by HFD treatment. Because
of insulin sensitivity, prolonged HFD use is frequently linked
to hyperglycemia.® One of the metabolic effects of chronically
high blood sugar levels is retinal disease, which reduces
vision.B!] Rats in the HFD group performed poorly, which
could be attributed to their poor vision, which causes them to
improperly interpret the surrounding external cues needed to
explore the novel object. These results corroborated those of
Biyong et al.,* who reported that diabetic ZDF rats that were
left untreated for 8 weeks developed cataracts, which affected
their ability to perform well in the labyrinth. By analyzing
the data as a percentage discrimination index, the current
study demonstrated the effectiveness of EGCG treatment to
prevent and reverse HFD-induced memory loss of novel object
recognition performance. The percentage discrimination index
of the EGCG-treated rats was similar to that of the healthy
control group, indicating that EGCG can alleviate memory
impairment brought on by HFD. It should be noted that HFD’s
influence on both short-term and LTM impairment in memory
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loss rats is most likely caused by glutamate excitotoxicity
of neuronal cells caused by enhanced N-methyl-d-aspartate
receptor activation, clarifying its probable neurodegenerative
process. This finding also suggested that the neurotoxic effects
of HFD could be used to assess neurochemical changes linked
to the pathogenesis of neurodegenerative and developmental
illnesses.®*#4 The neurochemical pathways behind neurological
diseases are frequently studied using animal models. According
to Guo et al.,®¥ the intricacy of the wide range of neurological
symptoms associated with neurodegenerative diseases makes
it impossible to reproduce important aspects of the disease.

According to a modest body of epidemiological data, HFD
exposure has lately been related to the development of a
wide range of learning difficulties and neurodevelopmental
disorders, including autism, ADHD, and schizophrenia.
According to Fritz et al.’s 20185 study, mice given an HFD
have longer excitatory postsynaptic currents because their
glutamate buffering is reduced, and their glutamate receptors
are muted.® This confirms the findings of the study that
obesity is associated with altered glutamate transmission
and enhanced dopamine transmission in the dorsal striatum.
The effects of high-fat consumption on brain functions and
the possible importance of these mechanisms in aggravating
nonhomeostatic eating are now better understood as a result of
these results.® However, in rats with HFD-induced obesity,
EGCQG treatment raises neurotransmitter levels.

Furthermore, autophagy has been linked to the development of
various diseases, including cancer,®” liver disease,®! kidney
disease,® reproductive disease,”” and neurological disease."
A recent study revealed that autophagy and apoptosis jointly
cause germ cell death during mouse spermatogenesis, and
autophagy has also been connected to sperm survival.’!! As is
well known, mTOR is an important gatekeeper that negatively
controls autophagy.!'*'®! It is important to remember that mTOR
is necessary before autophagy during oxidative stress.’!! We
consequently proposed that one main mechanism by which
HFD-induced obesity increased potential autophagy and
produced reproductive harm was the oxidative stress-mediated
mTOR signaling pathway.

However, the current study found that HFD triggered
autophagy in rats, which was further exacerbated by
rapamycin exposure, as evidenced by increased Beclin-1
protein levels and decreased mTOR. This observation is
consistent with the findings of Chen et al.,''* who stated that
autophagy is overactivated in male mice with HFD-induced
spermatogenesis deficit. Rapamycin-treated HFD rats, on
the other hand, showed larger changes in autophagy-related
protein (Beclin-1 and mTOR). Interestingly, EGCG treatment
of HFD rats improved protein mTOR levels and inhibited
autophagy as measured by decreased Beclin-1 in the tests.
These findings suggest that inhibiting excessive autophagy
may protect against HFD-induced impairment in reproductive
functioning. Apoptosis and autophagy interact in a complicated
manner in general. The independent occurrence of both

processes: apoptosis and autophagy, which can either promote
or inhibit one another.!'*!®) Numerous studies have shown that
autophagy triggers programmed cell death in Caenorhabditis
worms and that autophagy activity is a cell death trigger in
other organisms as well. Similar to prior findings, our findings
showed that HFD-induced obesity could cause apoptosis, as
evidenced by increases in caspase-3 and decreases in Bcl-2,
as well as changes in cellular ultrastructure.” EGCG, on the
other hand, substantially corrected HFD-induced apoptosis
and ultrastructural damage. Notably, EGCG protected
against HFD-induced cell death by decreasing autophagy
flux as measured by Beclin-1, which suggests that EGCG
demonstrates enhancing spermatogenic activity in rat testes.

