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Abstract

Background/Aims: Obesity Resistance (OR) is characterized by limited weight gain and
reduced fat accumulation despite an obesogenic diet. However, the metabolic risk, particularly
regarding Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD), remains unclear.
The current study aims to investigate the presence of MASLD, as well as metabolic parameters
and morphological aspects of adipose tissues in obesity-resistant (OR) R rats fed a high-fat
diet (HFD). Materials: Male Wistar rats (n=71) were initially randomized into two groups: a)
standard diet (SD, n=35) and b) high-fat diet (HFD, n=36). The protocol was performed for
14 weeks, including 4 weeks of induction and 10 weeks of exposure to obesity. Subsequently,
after applying the tertile classification criterion, the animals were redistributed into three
groups: a) control (C, n=12), fed a standard diet; b) obesity-prone (OP, n=12); and c) OR
(n=12). Body weight evolution, adiposity, nutritional behavior, metabolic markers, and liver
morphology were assessed, along with the staging of MASLD. Results: OR rats exhibited lower
body weight, total fat pads, and leptin compared to OP but higher values than C. MASLD was
observed in 50% of OR animals, while 37.5% progressed to metabolic dysfunction-associated
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steatohepatitis (MASH). OP rats had a higher incidence of MASH (87.5%). Conclusion: Chronic
HFD exposure in OR rats lead to metabolic changes and MASLD development, including
MASH, demonstrating that OR does not protect against HFD-induced hepatic alterations.

Introduction

Obesity Resistance (OR) involves a complex interaction between metabolic and
environmental factors [1] and constitutes a growing field of research with an etiology that is
not yet fully understood. Levin & Sullivan [1] define OR as the ability to limit weight gain and
fat accumulation, even under hypercaloric dietary conditions. Levin et al [2]. were pioneers
in identifying distinct patterns of body weight gain in rats fed high-fat diets (HFD), suggesting
the phenotypes Obesity-Prone (OP) and Obesity-Resistant (OR) to distinguish weight gain
propensity, where OP rats are more susceptible to obesity and OR rats demonstrate resistance
to weight gain and fat accumulation. This finding has been supported by subsequent studies
[3-5].

Obesity, in turn, is widely recognized as a chronic disease characterized by excessive
fat accumulation and strongly influenced by obesogenic environments, including
hypercaloric diets and sedentary behaviors [6, 7]. However, while substantial evidence in
the literature demonstrates that obesity develops from an imbalance between energy intake
and expenditure, the underlying mechanisms associated with the detrimental effects of
HFD appear to be more complex than the simple concept of energy imbalance [8]. From
an epidemiological perspective, obesity substantially contributes to global mortality and
is associated with several health complications, such as cardiovascular diseases, type 2
diabetes, certain types of cancer, and metabolic dysfunction-associated steatotic liver disease
(MASLD) [9, 10]. Therefore, investigating metabolic processes in OR models exposed to HFD
is essential to understand the risks of comorbidities associated with obesity, challenging the
notion that OR provides protection against the metabolic impacts of these diets.

In this context, MASLD, formerly known as non-alcoholic fatty liver disease (NAFLD),
emerges as a relevant condition due to its association with obesity [11]. Characterized by
the excessive deposition of fat in the liver, known as hepatic steatosis, MASLD has become
one of the most common causes of liver disease worldwide [12, 13]. MASLD encompasses
a wide spectrum of histological abnormalities, ranging from isolated hepatic steatosis to
metabolic dysfunction-associated steatohepatitis (MASH), a progressive form of the disease
characterized by inflammatory changes, which can occur concurrently with fibrosis. Without
treatment, MASH can progress to cirrhosis and hepatocellular carcinoma [14, 15].

Hepatic fat accumulation results from an imbalance between lipid influx and efflux,
regulated by metabolic pathways, including those involved in the uptake of circulating
lipids [16, 17]. It has been reported in the literature that most hepatic fat originates from
lipolysis of adipocytes derived from adipose tissue (AT) because of energy imbalance. Thus,
the development of chronic inflammation, insulin resistance, and the consequent increased
release of free fatty acids (FFA) into circulation contributes to lipotoxicity in other tissues
[18, 19]. Interestingly, research in humans and animal models indicates that some individuals
develop MASLD independently of obesity or under conditions of modest adiposity increase
[20-23]. These data reinforce the importance of studying this condition in OR models.

In the context of OR and chronic inflammation, experimental studies have detected
the expression of pro-inflammatory cytokines, such as TNF-alpha, in AT from these models
[4, 5]. Moreover, other researchers have observed the presence of hepatic steatosis in OR
animals fed a high-fat diet [23-26], but there is a gap in the literature regarding the complete
evaluation of MASLD in these models, considering all diagnostic criteria proposed for
rodents. One study on OR found that the authors reported MASH [23]. Therefore, the risk of
developing and the severity of MASLD in this model are not well understood.

Taken together, the data suggest that HFD causes metabolic damage to tissues, whether
in the condition of OP or OR [3-5, 27]. However, although some studies have shown hepatic
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steatosis regardless of obesity or with modest increases in adiposity the severity of MASLD
in experimental OR models, which is poorly investigated. Furthermore, few studies in OR
animals without genotypic intervention have assessed metabolic alterations in hepatic
tissue. In this context, it becomes essential to investigate whether OR is associated with
chronic inflammation and insulin resistance, factors that contribute to lipotoxicity.

Therefore, studies aimed at understanding these factors in OR could elucidate the
potential metabolicimpairments resulting from HFD consumption, allowing the development
of approaches for the prevention and treatment of liver disorders, as well as expanding
knowledge about the mechanisms involved in the etiology of OR. Thus, this study aims to
investigate MASLD, as well as metabolic parameters and morphological aspects of adipose
tissues, in OR rats fed a HFD. The central hypothesis is that chronic consumption of a HFD
induces metabolic alterations in adipose and hepatic tissues, leading to a progressive stage
of MASLD, independent of obesity.

Materials and Methods

Animal care

Male Wistar rats (Rattus norvegicus, n=71), aged 30 days (= 150 g), obtained from the Central Animal
Facility of the Federal University of Espirito Santo (Vitoria, ES, Brazil), were individually housed in cages
with controlled environmental conditions, including a 12-hour light/dark cycle starting at 6:00 am, an
ambient temperature of 24 + 2°C, and relative humidity of 55 + 5%. The experimental procedures complied
with the “Brazilian Guideline for the Care and Use of Animals in Teaching or Scientific Research Activities”
as outlined by the National Council for the Control of Animal Experimentation (CONCEA - MCT, 2016). The
study was approved by the Ethics Committee on the Use of Animals at the Federal University of Espirito
Santo (CEUA-UFES) under protocol number 53/2019.

