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Abstract

Background: Obesity involves an excessive buildup of adipose tissue and is linked to
chronic inflammation and oxidative stress, both of which contribute to immunosenescence.
Obesity and aging share common features, including immune system impairment and
oxidative and inflammatory states, suggesting that obesity may represent a model for
accelerated immunosenescence. Objectives/Methods: The aim of this research was to
evaluate in Zucker fatty (fa/fa) rats, a well-established genetic model of obesity, multiple
immune function parameters (phagocytic activity, natural killer cell function, lymphocyte
proliferation in response to mitogens, and cytokine profiles), as well as redox parameters
(total antioxidant capacity, glutathione levels, activities of glutathione peroxidase and
reductase, and xanthine oxidase activity) in peritoneal leukocytes, spleen, thymus, and liver
at adult age (24 weeks). Comparisons were made with Zucker lean controls (fa/+), commonly
used as standard controls, and Wistar rats as an independent control group. Results: Zucker
fa/fa rats displayed significant physiological disorders, including increased body and organ
weights, premature immunosenescence characterized by impaired innate and adaptive
immune responses, reduced IL-2 and IL-10 secretion, elevated TNF-α production upon
mitogen stimulation, and oxidative stress evidenced by redox imbalance in the spleen,
thymus, and liver. Conclusions: These immune dysfunctions and oxidative imbalances are
comparable to those observed during the aging process. Given that the immune parameters
analyzed are considered indicators of health, aging rate, and longevity, our findings suggest
that adult Zucker fa/fa rats could exhibit features of premature aging.

Keywords: obesity; Zucker fa/fa rats; immune dysfunction; inflammation; redox imbalance;
premature aging
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1. Introduction
Obesity, type 2 diabetes and metabolic syndrome are tightly interrelated conditions

that exert a major impact on health, especially during aging [1]. Metabolic syndrome
is defined by a combination of risk factors such as dyslipidemia, hypertension, and a
pro-inflammatory state associated with impaired glucose regulation. Insulin resistance,
chronic inflammation, and obesity are the three central elements that converge to drive the
metabolic disturbances involved in its onset [1–3].

Obesity is recognized as a chronic inflammatory disorder and represents a major risk
factor linked to insulin resistance and the development of type 2 diabetes mellitus [4,5].
The prevalence of both conditions has been steadily increasing worldwide [6,7]. Moreover,
the metabolic dysfunctions they cause resemble the alterations [8,9] and the oxidative-
inflammatory state characteristic of aging [7,10]. Indeed, obesity and type 2 diabetes are
considered age-associated diseases [7,11].

Aging is a biological process marked by progressive and generalized decline in or-
ganism’s functions, reducing the ability to adapt to changes and maintain homeostasis.
While all physiological systems deteriorate with age, those most responsible for homeo-
static regulation, the nervous, endocrine, and immune systems are particularly affected.
The immune system undergoes age-related changes known as immunosenescence, which
influence the rate of aging and modulate the oxidative-inflammatory processes underlying
it [12,13]. Chronic inflammatory and oxidative conditions, including obesity, are positively
associated with aging, inflammation, reactive oxygen species (ROS), and oxidative stress,
ultimately contributing to immunosenescence [7,9,14].

Although aging begins in adulthood, its progression depends on the state of homeo-
static systems at that stage [15]. Experimental animals exposed to diet-induced obesity in
adulthood display features of accelerated aging [16–19], supporting the notion that obesity
can serve as a model of premature immunosenescence [20].

Animal models are indispensable for advancing the understanding of obesity and
type 2 diabetes and their link to premature aging. Rodents, particularly mice and rats,
are favored due to their anatomical, physiological, and genetic similarities to humans [21].
These models allow researchers to explore the complex biological mechanisms of obesity
and diabetes, including their effects on metabolism, inflammation, oxidative stress, and
immune function.

Several monogenic rat models of obesity exist, such as Koletsky (fak/fak) rats (Obese
Spontaneously Hypertensive Rat), GH-deficient dwarf (dw/dw) rats, Dahl salt-sensitive
(DS)/obese rats, Wistar fatty rats (fa/fa) and Zucker diabetic fatty (fa/fa) rats (ZDF) [22,23].
These models provide valuable insights into how obesity contributes to premature aging.

The Zucker diabetic fatty (ZDF) rat, also known as Leprfa, carries a homozygous autoso-
mal mutation in the leptin receptor gene (fa/fa) on chromosome 5, resulting in a truncated,
non-functional receptor [22,23]. Consequently, ZDF rats exhibit hyperphagia, variable
hyperglycemia, and glucose intolerance, developing obesity at a juvenile age (3–5 weeks)
due to uncontrolled appetite and reduced energy expenditure [22]. Excess fat accumulation
and inflammation in white adipose tissue contribute to insulin resistance in this strain,
worsening diabetes progression [23]. Thus, ZDF rats are a well-established model for
studying obesity-related type 2 diabetes [23,24]. As they age, they show organ dysfunc-
tion [23,24], including neurodegeneration [25] impaired kidney function, cardiovascular
alterations and liver disease [23]. These physiological impairments are accompanied by
disrupted metabolic pathways, heightened oxidative stress, and inflammation in organs
such as the liver, adipose tissue, brain, heart and kidneys [26–30].

