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Abstract

BACKGROUND: Obesity and its metabolic complications, such as insulin resistance and cognitive decline, remain a global health
challenge. Green tea (Camelia sinensis) and »-3 polyunsaturated fatty acids (PUFAs) are recognized for their antioxidant, anti-
inflammatory, and neuroprotective properties. This study aimed to qualitatively characterize green tea from Cusco, Peru, and
evaluate the synergistic effects of its infusion (GTi) and w-3 supplementation on hyperlipidemia, proinflammatory cytokines,
and cognitive impairment in a high-fat diet (HFD) rat model.

RESULTS: Nutritional analysis confirmed the high quality of Cusco green tea, showing potent antioxidant activity and a unique
catechin profile. In obese rats, HFD induced significant weight gain and metabolic dysfunction; supplementation with GTi, w-3,
or their combination significantly improved glucose tolerance and reduced triglyceride and very-low-density lipoprotein levels.
Notably, the combined treatment (GTi + @-3) showed the greatest reduction in plasma TNF-a. Behavioral assessments via novel
object recognition tests demonstrated that supplementation alleviated obesity-related cognitive deficits, significantly enhanc-
ing both short-term and long-term memory discrimination indices.

CONCLUSION: This study highlights the potential of combining Cusco green tea and w-3 PUFAs as a complementary nutritional
intervention to mitigate hyperlipidemia and cognitive dysfunction associated with obesity. These effects are likely mediated
through the modulation of proinflammatory mediators and the enhancement of antioxidant defenses, which help restore
redox homeostasis and protect neuronal integrity.
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ABBREVIATIONS

ABTS 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
radical

BW body weight

DHA docosahexaenoic acid

DPPH 2,2-diphenyl-1-picrylhydrazyl

DW dry weight

EPA eicosapentaenoic acid

GAE gallic acid equivalent

GTi green tea infusion

HFD high-fat diet

IST insulin sensitivity test

NOR novel object recognition

OGTT oral glucose tolerance test

STD standard diet

TEAC Trolox equivalent antioxidant capacity

Trolox 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid

INTRODUCTION

Tea infusion from the dried leaves of Camelia sinensis stands as
one of the most widely consumed beverages globally, along with
coffee and cocoa. Historical records show that tea plants have
been cultivated and used in China for over 3000 years.' Tea has
been assigned important antioxidant properties and numerous
beneficial health effects such as anti-inflammatory, antimicrobial,
anticancer, antihypertensive, neuroprotective, cholesterol-
lowering and thermogenic effects.” Mainly, there are three types
of tea depending on the level of fermentation: green tea, Oolong
tea, and black tea.? Specifically, a green tea infusion is achieved by
exposing the dry leaves of the plant to 70 °C for a few minutes.
This process also deactivates the enzymatic activity of polyphenol
oxidases, keeping the polyphenols in the infusion unaltered.*
These polyphenolic compounds include flavonoids and phenolic
acids, which give bioactive properties to green tea and other
types of tea.” Catechins are the flavonoids with the greatest inter-
est composing approximately 18-36% of the dry weight (DW) of
the tea leaves.® Four catechins present in green tea have been
described: epigallocatechin-3-gallate (EGCG), epigallocatechin
(EGQ), epicatechin-3-gallate (ECG), and epicatechin (EC)." The
importance of catechins present in green tea lies in their standard
reduction potential values (E°), which are comparable to those
a-tocopherol (vitamin E) and even higher than those of ascorbate
(vitamin C). Among them, EGCG has been identified as the main
compound responsible for the anti-obesogenic effects of green
tea, improving lipid profiles, enhancing insulin sensitivity, and
promoting beta-oxidation and thermogenesis.”

Plentiful scientific evidence supports tea as an important source
of powerful antioxidant compounds in both in vitro and in vivo
studies.® At the cellular level, EGCG appears to be the most biolog-
ically active polyphenol in green tea.’ There is also indication that
several catechins can cross the blood-brain barrier.'® These two
aspects are related to the neuroprotective effect that polyphenols
can offer, combined with their antioxidant, anti-inflammatory,
and metal-chelating capacities.'’ Green tea may also contain
lower levels of theaflavins. Consequently, other flavonoids with
equally high antioxidant activity may be present.'? These tea fla-
vonoids act by regulating metabolic pathways related to
angiogenesis,” suggesting that these tea components have fur-
ther biochemical roles beyond their antioxidant properties.

Other dietary supplements widely used in the food and feed
market include omega-3 (w-3) polyunsaturated fatty acids
(PUFAs), which are generally produced from fish oil. There is con-
sistent evidence that their consumption is essential for brain
development and neuronal plasticity, including the association
of their deficiency with the emergence of learning problems.'?
Also, the anti-inflammatory and lipid-lowering properties of
long-chain @-3 are well known, as well as the antiobesity effects
and effectiveness against metabolic syndrome.'*

The study presented here utilized an animal model of high-
calorie diet (HFD)-induced obesity in rats. In this model, diets
enriched in saturated and hydrogenated fats have been shown
to promote lipid dysregulation by enhancing hepatic de novo lipo-
genesis, reducing fatty acid oxidation, and increasing very-
low-density lipoprotein (VLDL) secretion. These alterations fre-
quently lead to hypertriglyceridemia and are commonly observed
in HFD-induced obesity models. The aim of the study was to
expand current evidence regarding the beneficial effects of green
tea infusion (GTi) and w-3 supplementation on hyperlipidemia
and selected aspects of obesity-associated cognitive impairment.
We propose that the antioxidant properties of green tea could
help protect eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) in fish oil from oxidative degradation,'” thereby
enhancing the efficacy of w-3 when the treatment is combined.
The study also included acute studies such as an oral glucose tol-
erance test (OGTT) and an insulin sensitivity test (IST) in healthy
rats with the aim of providing an initial pharmacodynamic and
proof-of-concept assessment of the immediate impact on glucose
and insulin metabolism. Other objectives of the work were to
qualitatively characterize specifically the green tea from
Cusco, Peru.

MATERIALS AND METHODS

Obtaining green tea

Leaves of Camellia sinensis (L.) Kuntze were collected from plants
cultivated in the Valle de la Convencion (12°52/05" S, 72°41'35”
W), Cusco, Peru. A steaming process with 100 °C water vapor
was applied to freshly harvested leaves to produce green tea. This
step not only inhibits oxidation but also prevents the rupture of
leaf veins and the subsequent release of enzymes, thereby pre-
serving a significant portion of the nutrients. Subsequently, the
leaves were cut into rolls and dried in an oven at 25-30 °C for bio-
chemical stabilization and preservation, protected from light, until
moisture was completely removed (12-15 h). The obtained prod-
uct was stored in a dry environment, protected from light, until
further use.

Elemental and biochemical analysis of green tea leaves

To determine the total carbon (C), hydrogen (H), nitrogen (N), and
sulfur (S) we used 2 mg of green tea leaf sample followed by the
combustion technique (600 °C), using a LECO TruSpec Micro
CHNS-O elemental analyzer (St Joseph, USA). All determinations
were made in triplicate (n = 3), and the results are expressed as
percentages relative to the sample weight for each element.