Experimental Protocol

The animals were subjected to a 7-day acclimatization period before being randomly distributed into
two groups: a) SD: fed a standard diet (n=35) and; b) HFD: fed a high-fat diet (n=36). The SD provided
9.47% of calories from fat, 75.81% from carbohydrates, and 14.73% from proteins, following the AIN-93M
guidelines (PragSolugdes Biociéncias®, Jau, Sdo Paulo, Brazil). The HFD was formulated with a significant
proportion of lard, consisting of 45.46% of calories from fat, 40.41% from carbohydrates, and 14.13% from
protein (PragSolugdes Biociéncias®, Jau, Sdo Paulo, Brazil). Throughout the experiment, all animals had
free access to water and received a daily food allowance of 40 g. Although this amount exceeds the animals’
expected intake, it was offered to simulate ad libitum conditions, ensuring unrestricted access to food while
allowing precise calculation of food consumption (FC) by weighing the leftovers. Body weight (BW) was
monitored weekly. The initial moment of obesity was determined as previous studies carried out by our
laboratory [28, 29], being considered the initial moment of obesity when there was a significant increase in
BW of HFD rats in relation to SD rats.

Once obesity was confirmed (week 4), the animals were reorganized into three groups based on BW
tertiles was used to redistribute the SD and HFD groups in Control (C), Obesity-Resistant (OR) and Obesity-
Prone (OP). This criterion consisted of organizing the animals in each group in ascending order according
to BW, and the cutoff point was identified in the animals by tertiles: 1) lower BW; 2) intermediate BW;
3) animals with greater BW. Thus, animals fed with SD and HFD, and which presented lower BW, were
classified as Control (C, n=12) and Obesity-Resistant (OR, n=12), respectively. Likewise, rats in the highest
tercile of the HFD group were assigned to the Obesity-Prone group (OP, n=12). As the study aimed to assess
obesity susceptibility and resistance, animals in the intermediate tertile and those in the highest tertile of
the SD group were excluded (SD, n=23; HFD, n=12) to ensure homogeneity across groups. These animals
were used in other studies from our laboratory.
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The experimental protocol consisted
of a total period of 14 weeks, divided into
two stages, as shown in Fig. 1: Obesity
Induction (weeks 0 to 4), followed by a
period focused on the Characterization of
Obesity Resistance (weeks 5 to 14).

Due to the loss of four animals from
the control group (C) for undetermined
reasons, the final group sizes at the end of
the 14-week experiment were: Obesity-
Prone (OP, n=12), Obesity-Resistant (OR,
n=12), and Control (C, n=8).

Fig. 1. Schematic representation of experimental protocol
(14 weeks). GTT: glucose tolerance test.

Glucose Tolerance and Insulin Tolerance

Tests

Inthe 14th week, blood samples were collected from the caudal artery after a 6-hour fastand subsequent
intraperitoneal administration of 25% glucose (Sigma-Aldrich,®St Louis, MO, USA), equivalent to 2g/kg. For
the Glucose Tolerance Test (GTT), blood samples were collected at time 0, considered baseline condition,
and after 30, 60, 90 and 120 minutes of glucose infusion. Glucose levels were measured using a portable
glucometer, Accu-Chek Go Kit (Roche Diagnostics Brazil Ltda, Sdo Paulo, Brazil). Glucose intolerance in these
animals was assessed by the profile of the curve and glycemic area (AUC) [30].

Systemic insulin resistance

The assessment of insulin resistance was analyzed using the Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR) index, based on fasting serum glucose and insulin concentrations. HOMA-IR was
determined by the following formula: insulin concentration (LU/mL) multiplied by glycemic levels (mg/dL)
divided by 405 [31].

Euthanasia

At the conclusion of the experimental protocol (14 weeks) , following a 12 to 15-hour fasting period,
the animals were anesthetized with a solution of ketamine hydrochloride (50 mg/kg/i.p., DOPALEN®,
Sespo Industria e Comércio Ltda., Vetbrands Division, Jacarei, Sdo Paulo, Brazil) and xylazine hydrochloride
(10 mg/kg/i.p., ANASEDAN®, Sespo Industria e Comércio Ltda., Vetbrands Division, Jacarei, Sdo Paulo,
Brazil) [32]. If nociceptive reflexes persisted after anesthetic induction, a lethal overdose (20 to 30% of the
initial dose of anesthetics) was administered [32]. Euthanasia was performed by an overdose of anesthetics
followed by decapitation. Blood samples, liver and adipose (epididymal, retroperitoneal and visceral fat
deposits) tissues were collected.

Nutritional Profile

The nutritional profile was determined by analyzing food consumption (FC), calorie intake (CI), feed
efficiency (FE), body weight (BW), body fat (BF) and adiposity index (AI) [33, 34]. FC was determined by
the difference between offered and consumed food, while CI was calculated by multiplying FC by the caloric
value of the diet. FE was obtained by the ratio of total BW gain to total energy intake. Regarding the amount
of body fat, it was determined through the sum of epididymal, retroperitoneal and visceral fat pads. Finally,
the Al was calculated by the formula: [Al = amount of body fat / final BW x 100] [30].

Lipid and Hormonal Profiles

For the assessment of lipid and hormonal profiles, blood samples were collected in Falcon tubes, then
centrifuged at 3000 rpm for 10 minutes using an Eppendorf® Centrifuge 5804-R (Hamburg, Germany).
The supernatant was stored at -802C in a freezer (Thermo Fisher Scientific LLC, Asheville, NC, USA). Serum
levels of total cholesterol (Bioclin, Belo Horizonte, MG, Brazil; Cat# K083-2), high-density lipoprotein (HDL)
(Bioclin, Belo Horizonte, MG, Brazil; Cat# K071-23), and triglycerides (Bioclin®, Belo Horizonte, MG, Brazil;
Cat# K117-1) were quantified using specific assay kits and measured with an automated biochemical
analyzer BS-200 (Mindray, Barueri, SP, Brazil).
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The insulin (Millipore, Sigma Aldrich, St. Louis, MO, USA; Cat# EZRMI-13K), leptin (Millipore, Sigma
Aldrich, St. Louis, MO, USA; Cat# EZRL-83K) and TNF-alpha (R&D Systems, Minneapolis, MN, USA; Cat#
RTA00-1) concentrations were measured by enzyme-linked immunosorbent assay (ELISA) with specific
kits, following the manufacturer’s guidelines. The optical density of the samples was read using a microplate
reader (Spectra MAX 190, Molecular Devices, Sunnyvale, CA, USA).