CoNncLuSION

Finally, we found that suppressing autophagy and apoptosis
corrected HFD-induced nonspatial memory and testicular
deficits in rats.

Author contributions

Conceptualization: Onyekweli Chinedu Charles, Ben-Azu
Benneth; Methodology: Nwangwa E. Kingsley, Oyovwi
O. Mega; Investigation: Onyekweli Chinedu Charles,
Nwangwa E. Kingsley; Data Analysis / Formal Analysis:
Ben-Azu Benneth, Oyovwi O. Mega; Writing — Original
Draft: Onyekweli Chinedu Charles, Ben-Azu Benneth;
Writing — Review & Editing: Nwangwa E. Kingsley, Oyovwi
0. Mega; Supervision: Ben-Azu Benneth.

Acknowledgments

The technical assistance provided by the Department of
Physiology at Delta State University over the course of the
study is greatly appreciated by the authors.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. Zierle-Ghosh A, Jan A. Physiology, body mass index. 2018.

2. Chen, Peng Q, Yang Y, Zheng S, Wang Y, Lu W. The prevalence and
increasing trends of overweight, general obesity, and abdominal obesity
among Chinese adults: A repeated cross-sectional study. BMC Public
Health 2019;19:1293.

3. LiuY, Ding Z. Obesity, a serious etiologic factor for male subfertility in
modern society. Reproduction 2017;154:R123-31.

4. CraigJR, Jenkins TG, Carrell DT, Hotaling JM. Obesity, male infertility,
and the sperm epigenome. Fertil Steril 2017;107:848-59.

5. Palmer NO, Bakos HW, Fullston T, Lane M. Impact of obesity on male
fertility, sperm function and molecular composition. Spermatogenesis
2012;2:253-63.

6. Cho KW, Zamarron BF, Muir LA, Singer K, Porsche CE,
DelProposto JB, et al. Adipose tissue dendritic cells are independent
contributors to obesity-induced inflammation and insulin resistance.
J Immunol 2016;197:3650-61.

7. Medic N, Ziauddeen H, Ersche KD, Farooqi IS, Bullmore ET, Nathan PJ,
et al. Increased body mass index is associated with specific regional
alterations in brain structure. Int J Obes (Lond) 2016;40:1177-82.

Matrix Science Pharma | Volume 9 | Issue 4 | October-December 2025 i




10.

11.

13.

14.

15.

16.

17.

19.
20.
21.
22.
23.
24.

25.

26.

27.
28.

29.

-Matrix Science Pharma | Volume 9 | Issue 4 | October-December 2025

Charles, et al.: Autophagy exacerbated high-fat diet-induced memory and testicular toxicity in rats

Balistreri CR, Caruso C, Candore G. The role of adipose tissue and
adipokines in obesity-related inflammatory diseases. Mediators Inflamm
2010;2010:802078.

Miller AA, Spencer SJ. Obesity and neuroinflammation: A pathway to
cognitive impairment. Brain Behav Immun 2014;42:10-21.

Molteni R, Barnard RJ, Ying Z, Roberts CK, Gomez-Pinilla F.
A high-fat, refined sugar diet reduces hippocampal brain-derived
neurotrophic factor, neuronal plasticity, and learning. Neuroscience
2002;112:803-14.

Park B, Plass JL, Briinken R. Cognitive and affective processes in
multimedia learning. Learn Instr 2014;29:125-7.

. Kim TW, Choi HH, Chung YR. Treadmill exercise alleviates impairment

of cognitive function by enhancing hippocampal neuroplasticity in the
high-fat diet-induced obese mice. J Exerc Rehabil 2016;12:156-62.

Mu Y, Yan WJ, Yin TL, Zhang Y, Li J, Yang J. Diet-induced obesity
impairs spermatogenesis: A potential role for autophagy. Sci Rep
2017;7:43475.

ChenF, YiWM, Wang SY, Yuan MH, WenJ, LiHY, et al. Along-term high-fat
diet influences brain damage and is linked to the activation of HIF-1o/
AMPK/mTOR/p70S6K signalling. Front Neurosci 2022;16:978431.

Raee P, Tan SC, Najafi S, Zandsalimi F, Low TY, Aghamiri S, et al.
Autophagy, a critical element in the aging male reproductive disorders
and prostate cancer: A therapeutic point of view. Reprod Biol Endocrinol
2023;21:88.