The total carbohydrates were determined according to the
method of Dubois et al.,'® while total protein content was calcu-
lated by multiplying the total nitrogen by 6,25, according to Jones'
factors.'” Total lipids were determined by the Folch method.'®
Inorganic compounds (ash) were determined using the Ismail
method by incinerating the samples in a muffle at 550 °C for
12 h to eliminate all organic matter.' Finally, moisture content
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was determined by placing 3 g of sample in an oven at 60 °C for
24 h and calculating the difference between the initial and final
weights. All determinations were performed independently in
triplicate (n = 3).

Fish oil fatty acid profile analysis

The fatty acid composition of fish oil from the w-3 supplement
(MaxXomega 3, Mega We Care, Lima, Peru) was determined at
the Food Nutritional Evaluation Laboratory of the UNALM. Analy-
sis was performed according to the method described in Yi et al.?°
Fatty acid methyl esters were separated using a gas chromato-
graph equipped with a Restek SP2560 capillary column
(100 m X 250 pm X 0.2 pm). The oven temperature program
was set as follows: initial temperature of 100 °C for 4 min,
increased at 20 °C min™"' to 150 °C (held for 4 min), then at 20 °
C min™" to 200 °C (held for 4 min), at 4 °C min~" to 220 °C (held
for 8 min), and finally at 4 °C min~' to 230 °C (held for 10 min).
A split ratio of 35:1 was applied. The flame ionization detector
was maintained at 200 °C. Carrier and detector gases included
hydrogen (40 mL min~'), air (450 mL min~"), and nitrogen
(30 mL min™"). Fatty acids were identified by comparison with
known standards and results were expressed as a percentage of
total fatty acids (results are shown in Table S1).

Green tea infusion and w-3 supplements

The GTi was prepared on the same day as administration. An
amount of 4 g of green tea leaves was weighed, 20 mL of water
at 70 °C was added, and kept for 3 min. The resulting infusion
was filtered through a 0.45 pm filter and administered according
to the DW of the green tea and the body weight (BW) of the ani-
mals. The w-3 supplement contained 200 mg of DHA and 300 mg
of EPA per gram of fish oil (3:2 EPA/DHA).

Biological properties of green tea infusion

Determination of total polyphenolic concentration

Phenolic compounds in GTi were quantified using the Folin-
Ciocalteu assay and expressed as milligrams of gallic acid equiva-
lents (GAE) per gram DW of green tea.?’ The absorbance (Abs) was
measured at 760 nm and including a blank with all reagents
except the extract, which was replaced with 80% MeOH. Phenolic
contents were determined by constructing a standard curve using
different concentrations of gallic acid (Sigma-Aldrich, St
Louis, USA).

Catechin analysis

For sample preparation, 250 mg of green tea was mixed with
2 mL of 80% ethanol solution and mechanically homogenized
using an Ultra-Turrax™ homogenizer. The mixture was incubated
for 48 h at 4 °C in the dark and subsequently filtered through a
0.22 pm filter. The identification of catechins present in GTi was
performed in triplicate using high-performance liquid chromatog-
raphy coupled to high-resolution electrospray ionization mass
spectrometry (HPLC-ESI-HRMS) with an Agilent-1260 HPLC sys-
tem. A Hypersil GOLD™ C18 column (1,9 pm, 50 X 2.1 mm ID
(Thermo Fisher Scientific, Waltham, USA, 25003-102130)) was
used. The mobile phase consisted of 0.1% acetic acid in distilled
water (A) and methanol (B), with initial conditions of 95% A and
5% B. The gradient program was as follows: 0-5 min, 5-15% B;
5-25 min, 15-25% B; 25-30 min, 25-50% B; 30-35 min, 50-
5% B, followed by 5 min of re-equilibration at 5% B. Mass spectra
were acquired in negative ionization mode over an m/z range of
200-600. UV-visible spectra were recorded at 280 and 210 nm.

The flow rate was set at 0.3 mL min~', and the injection volume
ranged from 2 to 10 pL for each analysis. Additionally, the com-
pounds were further confirmed by comparing their mass spectra
according to those available in the National Institute of Standards
and Technology (NIST) Certificate of Analysis: Standard Reference
Material® 3257 Catechin Calibration Solutions (Gaithersburg, MD:
NIST; 2016 https://tsapps.nist.gov/srmext/certificates/archives/
3257.pdf, accessed 12 February 2026).

DPPH radical scavenging assay

The antioxidant and radical scavenging activities of GTi were eval-
uated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma-
Aldrich, St Louis, USA) free radical method.”> An amount of
0.5 mL of GTi was dissolved in 1 mL of 80% MeOH to reach dilu-
tions so that the final concentrations in the cuvettes were from
62.5 to 2000 pg mL™". The initial Abs was measured at 517 nm,
incubated for 30 min, and measured again. Ascorbic acid (125-
8000 pg mL™") was used as a positive control. Each measurement
was performed in triplicate (n = 3). The DPPH radical scavenging
effect (%) was calculated as follows: [1 — (Abs1 — Abs2)/Abs0]
X 100, where Abs1 is the absorbance of the GTi sample with
DPPH, AbsO is the absorbance of the control, and Abs2 is the
absorbance of the sample with methanol. A calibration curve
was prepared from Trolox (Sigma-Aldrich, St Louis, USA) stan-
dards and used to interpolate Abs1, determining the DPPH radical
scavenging capacity expressed as pmol Trolox equivalent antiox-
idant capacity (TEAC) per gram DW.

Determination of antioxidant activity by ABTS assay

The ability of green tea to scavenge oxidant radicals was also eval-
uated using a 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) radical (ABTS) assay, as reported by Re et al.,”® with a few
modifications. ABTS radical cation was generated by a reaction
of 7mmol L™" ABTS (Sigma-Aldrich, St Louis, USA) with
2.45 mmol L' K,S,04 (Sigma-Aldrich, St Louis, USA). After incu-
bation, the mixed solution was diluted to 0.7 Abs at 734 nm with
deionized water. An amount of 0.5 mL of GTi was dissolved in
1 mL of PBS to prepare dilutions, resulting in final concentrations
ranging from 0.16 to 20 mg mL™". Then, 50 pL of each sample was
mixed with 940 pL of PBS and 10 pL of ABTS solution in cuvettes.
Then, the mixture was determined at 734 nm using a
spectrophotometer, and Abs was transformed to percentage
ABTS radical-scavenging capacity according to the following
equation: scavenging effect (%) = [Abs(control) — Abs(sample)/
Abs(control)] x 100. A calibration curve was made with different
concentrations from a stock of Trolox®. The scavenging effect
was reached with scavenging effect % and interpolating its value
of GTi to achieve the ABTS radical scavenging capacity, expressed
in pmol TEAC per gram DW. All determinations were performed in
triplicate.