Morphological Analyses of Adipose Tissues

Retroperitoneal and visceral white adipose tissues were analyzed for adipocyte morphometry using
Hematoxylin and Eosin (H&E) staining. For this purpose, the fragments of adipose tissue were fixed in 4%
paraformaldehyde. The samples were dehydrated in alcohol, clarified in xylol and embedded in paraffin.
Histological sections 5 pm thick were made and projected at 40 times magnification with the aid of a
microscope (Leica Mikroshopie & System GmbH, Wetzlar, Germany), coupled with a video camera, which
sends digital images to a computer equipped with an image analysis program (Image Pro-plus, Media
Cybernetics, Silver Spring, Maryland, USA). Adipocyte areas (hypertrophy) and number (hyperplasia)
were quantified. The adipocyte area measurement was performed using Image] software (Image], National
Institutes of Health, USA) and was calculated from the average value of the area in all fields measured, for
each group. The average adipocyte volume was calculated according to Gibert-Ramos et al [35]..

Determination of Liver Water Content

Water content in tissues was determined gravimetrically by weighing fresh tissue and then drying it
at a temperature of 55 * 5°C, for a period of 48 hours. The determination of water content was expressed in
relative values and calculated by the following formula: [(fresh weight (g) - dry weight (g))/(fresh weight

(8)) x100] [36].

Analysis of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)

Liver sections were examined for steatosis using a semiquantitative approach with Oil Red-O staining.
Additionally, score analyzes were conducted for steatosis, inflammation, and fibrosis using H&E and Sirius
Red staining [37].

The semiquantitative evaluation of the percentage of steatosis followed the protocol outlined by Lirio
et al. [38]. Liver samples were cryosectioned at a thickness of 10 pm using a cryostat set at -25 °C (Jung CM
1860; Leica, Germany) after embedding in Tissue Plus O.C.T. Compound (Fisher HealthCare, Thermo Fisher
Scientific, Waltham, Massachusetts, USA). Oil Red-O (Sigma Aldrich, USA) was used for staining and images
were captured with a video camera (AxioCam ERc5s, Carl Zeiss, Germany) coupled to an optical microscope
(AX70, Olympus Corporation, Japan) using a 40x magnification objective lens, and quantitative analysis was
performed using Image] software (National Institutes of Health, Bethesda, USA). For analysis, ten different
fields per animal were randomly selected to calculate the average percentage of the stained area.

To assess liver disease severity, hepatic tissue samples previously fixed in 4% paraformaldehyde were
dehydrated in graded ethanol, cleared in xylene, and embedded in paraffin at 65 °C. After embedding, tissue
blocks were sectioned using a rotary microtome to obtain 5 pm-thick slices. Sections were stained with H&E
or Sirius Red. Images were evaluated under 10 or 40x magnification using a video camera attached to a light
microscope (Leica Mikroshopie & System GmbH, Wetzlar, Germany).

The diagnosis and staging of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)
were based on the cumulative histological score, as proposed by Liang et al [37].. Histological evaluation
was independently performed by two experienced pathologists, both blinded to the experimental groups.
Liver histopathology was assessed based on the extent of macrovesicular and microvesicular steatosis,
hepatocyte hypertrophy, and inflammatory changes, as well as the presence and extent of fibrosis. Steatosis
and hypertrophy were individually scored from 0 to 3 according to the percentage of affected area (0: <5%;
1: 5-33%; 2: 34-66%; 3: >66%), with distinctions made by nuclear displacement (macrovesicular) and cell
size enlargement (>1.5x normal diameter), respectively. Inflammation was graded by the average number
of inflammatory foci per field (normal: <0.5; slight: 0.5-1.0; moderate: 1.0-2.0; severe: >2.0). Fibrosis was
classified semiquantitatively (absent, mild, moderate, or massive) and quantified by image analysis of Sirius
Red-stained area [37]. Although the research utilized diagnostic protocols established before the adoption
of the new nomenclature (MASLD, before was NAFLD), the terminology has been updated to align with the
latest MASLD guidelines.
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Statistical Analysis

Data distribution was assessed using the Shapiro-Wilk test. Parametric data were expressed as mean *

standard deviation and compared between two groups using the Student’s t-test for independent samples.

Comparisons among three groups were performed using one-way ANOVA, followed by Tukey’s post-hoc test.

Non-parametric data among three groups were analyzed using the Kruskal-Wallis test, followed by Dunn’s

test for multiple comparisons. Changes in BW evolution and glucose by tolerance test (GTT) were analyzed

using two-way ANOVA for repeated measures, complemented by Bonferroni’s multiple comparisons test.

The association between single linear variables was explored by Pearson’s correlation coefficient. Analyses
and graphs were performed using GraphPad Prism 8.0, with a significance level set at 5% (p < 0.05).

Results

Obesity Induction and
Characterization  of  Obesity
Resistance

The initial moment of obesity
was observed in the 4th week,
characterized by the HFD group
exhibiting a significantly higher body
weight compared to SD group (p <
0.05) (Fig. 2). After the determination
of obesity and application of the tertile
separationcriteriaforcharacterization
of Obesity-Resistance, the HFD group
was redistributed into Obesity-Prone
(OP) and Obesity-Resistant (OR); the
SD group was named as Control (C)
group. However, there was a loss of
four rats in C without identified cause.
Consequently, the analyses proceeded
with C (n=8), OP (n=12), and OR
(n=12), respectively.