Oyovwi MO, Ben-Azu B, Edesiri TP, Victor E, Rotu RA, Ozegbe QE,
et al. Kolaviron abates busulfan-induced episodic memory
deficit and testicular dysfunction in rats: The implications for
neuroendopathobiological changes during chemotherapy. Biomed
Pharmacother 2021;142:112022.

Ben-Azu B, Aderibigbe AO, Ajayi AM, Eneni AO, Omogbiya IA,
Owoeye O, et al. Morin decreases cortical pyramidal neuron
degeneration via inhibition of neuroinflammation in mouse model of
schizophrenia. Int Immunopharmacol 2019;70:338-53.

. Miyoshi N, Pervin M, Suzuki T, Unno K, Isemura M, Nakamura Y. Green

tea catechins for well-being and therapy: Prospects and opportunities.
Botanics: Targets and Therapy 2015. p. 85-96.

Carlson JR, Bauer BA, Vincent A, Limburg PJ, Wilson T. Reading the
tea leaves: Anticarcinogenic properties of (-)-epigallocatechin-3-gallate.
Mayo Clin Proc 2007;82:725-32.

Yang Y, Qin YJ, Yip YW, Chan KP, Chu KO, Chu WK, et al. Green
tea catechins are potent anti-oxidants that ameliorate sodium iodate-
induced retinal degeneration in rats. Scientific reports 2016;6:29546.
Lombo C, Morgado C, Tavares I, Neves D. Effects of prolonged
ingestion of epigallocatechin gallate on diabetes type 1-induced vascular
modifications in the erectile tissue of rats. Int J Impot Res 2016;28:133-8.
Meydani M, Hasan ST. Dietary polyphenols and obesity. Nutrients
2010;2:737-751.

Unno K, Takabayashi F, Kishido T, Oku N. Suppressive effect of green
tea catechins on morphologic and functional regression of the brain
in aged mice with accelerated senescence (SAMP10). Exp Gerontol
2004;39:1027-34.

Unno K, Takabayashi F, Yoshida H, Choba D, Fukutomi R, Kikunaga N,
et al. Daily consumption of green tea catechin delays memory regression
in aged mice. Biogerontology 2007;8:89-95.

Rezai-Zadeh K, Arendash GW, Hou H, Fernandez F, Jensen M,
Runfeldt M, er al. Green tea epigallocatechin-3-gallate (EGCG)
reduces beta-amyloid mediated cognitive impairment and modulates tau
pathology in Alzheimer transgenic mice. Brain Res 2008;1214:177-87.
Rezai-Zadeh K, Shytle D, Sun N, Mori T, Hou H, Jeanniton D, et al.
Green tea epigallocatechin-3-gallate (EGCG) modulates amyloid
precursor protein cleavage and reduces cerebral amyloidosis in
Alzheimer transgenic mice. J Neurosci 2005;25:8807-14.

Yokogoshi H. Green tea in the protection against neurodegeneration.
In: Health Benefits of Green Tea: An Evidence-Based Approach.
Wallingford UK: CABI; 2017. p. 185-90.

Pervin M, Unno K, Ohishi T, Tanabe H, Miyoshi N, Nakamura Y.
Beneficial effects of green tea catechins on neurodegenerative diseases.
Molecules 2018;23:1297.

Xicota L, Rodriguez-Morato J, Dierssen M, de la Torre R. Potential role
of (-)-epigallocatechin-3-gallate (EGCQ) in the secondary prevention of

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Alzheimer disease. Curr Drug Targets 2017;18:174-95.

Nanjo F, Goto K, Seto R, Suzuki M, Sakai M, Hara Y. Scavenging effects
of tea catechins and their derivatives on 1,1-diphenyl-2-picrylhydrazyl
radical. Free Radic Biol Med 1996;21:895-902.

Yang CS, Wang H. Cancer preventive activities of tea catechins.
Molecules 2016;21:1679.

Cavet ME, Harrington KL, Vollmer TR, Ward KW, Zhang JZ.
Anti-inflammatory and anti-oxidative effects of the green tea polyphenol
epigallocatechin gallate in human corneal epithelial cells. Mol Vis
2011;17:533-42.

Xiang LP, Wang A, Ye JH, Zheng XQ, Polito CA, LuJL, et al. Suppressive
effects of tea catechins on breast cancer. Nutrients 2016;8:458.