In vivo study

Animals and ethics statement

A total of 62 male rats were used in the study. Thirty Holtzman rats
were used for chronic study being provided and maintained by
the laboratory animal facility of the Department of Nutrition, Fac-
ulty of Animal Husbandry, Universidad Nacional Agraria La Molina
(UNALM), Lima, Peru. Additionally, 32 Wistar rats (Charles River,
Barcelona, Spain) were used for the acute studies and were main-
tained at the Center for Experimentation and Animal Behavior,
University of Malaga, Spain. All animals, weighing approximately
250 + 10 g at the start of the study, were housed under standard
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experimental conditions, including individual cages, ambient
temperature maintained between 22 and 25 °C, 75% humidity,
and a 12 h light/dark cycle with ad libitum water access The ani-
mals received standard rodent chow pellets (STD) (3.39 kcal 9_1)
or a HFD (4.31 kcal g™") depending on the experimental proce-
dures. Handling and care of animals followed the Declaration of
the World Medical Association on the Use of Animals in Biomedi-
cal Research (Reaffirmed by the 203rd WMA Council Session, Bue-
nos Aires, Argentina, April 2016) and the European Communities
Council Directives 2010/63/EU (Regulation EC 86/609/ECC,
24 November 1986). Experimental animal protocols and proce-
dures were approved by the Local Ethical Committee for Animal
Research of the University of Malaga and performed in accor-
dance with the ARRIVE guidelines (Animal Research: Reporting
of In Vivo Experiments).?* The relevant authorized protocols for
animal research were incorporated into the approved projects
(002-2023-CEI-UNALM and 113-2023-A-CECA-UMA). The experi-
mental design of animal study, including both acute and chronic
studies, is shown schematically in Fig. 1.

Oral glucose and insulin sensitivity tests

For the OGTT, 32 Wistar rats fasted for 16 h were administered
with 2 g kg™ glucose by gavage in a volume of 5 mL kg™". Thirty
minutes before the glucose load, animals received different acute
treatments by gavage according to the following four groups
(n = 8): GTi 900 mg kg™ in a volume of 4.5 mL kg™'; -3 fish oil
800 mg kg™' in a volume of 1 mLkg™' containing 160 mg of
DHA and 240 mg of EPA; GTi and w-3 combination; and control
administered with water. Tail blood samples were collected at
0, 15, 30, 60, 90, and 120 min after administration of glucose

overdose. Glucose levels were determined using a glucometer
based on a standard glucose oxidase method (Accu-check, Roche
Diagnostic, Germany).

For the IST, 32 Wistar rats fasted for 16 h were intraperitoneally
(ip) administered at 0.5 IU kg™ insulin in a 1 mL kg™" volume.
Thirty minutes before insulin administration, animals received dif-
ferent acute treatments via gavage following the same procedure
and group settings as for the OGTT.

Obesity induction

In the first phase, 24 Holtzman rats received the HFD for 8 weeks.
The obesogenic diet consisted of 83.4% standard rodent food
from the Research Program and Social Projection in Food from
UNALM (Alimentos Balanceados La Molina) supplemented with
16.6% of partially hydrogenated palm oil (Tropical Manoc, Indus-
trias del Espino SA, San Martin, Peru). An additional 6 Holtzman
rats were fed a STD for the same 8-week period. The nutritional
compositions of the diets used are presented in Table 1. All ani-
mals were weighed weekly for 8 weeks. At the end of this period,
obesity in rats was assessed using the Lee index, calculated from
BW and naso-anal length.® A value >300 indicated obesity,
whereas <300 indicated normal weight. The progression of BW
in the rats during the obesogenic phase is shown in supporting
information, Fig. S1.

Experimental groups

Once it was verified that all 24 animals fed with HFD were obese,
they were randomly distributed into four groups of six animals
(n = 6): animals exposed to HFD (Obese); animals exposed to
HFD supplemented orally with GTi (Ob GTi); animals exposed

Chronic treatments

S)

Obesogenic phase

| 24 Holtzman rats |

HFD= 83,4% STD+16,6% palm oil (4,31 kcal g2)
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Figure 1. Schematic representation of animal experimental design. (A) For the obesity induction phase, 30 male Holtzman rats were used; 24 were fed a
HFD, and 6 served as controls fed a STD. After 8 weeks, the 24 HFD-fed animals developed sufficient obesity to proceed to the chronic treatment phase.
These animals were randomly divided into four groups: untreated obese (Obese), obese treated with green tea infusion (Ob GTi), obese fed a diet sup-
plemented with omega-3-rich fish oil (Ob w-3), and obese treated with green tea infusion combined with omega-3-rich fish oil supplementation
(Ob GTi + w-3), in addition to the 6 rats in the STD group (Control). (B) In the fifth week of treatment, OFT and NOR behavioral tests were performed. Upon
completion of behavioral testing, blood samples were collected for biochemical analyses. (C) For the acute study, OGTT and IST were conducted using
32 healthy male Wistar rats randomly divided into four groups, each receiving a single dose of GTi, w-3-rich fish oil, combined administration of GTi

+ w-3, or vehicle only (Control).
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Table 1. Detail of nutritional composition for STD and HFD for rodents from the research program and social projection in food from Universidad
Nacional Agraria La Molina, Lima, Peru
STD HFD
Food composition Amount (%) Caloric contribution (%) Amount (%) Caloric contribution (%)
Protein 18.28 22.55 15.53 18.37
Lipids 2.89 3.56 18.53 21.92
Carbohydrates 59.90 73.89 5047 59.71
Crude fiber 2.22 0 1.70 0
Ash 478 0 4.03 0
Moisture 11.93 0 9.74 0
Energy (kcal g7") 3.39 4.31

to HFD supplemented orally with fish oil (Ob w-3); and animals
exposed to HFD supplemented orally with GTi plus w-3 (Ob GTi
+ w-3). The group of six non-obese animals that were exposed
to STD (Control) was also included.

Green tea and w-3 administration

In the second phase of the study, beginning at week 9, chronic
treatments were administered for 5 weeks to the different exper-
imental groups. For the administration of w-3, fish oil was added
to the daily feed ration at a dose of 400 mg kg™' per day provid-
ing 80 mg kg™ of DHA and 120 mg kg™ of EPA. The dose of fish
oil used was calculated according to previous evidence, taking
into account the EPA/DHA concentration,”® and by applying the
inverse allometric scaling method based on body surface area.””
GTi was administered by gavage as an equivalent of 450 mg kg™
of green tea (this dose could be considered equivalent to
400 mL day™" of GTi for humans).?® In the case of the animals
included in the Obese, Ob w-3, and Control groups, a vehicle
(water) was administered, instead of GTi, via gavage. The BW
and the food intake calculated as kcal g~' were daily registered
for 5 weeks.

Biochemical parameters

After a 5-week supplementation period, animals were fasted for
12 h, then anesthetized with an intraperitoneal injection of
75 mg kg~' ketamine and 10 mg kg™' xylazine. Subsequently,
blood samples were collected via cardiac puncture into EDTA
tubes and centrifuged (2000 x g for 10 min at 4 °C); the resulting
plasma samples were stored at —80 °C until biochemical or phar-
macokinetic analyses. Blood glucose levels were immediately
measured in a blood drop using an On Call® Advanced Blood
Glucose Monitoring System (ACON Laboratories Inc, USA). To
determine the plasma levels of triglycerides, cholesterol, and
high-density lipoprotein (HDL), glucose, aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), gamma-glutamyl trans-
ferase (y-GT), and lactate dehydrogenase (LDH) were measured
using a DRI-CHEM NX700 high throughput automatic clinical
chemistry analyzer (Fujifilm, Tokyo, Japan). VLDL and low-density
lipoprotein (LDL) were determined via modification of the Friede-
wald equation: VLDL = triglycerides/5; LDL = [(cholesterol/1.19)
+ (triglycerides/1.9) — (HDL/1.1) — 38].2° Tumor necrosis factor
alpha (TNF-a) and interleukin 6 (IL-6) concentrations were mea-
sured using a commercial rat ELISA kit (Rat TNF-a ELISA Kit
ab236712, Abcam, UK; and Rat IL-6 ELISA Kit 17165043,
Invitrogen, USA).