Fig. 2 illustrates the body weight
evolution of the animals throughout
the entire experimental protocol,
including the obesity induction
period and the post-redistribution
period, defined by characterization
of Obesity-Resistance. The results
demonstrate that the body weight
was statistically higher in OP group
than OR and C from the 5th to the 14th
week, respectively. Additionally, the
OR group did not show a difference
from the C group until the 6th week,
but from the 7th week until the end
of the experimental protocol (14th
week), the OR animals exhibited
an intermediate body weight,
characterized by a higher body weight
than the C group and lower than the
OP group (OP>0R>(C).
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Fig. 2. Body weight evolution of the animals throughout
the entire experimental protocol. Obesity induction (week
0 - 4) and characterization of obesity resistance (week
5 - 14). Standard diet (SD, n = 35); High-fat diet (HFD; n
= 36). Control (C, n = 8), Obesity-prone (OP, n = 12), and
Obesity-resistant (OR, n = 12) groups. Data are expressed
as mean * standard deviation. p<0.05; *C vs. OP; ¢C vs. OR;
#OP vs. OR; Two-way repeated measures ANOVA followed
by Bonferroni post-hoc test.

Table 1. Characterization of Obesity Resistance. C: Control
(n=8); OP: Obesity-Prone (n=12); OR: Obesity-Resistant
(n=12). BW: body weight; FBW: final body weight; body fat:
sum of fat pads (epididymal, retroperitoneal, and visceral).
Data expressed as mean * standard deviation. p<0.05; * vs.
C; *OP vs. OR. One-way ANOVA, followed by Tukey’s post-
hoc test

Experimental Groups

Variables
© OoP OR

BW (g) 5t week 3637 451 + 28* 372 £ 22#
FBW (g) 14th week 369 28 582 + 56* 506 * 25%#
BW gain (g) 5-14th week 6.06 + 26.65 132 +33* 134 + 16*
Epididymal fat (g) 0.97 £0.81 8.03 £1.66*  5.54 +1.37*#
Retroperitoneal fat (g) 2.00+1.76 17.7 £3.7* 12.0 £ 3.6*#
Visceral fat (g) 1.21+0.80 8.20+1.55*  5.81+1.75%#
Body fat (g) 4.17 £3.28 339 +4.6* 23.4 + 6.4*#
Adiposity index (%) 1.12+0.81 5.84+0.77*  4.62+1.20%#
Food consumption (g/day) 16.4+1.7 18.3 £ 1.1* 16.9 £ 1.0#
Calorie intake (kcal/day) 62.1+6.3 84.4 + 5.2% 78.0 + 4.5%#
Feed efficiency (%) 0.10 £0.59 2.21+0.45* 2.45 +0.34*
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Characterization

Resistance

Table 1 presents the results
after the characterization of
Obesity-Resistance at the end of
the experimental protocol. The
final body weight (FBW) was lower
in OR group than OP group and
higher than C group, respectively.
Considering the body adiposity,
the results show that the OR group
exhibited intermediate values of
epididymal, retroperitoneal, and
visceral fat, being elevated and
reduced, when compared to C and
OP groups, respectively. In addition,
the total body fat pads also differed
from those of the other groups (OR
> C and OR <OP; p < 0.05). When
comparing the adiposity index
among the groups, the results show
an elevation in OR (312.5%) and OP
(421%), when compared to C group.

The nutritional behavior
between the OR and OP groups was
not similar, since OR animals had
a lower daily food consumption
than OP group, but it was similar in
relation to C group. Likewise, the
daily calorie intake was lower in
OR group than OP group, but higher
than C group. Feed efficiency did
not differ between the OR and OP
groups; this parameter was higher in
OR and OP than C.

The OR and OP groups exhibited
higher levels of cholesterol and HDL
levels when compared to C group;
these parameters were similar
between OR and OP. TG levels were
similar across all experimental
groups. In relation to hormonal
profile, OP group had elevated leptin
levels when compared to OR and
C groups, respectively (Table 2). In
the OR condition, an intermediate
characteristic was observed, with

of  Obesity

Table 2. Lipidic and hormonal profile. C: Control (n=5);
OP: Obesity-Prone (n=8); OR: Obesity-Resistant (n=7).
Leptin analysis - £C (n=7); OP (n=8); OR (n=8). TNF-alpha
analysis - #C (n=8); OP (n=8); OR (n=8). HDL: High-Density
Lipoprotein; TG: Triglyceride. Data expressed as mean *
standard deviation. p<0.05; * vs. C; *OP vs. OR. One-way
ANOVA, followed by Tukey’s post-hoc test

Experimental Groups

Variables

€ oP OR
Cholesterol (mg/dL) 304+10.7 60.1+81* 584+12.2*
HDL (mg/dL) 13.2+11 204+22* 20.0+2.5*%
TG (mg/dL) 235+41 348+11.0 344+133

Leptin (ng/mL)E 074+039 11.1%29* 7.49+295%

TNF-alpha (pg/mL)®  329+44 31026 28923

300
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Fig. 3. Assessment of glucose profile. A) Glucose Tolerance
Test (GTT); B) Area Under the Curve (AUC) for Glucose; C)
Fasting Serum Insulin; D) Homeostatic model assessment
index (HOMA-IR). Control (C, n=8), Obesity-Prone (OP, n=8),
and Obesity-Resistant (OR, n=7) groups. Data expressed as
mean * standard deviation. p<0.05; *C vs. OP; *‘C vs. OR. Two-
way ANOVA for repeated measures, followed by Bonferroni
post-hoc test (GTT). One-way ANOVA, supplemented with
Tukey’s post-hoc test (AUC, basal glucose, fasting insulin,
HOMA-IR).

leptin levels higher than the C group and lower than OP group. TNF-alpha levels, which it
was measured to evaluate the systemic inflammation, was no difference among groups.

Fig. 3 illustrates the assessment of glucose profile, including the results from glucose
tolerance test (GTT), glycemic area under the curve (AUC), basal glucose, fasting insulin,
and HOMA-IR. OR and OP groups did not show statistical differences for glucose between
each other at baseline and after 30, 60, 90 and 120 minutes; both exhibited higher baseline
glucose levels by 16.7% in the OR group and 20.5% in the OP group compared to the C group,
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Fig. 4. Morphological analysis of adipocytes in white adipose tissues after 14 weeks of experimental protocol.
Stained with Hematoxylin & Eosin (10x). VAT: visceral adipose tissue; RAT: retroperitoneal adipose tissue.
A) Representative photomicrographs of VAT and RAT fragments; B) Area (hypertrophy) of adipocytes; C)
Number of adipocytes (hyperplasia). Control (C, n = 6), Obesity-Prone (OP, n = 8), and Obesity-Resistant
(OR, n = 8) groups for VAT. Control (C, n = 7), Obesity-Prone (OP, n = 8), and Obesity-Resistant (OR, n = 8)
groups for RAT. Data expressed as mean # standard deviation. p<0.05; * vs. C; *OP vs. OR. One-way ANOVA,
followed by Tukey’s post-hoc test.

respectively. In addition, at 30 and 60 minutes, the OP and OR groups showed higher glucose
levels only in comparison to the C group; the OR group did not differ from C groups at 90
and 120 minutes; OP presents high glucose values in relation to C in these points. (Fig. 3A).
In the analyses of glycemic AUC (Fig. 3B), fasting serum insulin (Fig. 3C), and HOMA-IR (Fig.
3D), the OR and OP groups exhibited higher values than C group, but no differences were
observed between these groups.