Shankar S, Ganapathy S, Srivastava RK. Green tea polyphenols: Biology
and therapeutic implications in cancer. Front Biosci 2007;12:4881-99.
Rasoolijazi H, Joghataie MT, Roghani M, Nobakht M. The beneficial
effect of (-)-epigallocatechin-3-gallate in an experimental model of
Alzheimer’s disease in rat: A behavioral analysis. Iran Biomed J
2007;11:237-43.

Opuwari C, Monsees T. Green tea consumption increases sperm
concentration and viability in male rats and is safe for reproductive, liver
and kidney health. Sci Rep 2020;10:15269.

Li F, Gao C, Yan P, Zhang M, Wang Y, Hu Y, et al. EGCG reduces
obesity and white adipose tissue gain partly through AMPK activation
in mice. Front Pharmacol 2018;9:1366.

Ikpeme EV, Okonko LE, Udensi OU. Detrimental effects of chlorpyrifos
and cypermethrin on reproductive physiology of male albino rats. Res J
Environ Toxicol 2016;10:68.

Isbrucker RA, Edwards JA, Wolz E, Davidovich A, Bausch J. Safety
studies on epigallocatechin gallate (EGCG) preparations. Part 3:
Teratogenicity and reproductive toxicity studies in rats. Food Chem
Toxicol 2006;44:651-61.

Wu KJ, Hsieh MT, Wu CR, Wood WG, Chen YF. Green tea extract
ameliorates learning and memory deficits in ischemic rats via its active
component polyphenol epigallocatechin-3-gallate by modulation of
oxidative stress and neuroinflammation. Evid Based Complement
Alternat Med 2012;2012:163106.

Pervin M, Unno K, Takagaki A, Isemura M, Nakamura Y. Function
of green tea catechins in the brain: Epigallocatechin gallate and its
metabolites. Int J Mol Sci 2019;20:3630.

Liu D, Perkins JT, Hennig B. EGCG prevents PCB-126-induced
endothelial cell inflammation via epigenetic modifications of NF-kB
target genes in human endothelial cells. J Nutr Biochem 2016;28:164-70.
Scarpace PJ, Matheny M, Strehler KY, Toklu HZ, Kirichenko N,
Carter CS, et al. Rapamycin normalizes serum leptin by alleviating
obesity and reducing leptin synthesis in aged rats. J Gerontol Series A
Biomed Sci Med Sci 2016;71:891-9.

Kim MS, Kim JK, Kwon DY, Park R. Anti-adipogenic effects of
Garcinia extract on the lipid droplet accumulation and the expression of
transcription factor. Biofactors 2004;22:193-6.

Ben-Azu B, Emokpae O, Ajayi AM, Jarikre TA, Orhode V,
Aderibigbe AO, et al. Repeated psychosocial stress causes glutamic
acid decarboxylase isoform-67, oxidative-Nox-2 changes and
neuroinflammation in mice: Prevention by treatment with a neuroactive
flavonoid, morin. Brain Res 2020;1744:146917.

Schlumpf M, Lichtensteiger W, Langemann H, Waser PG, Hefti F.
A fluorometric micromethod for the simultaneous determination of
serotonin, noradrenaline and dopamine in milligram amounts of brain
tissue. Biochem Pharmacol 1974;23:2437-46.

Lillie RD, Fullmer HM. Histopathologic Technic and Practical
Histochemistry. 4™ ed. New York: McGraw-Hill; 1976. p. 193-203.
Novelli EL, Diniz Y'S, Galhardi CM, Ebaid GM, Rodrigues HG, Mani F,
et al. Anthropometrical parameters and markers of obesity in rats. Lab
Anim 2007;41:111-9.

Picklo MJ Sr, Idso J, Seeger DR, Aukema HM, Murphy EJ.
Comparative effects of high oleic acid versus high mixed saturated fatty
acid obesogenic diets upon PUFA metabolism in mice. Prostaglandins
Leukot Essent Fatty Acids 2017;119:25-37.

Howes MJ, Houghton PJ. Plants used in Chinese and Indian traditional
medicine for improvement of memory and cognitive function.
Pharmacol Biochem Behav 2003;75:513-27.




SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Charles, et al.: Autophagy exacerbated high-fat diet-induced memory and testicular toxicity in rats

Malafaia AB, Nassif PA, Ribas CA, Ariede BL, Sue KN, Cruz MA.
Obesity induction with high fat sucrose in rats. Arq Bras Cir Dig
2013;26 Suppl 1:17-21.

Vigueras-Villaseior RM, Rojas-Castafieda JC, Chavez-Saldana M,
Gutiérrez-Pérez O, Garcia-Cruz ME, Cuevas-Alpuche O, et al. Alterations
in the spermatic function generated by obesity in rats. Acta Histochem
2011;113:214-20.