Behavioral tests

First, all animals were habituated in a dimly illuminated (120 Ix)
observation cage (65 X 45 x 45 c¢m?) with a clear front panel for
5 min each day over the 5 days preceding each behavioral test.
A 30% ethanol solution was used to clean the arena and eliminate
odors between each animal at the end of week 5.

Open field test

The open field test (OFT) is a simple sensorimotor test used to
determine general locomotor activity and exploration habits in
rodents.3° The arena was divided, by means of marks, into two
zones, a central one (22.5 x 22.5) and the perimeter. Rats were
transported to a noise-isolated room and habituated for at least
20 min before the behavioral assessment began. Then, each ani-
mal was placed in the OFT and monitored for 3 min. During this
period, the time spent in the central and peripheral areas, the
number of line crossings between areas, episodes of freezing,
and the total distance traveled were recorded.

Novel object recognition paradigm

The novel object recognition (NOR) task is used to evaluate cogni-
tion, particularly recognition memory in rodents,*' and was per-
formed in the OFT arena. The discrimination objects were
identical plastic items secured to the arena with silicone to pre-
vent movement by the rats. Testing occurred in a sound-
attenuated room under constant illumination (120 Ix). Exploratory
behavior was defined as the animal's nose being positioned
within 2 cm of the object and/or touching it.

For short-term memory, two identical objects (O1 and O2) were
placed in opposite corners of the arena. The animal was placed in
the box with its back to the objects, allowing it to explore them
and monitoring the time spent on each object for 3 min. At the
end of the exploration time, the animal was removed and placed
in its corresponding cage for 5 min. During this time, one of the
objects was changed (02 for 03), leaving one already known
(O1). The box was cleaned with 70% ethanol between each trial.
After a 5 min interval, the animal was placed again in the arena
to explore the new object and the familiar one, monitoring the
time spent in each of these. The test was concluded after 3 min
of exploring.

For long-term memory, a new object was placed inside the
arena while maintaining a familiar one (A1 and O4). The animal
was placed in the box 48 h after the identical object recognition
test, with its back to the objects, for 3 min. The time the animal
spent exploring the familiar object and the novel one was moni-
tored. Once the exploration time was over, the animal was
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removed and placed inside its corresponding cage. The box
was cleaned with 70% ethanol between each trial.

To analyze the effect of supplements on short- and long-term
memory, the following variables were used for data analysis:

Total exploration time (TE). Time spent with the novel object (b)
and time spent with the familiar object (¢'): TE = d’ + b.

Absolute habituation or discrimination index (DI). This is a mea-
sure of overall exploration. It is calculated as the difference
between exploration time for the new object and the exploration
time for the familiar object. This is a measure of discriminatory
behavior accordingto D1 =b — d'.

Relative discrimination index (RDI). Exploration time of the new
object minus the time spent exploring the familiar object, divided
by the total exploration time. This result can vary between +1 and
—1, where a positive score indicates more time spent with the novel
object, a negative one indicates more time spent with the familiar
object, and a zero score indicates no preference: RDI = (DI/T E).3?

Preference index (Pl). Time spent exploring the new object
divided by the total time. It is multiplied by 100 and used as a per-
centage value. This is a proportion of the amount of time spent
exploring either of the two objects in the test phase (d’ or b). There-
fore, this index is interpreted as follows: above 50% indicates a pref-
erence for the new object, below 50% shows a preference for the
familiar object, with 50% = no preference. Pl = (b/TE) x 10033

To evaluate the long-term memory, the variable b was replaced
by the variable ¢, which represents the time the animal explores
the new object, as it does with b in the short-term memory test.

Statistical analysis

Results are expressed as the mean + SEM or SD, based on three
determinations for chemical analyses (n = 3) and six determina-
tions per in vivo or ex vivo experimental group (n = 6). Statistical
data were obtained using GraphPad Prism version 9.01
(GraphPad Software Inc., San Diego, USA) and analyzed by a
one-way or two-way analysis of variance (ANOVA), depending
on the factors and type of analysis, followed by Bonferroni's post
hoc test. A P value of less than 0.05 was considered statistically
significant.

RESULTS

Elemental and nutritional analysis of green tea

Elemental analysis and biochemical composition of green tea
showed a high percentage of C (48.68%), followed by H (5.91%)

Table 2. Elemental and nutritional analysis of green tea from Valle
de la Concepcidn, Cusco, Peru

Element Amount (%)
C 46.68 + 0.11
H 591 +0.08
N 5.01 +0.28
S _
Carbohydrates 36.91 + 2.09
Proteins 31.28 + 245
Lipids 798 + 1.75
Ash 5.12 +0.03
Moisture 0.29 + 0.02
Data are expressed as mean + SD of three replicates per measure.

and N (5.01%) while S content was null (Table 2). Regarding the
biochemical composition of green tea, carbohydrates (36.91%)
and proteins (31.28%) represented the highest contents, followed
by lipids (7.98%). The remaining content consisted of ash (5.12%)
and showed a low moisture content (0.29%) (Table 2).

Polyphenolic content and antioxidant activity of green tea
infusion

The total polyphenolic content of GTi was 55.45 mg GAE g™,
which is equivalent to 5.5% of the total weight of the leaf
(Table 3). The content of total phenols obtained from the GTi
showed that the daily intake dose that the experimental groups
received was 24.95 mg GAE kg™'. The analysis of catechin propor-
tions in GTi revealed very similar percentages of EGCG and EGC,
followed by ECG and, to a lesser extent, EC. The antioxidant activ-
ity by DPPH assay yielded 3662.12 pmol TEAC g™, while the
ABTS-scavenging capacity resulted in 1148.58 pmol TEAC g
All these results are presented in Table 3.

In vivo effect of green tea infusion and -3 on oral glucose
and insulin sensitivity tests

We analyzed the effect of acute GTi administration on both glu-
cose tolerance after an oral glucose load and insulin sensitivity
after ip insulin administration. In the OGTT, the GTi, w-3, and
GTi + w-3 treated groups showed a significant improvement in
glucose tolerance during the first 15 min compared to the Control
group (Fig. 2(A)). Glycemia did not differ at subsequent time
points, showing a similar trend to the Control group. The analysis
of the area under the curve (AUC) showed no significant differ-
ences between treatments (Fig. 1(B)).

Regarding insulin sensitivity analysis by IST, insulin administra-
tion led to a significant increase in glycemia from 45 min onward
across all treatments (Fig. 2(C)). More specifically, GTi and GTi
+ w-3 showed higher blood glucose levels than the Control group
while single ®-3 supplementation maintained intermediate
values. The analysis of the AUC is consistent with these results
(Fig. 1(D)).