Fig. 4 presents the morphological evaluations of white adipose tissues. The OR and OP
groups exhibited hypertrophy, with significantly larger adipocyte areas than the C group
(p<0.05) in both visceral adipose (VAT) and retroperitoneal adipose tissues (RAT) (Fig. 4B).
However, when directly comparing the OR and OP groups for this same parameter in RAT, a
p-value of 0.075 was observed. This result implies that, although not statistically significant
by the conventional criterion (p<0.05), the observed difference may still be biologically
relevant. Nevertheless, the evaluation of the number of fat cells (hyperplasia) revealed
distinct patterns in both VAT and RAT (Fig. 4C). In both tissues, the OR group exhibited a
lower quantity of adipocytes compared to the OP group, but they did not differ significantly
from C. Conversely, the OP group had a significantly higher number of adipocytes compared
to C group.

MASLD in Obesity-Resistance

Fig. 5 illustrates the evaluation of liver tissue in the experimental groups. It can be
observed that the OR and OP groups exhibited similar areas of hepatic steatosis, analyzed
histologically using Oil Red-0 staining (Figures 5A and 5B). When comparing the steatosis
area of the C group with the other groups, the results showed that the C group presented a
reduction of 84.2% and 85.4% when compared to OR and OP groups. Additionally, the OR
and OP groups exhibited greater total liver weight (Fig. 5C) and lower water content (Fig. 5D)
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Fig. 5. Evaluation of liver tissue

>

Control

Obesity-Prone Obesity-Resistant

in experimental groups. A)
Representative photographs and
photomicrographs stained with
H&E (40x), Oil Red-O (40x), and
Sirius Red (10x). B) Quantitative

Macroscopic

analysis of hepatic steatosis in
0il Red-O-stained sections (40x).
C) Total liver weight. D) Water
content. E-I) Grading scores of
Metabolic Dysfunction-Associated

H&E

Steatotic Liver Disease (MASLD),
assessed by two pathologists. ])
Stages of Metabolic Dysfunction-
Associated Steatotic Liver Disease

Oil Red-0O

(MASLD) in the OP and OR groups,
according to the classification
system proposed for rodents.
MASL: Metabolic Dysfunction-
associated Steatosis Liver. MASH:

Sirius Red

Metabolic Dysfunction-associated
Steatohepatitis. =~ Macrovesicular
steatosis (bold arrow): large lipid
droplets present in hepatocytes;
microvesicular steatosis (dotted
arrow): small lipid droplets
present in hepatocytes; clusters
of inflammatory cells (circled);
hepatocyte hypertrophy (white c o OR
arrow). HE: Hematoxylin &
Eosin. Control (C, n = 8), Obesity-
prone (OP, n = 8), and Obesity-
resistant (OR, n = 8) groups.
Data are expressed as mean *
standard deviation. p<0.05; * vs.
C; *OP vs. OR. One-way ANOVA,
supplemented with Tukey’s post-

@
*

0il Red O - Stained Area (%) 0
>

Macrovesicular steatosis
score
N
°
.

(2]
o

@
S

*

Liver weight (g)
= 3
Water content (%)
= ~
2 3
| E

o
o
o
El

o
o

hoc test for parametric data (Figs. op
A to D); and Mann-Whitney for
non-parametric data (Figs. E to ]). G

IS

compared to C group. The OR
group showed a statistically
significant reduction in liver
weight compared to the OP

w
]

Hypertrophy score
- ~

o

F
4
';é
vy H 3 LX) v
N z.
s £
32
$
vvylvy g 1 eeoee YYVY
S
=
0 * T
OR OoP OR
H

Inflammation score
N

vy
1 LN ]

group (Fig. 5C).

Considering that MASLD
is characterized by the
presence of hepatic steatosis I
in more than 5% of the liver
or a score greater than 0
in rodent classification,
the morphological results
showed that the OR and

OP

N
o

»
o

o

Fibrosis score
o = =
o o w
o
1 o
t S
o
o
.
.
)
0
.
.
= Score
o N & O ®
<
<
o0
.
<

OR OoP OR

e OP
° ¥ OR

o
o

OP groups presented the
MASLD. In addition, the C

OR No MASLD MASL MASH

group exhibited insignificant

442



Ce”ular Phy5|ology Cell Physiol Biochem 2025;59:434-452

DOI: 10.33594/000000791 © 2025 The Author(s). Published by

and BiOChemiStry Published online: 7 July 2025 Cell Physiol Biochem Press GmbH&Co. KG

Rangel Madureira et al.. MASLD and Adipose Changes in OR Rats

r=0.9196 .

< < p < 0.0001

z 5 15

] = =

z : 2

k| k| S 10+

) @»n =]

=] =) =

= = 54

@ 2]

& &

O 0 T T T 1 o 0 T I. T 1
0 5 10 15 20 0 5 10 15 20

Leptin (ng/mL) HOMA-IR Leptin (ng/mL)

Fig. 6. Correlations between hepatic steatosis area, leptin, and insulin resistance (IR). A) hepatic
steatosis area and leptin correlations. B) hepatic steatosis area and HOMA-IR correlation. C) HOMA-IR
and leptin correlations. Control (n=7), Obesity-Prone (n=8), and Obesity-Resistant (n=7) groups. HOMA-
IR: Homeostatic Model Assessment of Insulin Resistance. Data are presented as mean using Pearson’s
correlation coefficient (r).

levels of hepatic fat, with less than 5% and a score of 0 for steatosis, thereby excluding the
possibility of MASLD in this group.