Aizawa-Abe M, Ogawa Y, Masuzaki H, Ebihara K, Satoh N, Iwai H,
et al. Pathophysiological role of leptin in obesity-related hypertension.
J Clin Invest 2000;105:1243-52.

Power ML, Schulkin J. Sex differences in fat storage, fat metabolism,
and the health risks from obesity: Possible evolutionary origins. Br J
Nutr 2008;99:931-40.

Mayes JS, Watson GH. Direct effects of sex steroid hormones on adipose
tissues and obesity. Obes Rev 2004;5:197-216.

Lin S, Thomas TC, Storlien LH, Huang XF. Development of high fat
diet-induced obesity and leptin resistance in C57B1/6J mice. Int J Obes
Relat Metab Disord 2000;24:639-46.

Mzhelskaya KV, Shipelin VA, Shumakova AA, Musaeva AD, Soto JS,
Riger NA, et al. Effects of quercetin on the neuromotor function and
behavioral responses of Wistar and Zucker rats fed a high-fat and
high-carbohydrate diet. Behav Brain Res 2020;378:112270.

Duszka K, Gregor A, Guillou H, Konig J, Wahli W. Peroxisome
proliferator-activated receptors and caloric restriction-common pathways
affecting metabolism, health, and longevity. Cells 2020;9:1708.

Liang BJ, Liao SR, Huang WX, Huang C, Liu HS, Shen WZ. Intermittent
fasting therapy promotes insulin sensitivity by inhibiting NLRP3
inflammasome in rat model. Ann Palliat Med 2021;10:5299-309.
Aouichat S, Chayah M, Bouguerra-Aouichat S, Agil A. Time-restricted
feeding improves body weight gain, lipid profiles, and atherogenic
indices in cafeteria-diet-fed rats: Role of browning of inguinal white
adipose tissue. Nutrients 2020;12:2185.

Dwaib HS, AlZaim I, Eid AH, Obeid O, El-Yazbi AF. Modulatory effect
of intermittent fasting on adipose tissue inflammation: Amelioration
of cardiovascular dysfunction in early metabolic impairment. Front
Pharmacol 2021;12:626313.

Saad EA, Habib SA, Refai WA, Elfayoumy AA. Malondialdehyde,
adiponectin, nitric oxide, C-reactive protein, tumor necrosis factor-alpha
and insulin resistance relationships and inter-relationships in type 2
diabetes early stage. Is metformin alone adequate in this stage? Age
2017;31:34-42.

Landrier JF, Kasiri E, Karkeni E, Mihaly J, Béke G, Weiss K, et al.
Reduced adiponectin expression after high-fat diet is associated with
selective up-regulation of ALDHIAT and further retinoic acid receptor
signaling in adipose tissue. FASEB J 2017;31:203-11.

Chijiokwu EA, Nwangwa EK, Oyovwi MO, Naiho AO, Emojevwe V,
Ohwin EP, et al. Intermittent fasting and exercise therapy abates
STZ-induced diabetotoxicity in rats through modulation of
adipocytokines hormone, oxidative glucose metabolic, and glycolytic
pathway. Physiol Rep 2022;10:¢15279.

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S,
et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation
by activating AMP-activated protein kinase. Nat Med 2002;8:1288-95.
Kogel V, Trinh S, Gasterich N, Beyer C, Seitz J. Long-term
glucose starvation induces inflammatory responses and phenotype switch
in primary cortical rat astrocytes. J Mol Neurosci 2021;71:2368-82.
Fasshauer M, Paschke R. Regulation of adipocytokines and insulin
resistance. Diabetologia 2003;46:1594-603.

Cialdella-Kam L, Ghosh S, Meaney MP, Knab AM, Shanely RA,
Nieman DC. Quercetin and green tea extract supplementation
downregulates genes related to tissue inflammatory responses to a
12-week high fat-diet in mice. Nutrients 2017;9:773.

He Y, Tan D, Bai B, Wu Z, Ji S. Epigallocatechin-3-gallate attenuates
acrylamide-induced apoptosis and astrogliosis in rat cerebral cortex.
Toxicol Mech Methods 2017;27:298-306.

Niu X, Wu X, Ying A, Shao B, Li X, Zhang W, et al. Maternal high

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

fat diet programs hypothalamic-pituitary-adrenal function in adult rat
offspring. Psychoneuroendocrinology 2019;102:128-38.