Table 3. Total polyphenolic content, catechin proportions and anti-
oxidant activity present in GTi from the Valle de la Concepcion, Cusco,
Peru

Polyphenolic compounds in green tea

5545 + 2,61 mg GAE g™
5.55 + 0.21%

Polyphenolic
Corresponding DW leaves

Catechin proportion

Epigallocatechin-3-gallate (EGCG)
Epigallocatechin (EGC)
Epicatechin-3-gallate (ECG)
Epicatechin (EC)

36.57 +£ 1.53%
33.39 £ 2.67%
20.64 + 0.78%

9.40 + 0.36%

Radical scavenging capacity

DPPH assay
ABTS assay

3662.12 pmol TEAC g~' DW
1148.58 pmol TEAC g~' DW

Data for polyphenolic content are expressed as mean =+ SD of three
replicates per measure. Data for catechin percentage are expressed
as mean + SD of three replicates per measure.
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Figure 2. (A) Effect of GTi (900 mg kg™"), @-3 (800 mg kg™") and their combination (GTi + ®-3) on OGTT in male Wistar rats. Glycemia were evaluated
before (0 min) and after (15, 30, 45, 60, and 120 min) glucose overload (2 mg kg’]). (B) AUC was also calculated for all OGTT groups. (C) Effect of GTi,
w-3 and GTi + w-3 after ip insulin administration to analyze the IST in male Wistar rats. Glycemia was evaluated before (0 min) and after (5, 10, 15, 30,
45, 60, 90, and 120 min) of ip insulin administration (0.5 U kg“). (D) AUC was also calculated for all IST groups. Points or bars indicate the mean + SEM
(n = 8). One-way ANOVA for OGTT and IST time course, or two-way ANOVA for OGTT and IST AUC, followed by Bonferroni post hoc tests, were performed:
*P < 0.05, **P < 0.01 and ***P < 0.001 GTi versus Control. #P < 0.05 and ##P < 0.01 w-3 versus Control. $P < 0.05, $$P < 0.01 and $$5P < 0.001 GTi + w-3

versus Control.

Kcal intake and BW gain in chronic supplementation
Cumulative kcal intake during the supplementation study was not sta-
tistically different between the GTi, -3, and GTi + w-3 obese groups,
although it consistently remained higher than in the Control group
receiving STD (Fig. 3(A)). Regarding the comparison between the
obese groups, the animals supplemented with GTiand w-3 consumed
more kcal compared to the obese group without supplementation.
This difference was only observed at week 5 in the Ob GTi + w-3 group.

Regarding the relative BW gain, all animals fed HFD (obese
groups) gained more weight than those fed STD (Control) (Fig. 3
(B)). However, the GTi + w-3 treatment showed no differences
with the Control at weeks 1, 2, 3, and 5.

Biochemical parameters in plasma after supplementation

Both Obese and Ob GTi + w-3 groups showed higher levels of gly-
cemia after the study compared to Control group (Table 4). The
Ob GTi and Ob GTi + w-3 groups, which did not show significant

differences compared with the Control, also showed lower glyce-
mia values than the Obese group.

The analysis of lipidemia in plasma discloses, on the one hand,
its increase in the obese groups and, on the other hand, that sup-
plementation with GTi, w-3, and GTi + w-3 considerably reduced
the levels of triglycerides and HDL in obese animals (Table 4).
The administration of the supplements did not show significant
changes in total cholesterol levels. Regarding the parameters
used to evaluate liver damage, such as AST, ALT, y-GT and LDH,
they were not modified by obesity or supplementation (Table 4).

We also analyzed the effects of GTi, -3, and GTi + @w-3 on plasma
TNF-a and IL-6 levels (Table 4). The Obese group exhibited signifi-
cantly higher TNF-a levels compared to all other experimental
groups. The groups of obese animals to which supplementation
was administered showed a severe decrease in values compared
to the obese group without supplementation. As expected in an
animal model of obesity, IL-6 was elevated in all groups of obese
animals in which neither supplementation presented an effect.
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Figure 3. (A) Effects on cumulative caloric intake over 5 weeks in Holtzman male rats fed with a standard diet (Control) or a HFD: untreated (Obese), sup-
plemented with green tea infusion (Ob GTi; equivalent to 450 mg-kg‘1), omega-3 fatty acids (Ob w-3; 400 mg~kg_1), or their combination (Ob GTi + w-3).
(B) Effects of GTi, -3, and GTi + w-3 on BW gain. Bars indicate the mean + SEM (n = 6). Two-way ANOVA, followed by Bonferroni post hoc tests, was per-
formed: *P < 0.05, **P < 0.01, and ***P < 0.001 denote differences versus Control. #P < 0.05, ##P < 0.01, and ###P < 0.001 denote differences versus

Obese group. $P < 0.05 denotes differences versus Ob GTi group.

Behavioral tests

Open field test

The result of the investigation on the locomotor activity of the ani-
mals was statistically different between all the groups with the
supplements, which had greater activity compared to the Control
(Fig. 4(A)). Furthermore, the obese group supplemented with GTi
+ -3 presented greater locomotor activity compared to all other
groups. Regarding immobilization, the times shown by the ani-
mals were statistically the same between the Control and obese
supplemented groups, except for the supplementation with -3,
which was greater (Fig. 4(B)). Finally, no differences were
observed in the latency time among all the groups (Fig. 4(C)).

Novel object recognition paradigm for short-term memory

At this stage of the experiment, the effect of supplementation on
cognitive performance, specifically short-term memory, of obese
rats was evaluated. All obese groups exhibited longer exploration
times compared to the Control group (Fig. 5(A)). Notably, the

Obese group receiving GTi + -3 demonstrated significantly lon-
ger total exploration times than all other groups. The novel object
time of exploration also showed an increase in time for all obese
groups being more elevated in the groups supplemented with
w-3 and GTi + w-3 (Fig. 5(B)). Nevertheless, the time of exploration
of the known object remained unchanged (Fig. 5(C)).

The different indices used for the analysis of short-term mem-
ory, such as total and relative discrimination and preference
index, were found to be always higher in the obese groups of ani-
mals supplemented with GTi and GTi + w-3 compared with the
other groups (Fig. 4(D)-(F)).