Figs. 5E-1 summarizes the results from classification system proposed for rodents by
Liang et al. (2014) and Fig. 5] illustrates the final score (3, Score) of each animal along with its
respective disease stage, based on the sum of individual scores for macrovesicular steatosis,
microvesicular steatosis, hepatocellular hypertrophy and inflammation, as well as fibrosis.
When evaluated together, it was observed that the OR and OP groups did not show statistical
differences in macrovesicular and microvesicular steatosis (Figures 5E and F). Additionally,
there was no difference between the groups for hypertrophy and inflammation scores
(Figures 5G and H). However, by summing the scores of each animal and classifying them
according to the rodent classification system, it can be inferred that the OR and OP groups
were at different stages of the disease. Specifically, 50% of the OR animals were classified
in the initial stage of metabolic dysfunction-associated steatosis liver (MASL), a condition
that is part of the broader category of MASLD. Additionally, 37.5% of the OR animals had
progressed to metabolic dysfunction-associated steatohepatitis (MASH). In contrast, the OP
group was predominantly characterized by MASH, with 87.5% of the animals exhibiting this
condition (Fig. 5]).

The results from hepatic steatosis, insulin resistance (IR), and serum leptin levels
relationship were illustrated in Fig. 6. Moderate positive correlations were observed
between hepatic steatosis area and leptin (r = 0.68, p = 0.0003) (Fig. 6A), as well as between
hepatic steatosis area and IR (r = 0.69, p = 0.0002) (Fig. 6B). Additionally, there was a
significant positive correlation between IR and leptin levels (r = 0.91, p < 0.0001) (Fig. 6C).
These correlations can help us identify relationships between adipose dysfunction, leptin
resistance, and MASLD progression in obesity-resistant animals.

Discussion

This study aimed to elucidate the impact of a high-fat diet containing saturated fat on
the development of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)
in obesity-resistant (OR) rats and to explore the associated metabolic and morphological
changes. The main findings of current study were that, although OR rats exhibited reduced
body weight gain and lower fat accumulation compared to obesity-prone (OP) rats, they
still developed MASLD. Notably, 50% of the OR rats presented with early-stage MASLD, and
37.5% advanced to metabolic dysfunction-associated steatohepatitis (MASH), highlighting
that chronic exposure to a high-fat diet with saturated fat induces significant metabolic and
hepatic alterations even in individuals resistant to obesity. In addition, OR rats displayed
notable morphological and metabolic changes associated with MASLD, including disruptions
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in metabolic parameters and alterations in adipose tissue similar to those observed in OP
rats.

OR has become an increasingly prominent topic in scientific research due to its potential
to provide insights into the etiology of obesity and associated metabolic disorders, such as
MASLD. The characterization of OR reveals animals that, despite being subjected to the same
high-fat diet (HFD) as their obesity-prone (OP) counterparts, exhibit significantly lower
body weight gain and adiposity. Over years of investigation, various protocols for inducing
obesity and characterizing OR have been established [3, 5, 23, 25, 30, 36, 39-42].

Among these protocols, the type of diet employed is arguably one of the most critical
variables in this form of experimental research, requiring careful evaluation due to its
direct impact on adiposity and the development of metabolic disorders [43]. In the current
study, the HFD utilized was effective in inducing obesity in rodents by the fourth week of
treatment, corroborating previous studies that validate this experimental model [40, 44,
45]. The selected diet contained 45% of calories from fat, with lard as the primary source,
justifying its proven effectiveness in promoting adiposity and metabolic dysregulation, as
demonstrated in other studies [4, 40, 46-48].

The identification and characterization of the OR group in this study were based on
body weight, employing the tertile criterion, which facilitates a phenotypically homogeneous
classification of animals and is widely accepted in the literature [2, 40, 49]. Thus, OP group
maintained a higher BW compared to other groups throughout the experiment, however, the
OR group had an intermediate body characteristic, being the onset of weight differentiation
in the week 6 compared to group C. At the end of the experiment, the OR was characterized
by a reduction of 13% in BW and a 21% lower adiposity index, respectively, when compared
to obesity. These findings align with literature, which suggests that the OR group tends to
gain BW more slowly and to present a intermediate characteristics between the OP and C
groups [4, 42,48-50] even under chronic HFD exposure [40, 41]. This improvement in energy
expenditure suggests a more efficient control of lipid metabolism and appetite [51, 52]. In
this context, the presence of compensatory mechanisms in OR can occur, such as enhanced
thermogenesis or increased leptin sensitivity, which may have mitigated the impact of the
HFD [41, 52-55].

Corroborating the body weight findings, the current study similarly showed that OR
also has intermediate characteristics for adiposity, since it was observed a smaller visceral
and retroperitoneal fat pad in comparison to OP group, yet larger than those in the C group.
The increase in adiposity observed in OR and OP groups suggests that even OR animals still
accumulate significant fat. One explanation for these results can be attributed to differences
in nutritional profile between the OP and OR groups, which it may contribute to this variation
in adiposity. Previous studies have also reported lower food consumption and caloric intake
in the OR group compared to the OP group [36, 46, 56, 57], probably due to a more efficient
hormonal response to satiety that is mediated by leptin and other anorexigenic hormones
[41, 54, 55]. The similar feed efficiency between the OR and OP groups indicates that
weight gain was not influenced by the efficiency in converting calories into BW, suggesting
that control of caloric intake and possibly factors related to basal metabolism or adaptive
thermogenesis played a more relevant role in limiting weight gain in the OR.

Hormonaland metabolicalterationsare central characteristics of obesity, often associated
with imbalances in glucose homeostasis, lipid metabolism, and appetite regulation [19, 53,
58]. In the context of our study, we observed that despite the lower weight and fat gain,
OR rats exhibited significant changes in several metabolic and hormonal parameters. The
analysis also revealed that OR rats had intermediate levels of serum leptin, total fat pads, and
final liver mass, positioning them between the C and OP groups. Additionally, there were no
significant differences in total cholesterol, HDL, glycemic, and insulinemic profiles between
the OR and OP groups, however, both groups presented higher values than C group.