Makaronidis JM, Batterham RL. Obesity, body weight regulation
and the brain: insights from fMRI. The British journal of radiology
2018;91:20170910.

Ghosh S, Mukherjee S. Testicular germ cell apoptosis and sperm
defects in mice upon long-term high fat diet feeding. J Cell Physiol
2018;233:6896-909.

Wang EH, Yu ZL, Bu YJ, Xu PW, Xi JY, Liang HY. Grape seed
proanthocyanidin extract alleviates high-fat diet induced testicular
toxicity in rats. RSC Adv 2019;9:11842-50.

Carlini VP. The object recognition task: a new proposal for the memory
performance study. chapter. 2011:3.

Francis H, Stevenson R. The longer-term impacts of Western diet on
human cognition and the brain. Appetite 2013;63:119-28.

Antunes M, Biala G. The novel object recognition memory: Neurobiology,
test procedure, and its modifications. Cogn Process 2012;13:93-110.
Shoelson SE, Herrero L, Naaz A. Obesity, inflammation, and insulin
resistance. Gastroenterology 2007;132:2169-80.

Piero MN, Njagi JM, Kibiti CM, Ngeranwa JJ, Njagi EN. Metabolic
complications of diabetes mellitus: A review. South Asian J Bio Sci
2012;2:37-49.

Bélanger A, Lavoie N, Trudeau F, Massicotte G, Gagnon S. Preserved
LTP and water maze learning in hyperglycaemic-hyperinsulinemic ZDF
rats. Physiol Behav 2004;83:483-94.

Cavalheiro EK, da Silva LE, Oliveira MP, Silva MG, Damiani AP,
Ribeiro CB, et al. Effects of obesity on neuroinflammatory and
neurochemical parameters in an animal model of reserpine-induced
Parkinson’s disease. Behav Brain Res 2022;434:114019.

Ben-Azu B, Aderibigbe AO, Eneni AO, Ajayi AM, Umukoro S,
Iwalewa EO. Morin attenuates neurochemical changes and increased
oxidative/nitrergic stress in brains of mice exposed to ketamine:
Prevention and reversal of schizophrenia-like symptoms. Neurochem
Res 2018;43:1745-55.

Biyong EF, Alfos S, Dumetz F, Helbling JC, Aubert A, Brossaud J,
et al. Dietary Vitamin A supplementation prevents early obesogenic
diet-induced microbiota, neuronal and cognitive alterations. Int J
Obes (Lond) 2021;45:588-98.

Fritz BM, Mufoz B, Yin F, Bauchle C, Atwood BK. A high-fat,
high-sugar “Western’ diet alters dorsal striatal glutamate, opioid, and
dopamine transmission in mice. Neuroscience 2018;372:1-15.

Guo JY, Xia B, White E. Autophagy-mediated tumor promotion. Cell
2013;155:1216-9.

Osna NA, Thomes PG, Donohue TM Jr. Involvement of autophagy in
alcoholic liver injury and hepatitis C pathogenesis. World J Gastroenterol
2011;17:2507-14.

Chien CT, Shyue SK, Lai MK. Bcl-xL augmentation potentially reduces
ischemia/reperfusion induced proximal and distal tubular apoptosis and
autophagy. Transplantation 2007;84:1183-90.

Zhang M, Jiang M, Bi'Y, Zhu H, Zhou Z, Sha J. Autophagy and apoptosis
act as partners to induce germ cell death after heat stress in mice. PLoS
One 2012;7:e41412.

Banerjee R, Beal MF, Thomas B. Autophagy in neurodegenerative
disorders: Pathogenic roles and therapeutic implications. Trends
Neurosci 2010;33:541-9.

Aparicio IM, Martin Mufioz P, Salido GM, Pena FJ, Tapia JA. The
autophagy-related protein LC3 is processed in stallion spermatozoa
during short-and long-term storage and the related stressful conditions.
Animal 2016;10:1182-91.

Wang M, Wang XF, Li YM, Chen N, Fan Y, Huang WK, et al. Cross-talk
between autophagy and apoptosis regulates testicular injury/recovery
induced by cadmium via PI3K with mTOR-independent pathway. Cell
Death Dis 2020;11:46.

Wang H, Lu Q, Cheng S, Wang X, Zhang H. Autophagy activity
contributes to programmed cell death in Caenorhabditis elegans.
Autophagy 2013;9:1975-82.

Matrix Science Pharma | Volume 9 | Issue 4 | October-December 2025 i