Novel object recognition paradigm for long-term memory

We analyzed the effect of supplementation in the obese groups
on cognitive performance, specifically long-term memory. The
total exploration time was statistically longer in the Obese, Obese
w-3 and Obese GTi + w-3 groups, compared to the Control and
Obese GTi groups (Fig. 6(A)). Furthermore, comparing the obese
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Table 4. Plasma biochemical parameters in plasma of Holtzman male rats

HFD
Plasma biochemical parameters STD
(mg d.™ Control Obese Ob GTi Ob w-3 Ob GTi + w-3
Glucose 79.80 + 2.20 91.20 + 1.39%* 83.20 + 2.15% 84.00 + 1.52% 89.40 + 1.69%*
Triglycerides 6120 + 455  100.20 + 2.77%%* 84.60 + 5.64%" " 6508 + 408" 6020 + 402455
Cholesterol 56.67 + 2.87 67.83 + 3.07 55.40 + 3.84 54.40 + 4.53" 64.2 + 2.87
HDL 37.80 + 0.58 18.20 + 1.27*** 18.80 + 1.96*** 19.40 + 0.37%** 16.20 + 0.08***
LDL 47.07 + 3.65 82.23 &+ 1.12%%* 7347 £ 2.99%** 63.03 + 2.46%*### g3 gg 4 1 05ErxHH#S
VLDL 12.24 + 041 20.04 + 0.23%** 16.92 + 0.46*## 1316 1 033"#5%° 12,04 4 0.33%##°5%
Transaminase (IU L")
AST 3433 +1,91 33.50 + 1.57 27.60 + 2.46 26.8 +2.97 +29.40 + 1.40
ALT 23.67 + 1.49 25.83 + 1.59 23.40 + 2.11 25.00 + 1.92 2525 +2.29
y-GT 233 +0.36 268 + 0.52 3.00 + 0.32 2.00 + 0.45 225+ 043
LDH 157.68 + 30.68 129.83 + 44.19 96.67 + 11.45 110.60 + 16.29 97.00 + 11.51
Cytokines (pg mL™")
TNF-a 3638+ 1.07 33838+ 14.53** 15513 + 9.57+* 18263 4 7200+ 147,13 4 515%xH##&
IL-6 280.87 + 25.37  382.87 + 23.50% 393.53 + 123.81* 408.87 + 47.53* 402.20 + 39.27*
Effects of GTi supplementation (equivalent to 450 mg kg™"), w-3 (400 mg kg™"), and their combination (GTi + w-3) on metabolic biochemical param-
eters in plasma after 5 weeks in Holtzman male rats with a STD as Control, or HFD: all Obese animals (Ob). Values are expressed as the mean + SEM
(n =6). Data were analyzed by one-way ANOVA followed by Bonferroni post hoc tests for multiple comparisons: *P < 0.05, **P < 0.01, and
*#**Pp < 0.001 denote differences with Control. #P < 0.05 and ###P < 0.001 denote differences with Obese. $P < 0.05 and $$5P < 0.001 denote differ-
ences with Obese GTi. &P < 0.05 denotes differences with Obese w-3.

groups, the supplements with GTi and GTi + w-3 presented lon-
ger exploration times of the novel object (Fig. 6(B)). In turn, the
exploration of the known object also presented longer explora-
tion times by the groups of obese animals compared with the
Control group (Fig. 6(C)).

In the case of the absolute and relative discrimination indices,
the results showed similar values for the supplemented obese
groups and the Control group and were higher than the
obese group (Fig. 6(D),(E)). The preference index also showed no
differences between the supplemented obese groups and the
Control (Fig. 6(F)).

DISCUSSION

The chemical and nutritional composition of tea depends on fac-
tors such as geography, climate, season, cultivation, processing,
and leaf age. Green tea's minimal processing effectively halts
enzymatic polyphenol degradation, preserving its bioactivity.>*
However, few studies have examined the elemental and nutri-
tional composition of freshly processed leaves used for green
tea production. This study is the first to analyze the elemental
and nutritional profile of green tea from Valle de la Concepcioén,
Cusco, Peru. The dry leaves show carbohydrate, protein, lipid,
ash, and moisture contents similar to those of tea from other
regions,®> and both dry leaves and infusions display bioactive
compounds consistent with established quality indicators.>®
Green tea's strong antioxidant properties mainly derive from its
high polyphenol content, which serves as primary antioxidants
and free radical scavengers.3” Our analysis confirmed a high total
polyphenol concentration in the GTi, consistent with previous
studies,® and indirect assays showed that both phenolic content
and antioxidant capacity exceeded average values reported else-
where.?® Regarding the analysis of catechins present in the GTi,
the main difference compared to the proportions generally
reported in previous chemical analyses is that the green tea from

Cusco shows a lower proportion of EGCG and a relatively higher
proportion of EGC. The percentages of ECG and EC are very similar
to and consistent with previous evidence.*

Our main objective was to investigate whether the combined
effect of Cusco green tea and w-3 PUFAs from fish oil on hyperlip-
idemia and selected aspects of obesity-associated cognitive
impairment in an HFD-induced obesity animal model is greater
than the effects of these compounds when administered sepa-
rately. w-3 PUFAs, particularly EPA and DHA, are vital dietary com-
ponents that maintain physiological homeostasis and mental
health by enhancing membrane fluidity, regulating inflammation,
and modulating signaling and gene expression. They support car-
diovascular, immune, metabolic, and brain functions, promoting
optimal neurodevelopment, neurotransmission, and neuroplasti-
city. Adequate intake is linked to improved cognition and reduced
risk or severity of depression and anxiety via anti-inflammatory
and neuroprotective effects.”’ Additionally, our own analysis of
a commercial w-3-rich fish oil product did not yield data indicating
the presence of other fatty acids in sufficient quantities to exert a
significant biological effect or be relevant to our study.

Two different rat strains were used to align the biological model
with the specific aims of each experimental phase and to reduce
strain-specific bias. Holtzman rats were selected for the chronic
study because they provide a robust model for long-term
follow-up of diet-induced obesity and associated metabolic alter-
ations. In contrast, Wistar rats were chosen for the acute tests
(OGTT and IST) as they are a well-established reference strain in
metabolic research, with extensively characterized glycemic and
insulin responses. Using both strains strengthens the external
validity of the findings by minimizing the possibility that the
observed anti-obesogenic effects are limited to the genetic back-
ground of a single rat line.

The acute study using either single GTi, single w-3, or the com-
bined GTi + w-3 treatment in healthy Wistar rats provides phar-
macodynamic proof-of-concept for immediate effects on
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Figure 4. Effects GTi supplementation (equivalent to 450 mg kg™"), w-3 (400 mg kg™"), and their combination (GTi + »-3) on metabolic biochemical
parameters in plasma after 5 weeks in Holtzman male rats with a STD as Control, or HFD: all Obese animals (Ob), on the OFT parameters. (A) Total number
of crossings between the central area and the external area of the arena, (B) duration of freezing state and (C) duration of time spent in the central area of
the arena. Bars indicate the mean + SEM (n = 6). Data were analyzed by one-way ANOVA followed by Bonferroni post hoc tests: *P < 0.05, **P < 0.01, and
***p < 0.001 denote significant differences compared with the Control. ##P < 0.01 and ###P < 0.001 denote significant differences compared with
Obese. $P < 0.05 and $$P < 0.01 denote significant differences compared with Ob GTi. &&P < 0.01 denotes significant differences compared with Ob -3.
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Figure 5. Effects of GTi supplementation (equivalent to 450 mg kg_1), -3 (400 mg kg") and their combination (GTi + w-3) on metabolic biochemical param-
eters in plasma after 5 weeks in Holtzman male rats with a STD as Control, or HFD: all Obese animals (Ob), on the short-term memory by NOR tests. (A) Total time of
exploration, (B) time of novel object exploration, (C) time of known object exploration, (D) discrimination index, (E) relative discrimination index and (F) preference
index. Bars indicate the mean + SEM (n = 6). Data were analyzed by one-way ANOVA followed by Bonferroni post hoc tests: **P < 0.01 and ***P < 0.001 denote
significant differences compared with the Control. ##P < 0.01 and ###P < 0.001 denote significant differences compared with Obese. $P < 0.05, $$P < 0.01 and $
$$P < 0.001 denote significant differences compared with Ob GTi. &P < 0.05 and &&P < 0.01 denote significant differences compared with Ob w-3.