In this study, serum leptin levels were directly proportional to adipose mass across all
experimental groups, consistent with the established role of leptin as a mediator of energy
homeostasis [51]. Typically, diet-induced obesity in rodents results in hyperleptinemia
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and leptin resistance, leading to increased food intake and weight gain [59]. However, our
findings did not show evidence of hyperphagia or leptin resistance in the OR group. Research
supports that efficient leptin signaling is crucial for regulating appetite and preventing
excessive weight gain. For instance, leptin resistance often leads to hyperphagia and
metabolic dysregulation, whereas effective leptin signaling helps maintain energy balance
[60]. The absence of elevated food intake in the OR group, despite intermediate leptin
levels, implies that these rats have preserved leptin sensitivity, which could be attributed to
differences in leptin receptor functionality or downstream signaling pathways [61]. Thus,
it is reasonable to propose that OP group has developed leptin resistance, characterized
by impaired leptin action and increased food consumption, while the OR group maintains
effective leptin signaling. This enhanced leptin responsiveness likely contributes to the OR
rats’ ability to avoid excessive weight gain.

Moreover, taking into account that the biochemical and physiological disorders related
to obesity and OR, our data revealed that the glucose metabolism was damaged in presence
or absence of obesity. Thus, OR and OP animals exhibited hyperglycemia, impaired glucose
tolerance, hyperinsulinemia and insulin resistance (IR), respectively. Based on literature and
our findings, it is inferred that basal hyperinsulinemia promoted higher hepatic glycogen
content, reducing the liver’s buffering capacity for blood glucose and delaying glucose
clearance from circulation in the OP and OR groups during the glucose tolerance test
(GTT) [62, 63]. Our results are in according to several studies that have also demonstrated
altered fasting glucose and insulin values, as well as elevated HOMA-IR indexes [25, 30].
These findings support our initial hypothesis that metabolic changes are independent of the
presence of obesity.

Despite their resistance to obesity, the OR rats in our study exhibited notable metabolic
impairments. These findings might seem counterintuitive given their lower body fat
accumulation compared to OP rats. However, several factors could explain these metabolic
abnormalities in the OR group. Firstly, hyperglycemia in OR rats can arise from impaired
glucose uptake and utilization, despite their resistance to obesity. This condition may result
from a combination of reduced insulin sensitivity and altered glucose handling by the liver. In
our study, the OR group demonstrated elevated fasting insulin levels, suggesting an ongoing
compensatory mechanism to counteract insulin resistance. Prolonged IR can overwhelm
this compensatory mechanism, leading to persistent hyperglycemia [64]. Additionally, the
impaired glucose tolerance observed in the OR group may be attributed to a decreased
ability of insulin to facilitate glucose uptake into peripheral tissues, particularly muscle and
adipose tissues. This decreased insulin sensitivity is often associated with dysregulation in
insulin signaling pathways, such as reduced expression or function of insulin receptors and
downstream signaling components like GLUT4 [65]. The higher hepatic glycogen content
observed in the OR group could exacerbate the glucose intolerance. Increased hepatic
glycogen storage may limit the liver’s ability to effectively regulate blood glucose levels,
contributing to delayed glucose clearance during the GTT.

The lipid profile was similar between OP and OR animals, reinforcing the notion that
the chronic HFD consumption causes metabolic damage, independently of obesity. Thus,
both conditions induced isolated hypercholesterolemia in animals without alterations in TG.
Dysregulation of lipid balance is a key factor in the development of metabolic disorders,
including IR, atherosclerosis, and MASLD. According to Flock and Kris-Etherton (2013)
[66], saturated fatty acids, such as those found in lard, are associated with increased plasma
concentrations of low-density lipoproteins (LDL-c) and total cholesterol. In the OR group,
the increase in cholesterol without changes in TG levels could be explained by differences
in lipid metabolism regulation, particularly the way the liver handles lipids under high-fat
diet conditions. Cholesterol levels are often more sensitive to dietary fat intake, especially
saturated fats, which promote increased cholesterol synthesis and reduced clearance of LDL
from the bloodstream [67, 68]. This can occur even in the absence of obesity, as seen in
the OR rats. On the other hand, TG are strongly influenced by the balance between energy
intake and expenditure. In our study, despite the observed differences in adiposity between
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the OR and OP groups, there was no significant difference in circulating TG levels between
these groups. This suggests that, despite lower adiposity in OR animals, their capacity to
metabolize and store TG remains comparable to that of OP animals. Therefore, the impact
of a high-saturated fat diet on triglyceride levels appears to be similar between the groups,
reflecting a common metabolic response to excessive lipid intake [69].

Additionally, we evaluated tumor necrosis factor-alpha (TNF-alpha), a key cytokine
involved in systemic inflammation, commonly associated with obesity, and implicated in the
development of insulin resistance and endothelial dysfunction [70, 71]. Despite expectations,
both OR and OP groups did not show increased levels of this pro-inflammatory marker, a
result consistent with previous findings [5, 72]. One possible explanation for the lack of TNF-
alpha elevation is that the inflammatory response may be more localized within the adipose
tissue rather than systemic, and thus not reflected in serum levels. Alternatively, other
inflammatory mediators, such as IL-6 or MCP-1, may have played a more prominent role
in early inflammatory responses, compensating for TNF-alpha’s involvement in the initial
phases of diet-induced inflammation [73-75].

Adipose tissue remodeling, characterized by an increase in both the size (hypertrophy)
and number (hyperplasia) of adipocytes, is a common feature of obesity [76]. Specifically,
in OR, our findings similarly revealed adipocyte hypertrophy, particularly in visceral and
retroperitoneal fat pads. This pattern of adipocyte expansion aligns with what has been
documented in OP models, where hypertrophied adipose tissue is linked to metabolic
dysfunction, including impaired lipid storage capacity [77].

The hypertrophy observed in OR rats can be attributed to sustained exposure to a
HFD, which drives adipose tissue expansion to accommodate excess lipid intake. Adipocyte
hypertrophy occurs when the storage capacity of adipocytes is exceeded, leading to
larger fat cells that become less efficient in lipid storage [27, 76]. This inefficiency may
contribute to lipid spillover into non-adipose tissues, including the liver. Research indicates
that approximately 60% of the fat deposited in the liver originates from adipose tissue,
underscoring the connection between dysfunctional fat storage and hepatic steatosis [18,
19]. Therefore, the hepatic lipid accumulation in OR could reflect ongoing metabolic stress
and compromised lipid handling, which is consistent with observed metabolic disturbances
in both groups. Adipocyte hypertrophy is often linked to inflammatory responses [78]. Larger
adipocytes are prone to hypoxia, which triggers macrophage recruitment and activates
inflammatory signaling pathways, such as IKKB/NF-kB and JNK/AP-1. These pathways lead
to the production of pro-inflammatory cytokines, including TNF-alpha, which exacerbates
IR and promotes lipolysis, increasing free fatty acid (FFA) levels in the bloodstream [58].
Although no differences were observed in TNF-alpha levels among groups, the hypertrophic
condition in OR suggests that chronic high-fat diet exposure induces substantial metabolic
stress and adipose tissue dysfunction.