wileyonlinelibrary.com/jsfa © 2026 The Author(s). J Sci Food Agric 2026
Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

5UBD 17 SUOWILLIOD SAIIERID d[qedt|dde ay) Aq paussnob e saoie YO ‘8N JO SaNnJ 10} ARelg 13Ul UO AS I UO (SUO I IPUOD-PUR-SLLLBY W0 AS 1M ARe.q 1 pU1UO//SANY) SUORIPUOD PUe SWS | 83 38S *[9202/S0/70] U0 ARiqiT auluQ A8|IM ‘Seznepuy SelelsIAILN Sedloliqig 8@ 01010suoDena) Aq €290/ BIS[/200T 0T/I0p/wWo0 A8 1m Afeiq 1 pUtUO'S euINo (10s//:sdny Wouy papeojumoq ‘0 ‘0T00L60T


http://wileyonlinelibrary.com/jsfa

Green tea and w-3 improve metabolic and cognitive dysfunction in obesity

@)
SClL

where science
meets business

WWW.S0Ci.org

(A) , (B) , , (©) , ,
Total exploration Novel object exploration Known object exploration
50 40 20
*kk
40 w e 32 £RE 16
*% HitH
@ @ # @
Z 30 L2 Z12
-] L %]
= = =
o * o p—
= 20 = 16 = 8
-
——
10 8 4
0 0 0
Control Obese Ob Ob Ob Control Obese Ob Ob Ob Control Obese Ob Ob Ob
GTi -3 GTi+o-3 GTi -3 GTi+o-3 GTi -3 GTi+to-3

(D) (E)
Discrimination index
20 0.5
16 0.4
Z Z
= * =
S 12 fiet =03
5] %)
2z =
N e
= 8 =02
%) %)
& i &
4 0.1
0 0.0

A4
Control Obese Ob Ob Ob
GTi -3 GTito-3

Control Obese

Relative discrimination index

()

Preference index

100
#H#
80
2 ## #
= ——
= 60
5
2
N
= 40
)
[~
20
0
Ob Ob Ob Control Obese Ob Ob Ob
GTi -3 GTite-3 GTi -3 GTite-3

Figure 6. Effects of GTi supplementation (equivalent to 450 mg kg_1), ®-3 (400 mg kg") and their combination (GTi + w-3) on metabolic biochemical
parameters in plasma after 5 weeks in Holtzman male rats with a STD as Control, or HFD: all Obese animals (Ob), on the long-term memory by novel object
recognition tests. (A) Total time of exploration, (B) time of novel object exploration, (C) time of known object exploration, (D) discrimination index,
(E) relative discrimination index, and (F) preference index. Bars indicate the mean + SEM (n = 6). Data were analyzed by one-way ANOVA followed by
Bonferroni post hoc tests: *P < 0.05, **P < 0.01, and ***P < 0.001 denote significant differences compared with the Control. #P < 0.05, ##P < 0.01, and
###P < 0.001 denote significant differences compared with Obese. $$P < 0.01 denotes significant differences compared with the Ob GTi.

glucose and insulin metabolism, assessed by OGTT (glycemia
curve: AUC, peak, and baseline return) and IST (hypoglycemic
response slope), revealing direct actions on insulin secretion, glu-
cose uptake, and hepatic homeostasis. This mechanistic screening
validates the combination before chronic obesity testing, distin-
guishing acute responses from long-term adaptations. It supports
the chronic hypothesis: short-term modulation of normal dynam-
ics may correct obesogenic dysfunctions. Although previous stud-
ies have linked tea consumption to improved glycemic control in
healthy individuals,*? the underlying mechanisms remain to be
fully elucidated. Our OGTT results in healthy rats show that GTi
administered either singly or in combination with ®-3 signifi-
cantly attenuated the initial plasma glucose peak observed within
15 min post-glucose administration. Since the plasma glucose
level at 30 min post-load in the OGTT is predictive of type 2 diabe-
tes risk in humans,*® our findings are consistent with previous ani-
mal studies reporting that green tea extract enhances glucose
tolerance potentially by restoring the activity of key
glucose-metabolizing enzymes and stimulating insulin synthesis
in the liver and pancreas.** Such effects are likely mediated by
GTi catechins through the upregulation of glucose transporter

type 4 (GLUT4)-mediated glucose uptake in skeletal muscle tis-
sue.* Both the administration of GTi and -3, separately and in
combination, improved the results of OGTT by highly probable
improved insulin in response to peak of hyperglycemia. Enhanced
OGTT outcomes indicate that dietary incorporation of PUFAs may
be effective in combating HFD-induced insulin resistance. In the
healthy rat model, the IST revealed maintained normal blood glu-
cose levels following exogenous insulin administration across all
supplemented groups during 120 min of tracking. This improve-
ment in insulin sensitivity, without causing hypoglycemia, may
derive from coordinated actions of GTi catechins*® and EPA/DHA
on GLUT4 transporter expression and translocation,*” facilitating
a more regulated intracellular glucose uptake and preventing
excessive insulin-induced glucose decreases. Evidence from
human studies also indicates that green tea extracts and w-3 sup-
plementation improve glycemic parameters, consistent with our
findings in the animal model and suggesting that the incorpora-
tion of PUFAs and/or GTi may contribute to improved insulin
sensitivity.*34°

During the five weeks of chronic supplementation, as expected,
the Control group consumed fewer calories than all obese groups.
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All supplemented obese groups, in turn. consumed more calories
than the obese Control group; however, this increase was modest
in the GTi + w-3 combination group. These findings are partly
consistent with previous studies in animal models of obesity
showing no significant differences in food intake with green tea
supplementation,***° including a rodent study by Shirai and
Suzuki that combined green tea with w-3.>' However, some stud-
ies using w-3-enriched fish oil have reported reduced intake in
diet-induced obese rats.>

The relative BW gain during supplementation was partially con-
sistent with the caloric intake data. On average, all obese groups
exhibited increased BW compared to the Control. Interestingly,
the combined GTi + w-3 treatment showed no significant differ-
ences in BW gain compared with either the Control or Obese
groups during the first 2 weeks, and even by week 5. Similar find-
ings were reported by Chen et al** and Shen et al,”® who
observed that green tea supplementation alone did not reduce
BW, whereas Bajerska et al.>® reported reductions in visceral fat
with w-3 supplementation. Thus, we can assume that the combi-
nation of GTi and w-3 maintained BW despite an HFD for at least
2 weeks. Notably, few studies have investigated the effect of
green tea combined with other natural compounds. Kwon
et al>* demonstrated antiobesity effects of green tea paired with
black rice bran in preclinical models. Although, our study did not
show a significant reduction in caloric intake or BW it appears to
be one of the first to provide preliminary evidence on the combi-
nation of green tea supplementation with PUFAs. EGCG seems to
be the catechin most strongly associated with the antiobesity
effects of green tea,” and according to our analysis, its proportion
is lower in green tea from Cusco. This may partly explain the lim-
ited manifestation of the extract's anti-obesogenic potential.
Nonetheless, our findings highlight the need for further research
to determine the optimal doses and treatment durations to
achieve significant antiobesity effects.