Interestingly, while the OR group exhibited less hyperplasia compared to OP rats,
indicating a limitation in the expansion of adipocyte numbers, this did not translate into
differences in IR between the two groups. The reduced hyperplasia in OR rats might reflect a
more effective regulation of lipid storage within existing adipocytes or an adaptation to lipid
overload. However, despite this adaptation, the OR group did not prevent the IR, suggesting
that high-fat diet-induced metabolic dysfunction affects both groups similarly. Thus, the
demonstrated hypertrophy and IR in OR and OP groups highlight that a diet rich in saturated
fats impairs metabolic function regardless of the differences in adipocyte hyperplasia,
emphasizing the complex interplay between adipose tissue expansion, hepatic lipid
accumulation, and metabolic health [79-81]. Additionally, the reduced number of adipocytes
in the OR compared to obesity, may indicate, paradoxically, a protective mechanism against
extreme to this disease, but it could also pose a risk for metabolic complications if the fat
storage capacity is exceeded. The literature indicates that when hypertrophied adipocytes
reach their size limit, hyperplasia occurs as a compensatory mechanism for the energy
imbalance [76, 82]. The exact mechanism remains unclear, but one possible hypothesis
involves the role of sterol regulatory element-binding protein 2 (SREBP2), a transcription
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factor related to cholesterol metabolism, where its activation threshold may trigger
adipogenesis [82].

Thus, in parallel with the present study, it is inferred that the hyperplasia observed in
the presence of obesity may be driven by yet-to-be-elucidated mechanisms involved in this
borderline expandability of the adipocytes in OP rats, resulting in heightened stimulation
of adipogenesis. Previous studies on the effects of a HFD on adipose tissue have yielded
varied results. Some research found no difference in visceral fat area between OR and C
groups [36, 40], while another study reported larger adipocytes in OP rats and a higher
number of cells in the OR group [3]. These discrepancies suggest that the impact of HFD on
adipose tissue can differ depending on the study design and model used. In this scenario, the
several dietary exposure protocols, with different macronutrient percentages, fat sources,
treatment durations, and experimental models, strongly contribute to the differences found.
This underscores the importance of considering not only the quantity but also the quality of
the diet.

MASLD is a condition frequently associated with obesity, characterized by the
accumulation of fat in hepatocytes and ranging from simple steatosis to more severe
stages such as MASH, which can progress to cirrhosis and hepatocellular carcinoma [15].
Considering our metabolic and morphological findings collectively in OR, we can infer that
the significant metabolic dysregulation observed in OR rats is closely associated with the
development of MASLD [18, 83]. However, the literature is scarce regarding this involvement
of this disease in OR individuals, highlighting the scientific relevance of investigating MASLD
in the Obesity Resistance.

The results of hepatic steatosis in OR and OP groups confirm the development of MASLD
regardless of obesity. Hepatic steatosis observed in OR groups was demonstrated by Omagari
etal [23]., which evaluated MASLD in Wistar/ST rats subjected to a chronic HFD regimen and
observed lipid accumulation in both OP and OR groups. In another study, Xia et al [26]. found
hepatic steatosis in male C57BL/6] OR mice exposed to an HFD containing 45% fat during
the 17th week of the experiment, although in smaller amounts compared to the OP group.

The presence and extent of steatosis, inflammation, and fibrosis in the liver indicate
the stage of MASLD. Thus, the analysis revealed that 50% of OR rats (4 out of 8) had an
initial diagnosis of the disease, marked by hepatic steatosis with minimal or insignificant
inflammatory infiltrates. Notably, 37.5% of OR rats (3 out of 8) progressed to MASH. In
contrast, 87.5% of obesity-prone (OP) rats (7 out of 8) developed MASH, indicating a more
rapid progression to severe stages of the disease. These data suggest that even though OR
rats exhibit a lower rate of progression to MASH compared to OP rats, chronic exposure to a
high-fat diet (HFD) still induces significant and detrimental hepatic alterations. The fact that
a substantial proportion of OR rats advanced to MASH despite their resistance to obesity
highlights the harmful impact of HFD on metabolic health. This emphasizes that obesity
resistance does not confer protection against the metabolic and hepatic damage caused
by high-fat diets, reinforcing the critical need to address dietary impacts on metabolic
dysfunction across different phenotypes. These findings are consistent with observations
from another study that also identified the development of hepatic steatosis and MASH in
both OP and OR rats under similar HFD conditions [23]. Regarding MASLD severity in the
presence of obesity or obesity-resistance, OP rats exhibited a more pronounced progression
compared to OR rats, as demonstrated by the higher inflammation and fibrosis scores.

The greater number of OP animals diagnosed with MASH suggests that there are
specific differences in hepatic metabolism between OP and OR rats that contribute to more
severe disease progression in OP rats. One key factor could be the disparity in leptin levels
observed between the two groups. Elevated leptin levels in OP rats, especially when coupled
with insulin resistance, could lead to enhanced hepatic lipogenesis and fat accumulation,
exacerbating liver dysfunction [84]. This increased hepatic fat deposition, combined with
persistent inflammation, likely accelerates the progression from MASLD to MASH in OP rats
[85]. Additionally, differences in cytokine profiles, which may predispose OP rats to more
severe forms of MASLD, could further differentiate their hepatic metabolism from that of OR
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rats [84]. This highlights the complex interplay between adipose tissue metabolism, leptin
signaling, and liver pathology in determining the progression of MASLD.

Finally, this research provides a solid basis for future investigations that explore the
molecular mechanisms underlying obesity resistance, such as the regulation of lipid
metabolism, hormonal signaling, and localized inflammation in specific tissues.

In summary, this study demonstrated that chronic consumption of a HFD in OR rats
induces significant metabolic alterations, changes in adipose tissue and the development
of MASLD. Even in the absence of obesity, OR rats progressed to advanced stages of MASLD,
such as MASH, with alterations in adipose tissue similar to those observed in OP rats.
These findings support the hypothesis that prolonged HFD exposure induces metabolic
dysfunctions in both adipose and hepatic tissues, highlighting that OR does not protect
against the harmful effects of a HFD.
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