Regarding lipid metabolism, the influence of green tea and w-3
remains unclear in human trials due to variable factors such as dif-
ferences in administration timeframes and individual heterogene-
ity."*>> In our controlled animal study, supplementation with GTi
and w-3, either individually or in combination, improved blood
lipid profiles. GTi supplementation primarily reduced triglyceride
and VLDL levels, whereas w-3 supplementation also decreased
total cholesterol and LDL levels. The hypotriglyceridemic effects
appear to be mediated by the polyphenolic and polysaccharide
fractions in GTi and by the PUFAs in w-3. These findings are con-
sistent with previous research showing that such supplementa-
tion reduces hypertriglyceridemia in obese animals, partly by
lowering hepatic diacylglycerol levels, which contribute to triglyc-
eride synthesis.>*>” However, the combined treatment did not
produce greater effects than w-3 supplementation alone. Regard-
ing the analysis of different cholesterol types, the combination of
GTi and w-3 showed a reduction only in VLDL compared with »-3
alone.

Despite previous reports suggesting that fish oil increases
HDL,*® our study found no variation beyond a consequent
decrease in the obesity group. Established obesity, together with
continued HFD feeding, may cause severe dysregulation in lipid
metabolism, impeding reversal by supplementation, which
started after the obesity onset. We can also highlight the improve-
ment in blood glucose level observed with both green tea from
Cusco and fish oil administration, as well as the maintenance of
transaminase levels after repeated supplementation with these
agents suggesting that they are safe for liver function.

Inflammatory markers, specifically plasma TNF-« and IL-6 con-
centrations, were evaluated due to their known involvement in
obesity-induced inflammation.>® As expected, their levels were
elevated in obese rats, and only TNF-a was reduced by supple-
mentation. This finding reflects IL-6's complex role: adipocyte-
derived IL-6 recruits macrophages to adipose tissue, helping to
maintain homeostasis and limit excessive adipocyte hypertro-
phy.*° Elevated local TNF-a can disrupt insulin signaling in adi-
pose tissue through insulin receptor substrate-1.5" In this study,
HFD-induced inflammation was evidenced by increased plasma
TNF-a across all obese rat groups. Although levels did not fully
normalize compared with Control, supplementation lowered
TNF-a, with the GTi + w-3 combination showing greatest effect.
Consistently, green tea supplementation has been reported to
decrease plasma TNF-q, likely through the downregulation of
Toll-like receptor 4 and subsequent inhibition of proinflammatory
cytokine expression.®? Similarly, w-3 reduced TNF-a in diet-
induced obese rats by suppressing kappa-light-chain-enhancer
of activated B cells pathway activity.>®> These results align with
the well-documented anti-inflammatory effects of green tea and
w-3, supporting their potential benefits in obesity.*>

Animal models provide valuable insight into cognitive and emo-
tional processes relevant to humans, although with limitations.®*
This study investigated the effects of GTi and w-3 supplementa-
tion on locomotion, short-term memory, and long-term memory
in diet-induced obese rats using standardized tests such as OFT
and NOR. OFT results showed increased locomotor activity in all
obese groups, with the GTi + -3 group exhibiting the highest
activity. These findings align with previous studies reporting
enhanced locomotor activity in w-3-supplemented rats®> and in
rats treated with catechin-rich extracts like Gnidia glauca.®® Freez-
ing and latency times were similar across groups, suggesting no
differences in stress or anxiety. While locomotor activity may be
expected to decrease due to obesity-related physical limitations,
obesity can alter neuronal circuits and neurochemical signaling,
affecting spontaneous behavior and activity.®”®

Obesity is also associated with cognitive deficits in humans,
including impaired learning, memory, brain atrophy, and
increased risk of dementia, such as Alzheimer's disease.®® Animal
models show similar impairments under HFDs.”%”" Evidence for
the protective effects of green tea or w-3 against obesity-related
cognitive decline is limited.”? Using the NOR test to assess mem-
ory, we observed that obese rats supplemented with GTi + @-3
displayed enhanced exploratory behavior, object discrimination,
and preference for novel objects, indicative of improved short-
term memory as shown in previous similar studies.”®

Evaluation of long-term memory revealed that supplemented
rats showed increased exploratory tendencies and greater inter-
est in familiar objects. Discrimination indices indicated improved
long-term memory in groups receiving GTi and GTi + -3, par-
tially agreeing with studies where w-3 did not enhance long-term
memory but supported object recognition.”* These effects may
relate to enhanced hippocampal neurogenesis and progenitor
cell proliferation, as seen with theanine supplementation in
tea.”® The integrity of the hippocampus and perirhinal cortex is
critical for long-term object recognition, with the perirhinal cortex
also supporting perceptual processing and short-term recogni-
tion memory.**”® EGCG from green tea reduces oxidative stress
and hepatic fat accumulation, though bioavailability and age,
dose, and treatment duration may limit cognitive benefits.”””°

TNF-o, a central proinflammatory cytokine, mediates brain
inflammation, and its elevated levels in obesity may serve as a
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marker of neuroinflammation.2’ EPA and DHA reduce proinflam-
matory cytokines in humans,®' and in the central nervous system,
they limit microglial activation, mitigating neuroinflamma-
tion.5>758283 |n our study, plasma TNF-a levels decreased with
supplementation, suggesting that GTi and -3 attenuate
obesity-induced neuroinflammation and oxidative stress, sup-
porting cognitive function. Collectively, these findings indicate
that dietary supplementation with green tea and w-3 can improve
locomotor activity, enhance short- and long-term memory, and
reduce inflammation in obese rats, highlighting their potential
neuroprotective effects.

This study provides an overview of the effects of green tea
and/or w-3 supplementation on food intake, BW, glycemia, lipide-
mia, anti-inflammatory cytokines, and cognitive impairments in
an animal model of obesity. Although reductions in food intake
and BW were observed only with the combined green tea and
-3 supplementation, all supplementation strategies improved
insulin sensitivity and obesity-related memory deficits, support-
ing their potential as complementary nutritional interventions
for obesity and associated conditions. It is plausible that the anti-
oxidant properties of green tea polyphenols synergistically pro-
tect EPA and DHA in fish oil against oxidative degradation,
enhancing efficacy of the combined treatment.

Additionally, green tea from Valle de la Concepcién, Cusco,
demonstrated notable nutritional quality, with balanced levels
of carbohydrates, proteins, lipids, ash, and moisture comparable
to high-quality green teas elsewhere. Both the dry leaves and
their infusion, particularly when combined with w-3, meet estab-
lished quality indicators, highlighting the product's nutritional
and health potential. Future studies should explore longer supple-
mentation periods to better assess the production of biochemical
compounds involved in homeostasis, energy regulation, and
behavior. They should also include female animals to determine
whether sex-related differences exist and to increase the transla-
tional value of this type of research.
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