Immune studies in ZDF rats mainly focus on macrophages and T cells within adipose
tissue [31]. Dysfunctional adipocytes release cytokines such as tumor necrosis factor α
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(TNF-α), IL-6 and monocyte chemoat-tractant protein 1 (MCP-1), driving adipose tissue
inflammation and promoting cellular senescence [32]. However, immunosenescence in ZDF
rats has been scarcely investigated in immune organs. Limited studies report abnormal
spleen function and altered cytokine profiles [33], along with reduced T cell numbers in
blood, spleen, and thymus, and impaired splenocyte proliferation in response to mito-
gens [34]. A deeper understanding of immune homeostasis in ZDF rats is therefore needed
to clarify disease progression and complications in obesity and diabetes. Studying immune
function from early adulthood can reveal mechanisms underlying premature aging and
immunosenescence in these conditions.

The present study aims to characterize a broad extent of immune functions (phagocytic
efficiency, natural killer activity, lymphoproliferative responses to mitogens, and cytokine
profile) and redox parameters (total antioxidant capacity, glutathione levels, glutathione
peroxidase and reductase activities, and xanthine oxidase activity) in peritoneal leukocytes,
spleen, thymus, and liver of Zucker diabetic fatty (fa/fa) rats.

ZDF rats were compared with Zucker lean controls (fa/+), which share the same genetic
background but carry the heterozygous leptin receptor mutation (fa/+) and do not develop
obesity, making them a standard control group [29]. Additionally, since Wistar rats have
been proposed as potentially more suitable controls for ZDF (fa/fa) rats than Zucker lean
(fa/+) rats [35], they were included as an independent control in this study.

2. Materials and Methods
2.1. Animal Procedure

Male Zucker obese (fa/fa), Zucker lean (fa/+), and Wistar rats (WT) (n = 12 per group)
were sourced from Harlan Ibérica (Barcelona, Spain) at 5 weeks of age. The animals were
housed for 19 weeks in polycarbonate cages under a reversed 12 h light/dark cycle, at a
constant temperature of 22 ± 2 ◦C, until they were sacrificed at adulthood (24 weeks) by
decapitation, following the European Community Council Directives (86/609/EEC) on the
care and use of laboratory animals for experimental purposes, as well as Spanish animal
protection regulations (1201/2005 RD).

All rats had free access to a standard laboratory diet (A04 diet, Panlab L.S., Barcelona,
Spain). Zucker rats classified as fa/fa carry a homozygous recessive mutation in the leptin
receptor gene, which leads to obesity, whereas Zucker lean rats (fa/+) carry the heterozygous
mutation and remain non-obese, serving as controls for the fa/fa group [22,23,29]. Wistar rats
were included as an additional independent control model, as they have been suggested to
provide a more suitable reference than Zucker lean rats [35].

2.2. Collection of Peritoneal Leukocytes

Peritoneal cell suspensions were obtained following animal sacrifice. The abdominal
area was disinfected with 70% ethanol, and 3 mL of sterile Hank’s solution, pre-warmed to
37 ◦C and adjusted to pH 7.4, was injected into the peritoneal cavity. After gently massaging
the abdomen, the skin and abdominal muscles were opened, and the peritoneal fluid was
aspirated using a syringe (approximately 80% of the injected volume was recovered).
Leukocytes present in the peritoneal suspension were counted using Neubauer chambers
(BLAUBRAND, Wertheim, Germany) under optical microscopy.

The suspensions were adjusted to a final concentration of 5 × 105 macrophages per
ml in Hank’s solution or 106 leukocytes per ml in RPMI 1640 complete medium, enriched
with L-glutamine (PAA Laboratories, Pasching, Austria) and supplemented with 10%
heat-inactivated fetal calf serum (56 ◦C for 30 min; Gibco, Grand Island, NY, USA) and
gentamicin (100 mg/mL; Gibco, Grand Island, NY, USA).
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Macrophages and lymphocytes were identified based on morphological criteria. Cell
viability was assessed using the trypan blue exclusion test (Sigma-Aldrich, Madrid, Spain)
and was consistently above 98%.

The peritoneal cavity is a multifaceted microenvironment that contains various im-
mune cell populations, including T, B, NK, and various myeloid cells, such as macro-phages.
In the present study, all immune function assays were performed using unfractionated
peritoneal leukocytes, as this approach better preserves the physiological environment
surrounding immune cells in vivo [36].

2.3. Collection of Tissue Samples and Leukocytes Suspensions

The absolute body weight of each animal was recorded prior to sacrifice, and af-
terward, the weights of individual organs (white adipose tissue, liver, spleen, thymus)
were measured.

Spleen, thymus, and liver were aseptically excised, cleared of fat, and divided into
separate tissue samples. For immune function analysis in spleen and thymus, fresh tissue
was homogenized in phosphate-buffered saline (PBS). To remove erythrocytes, spleen cell
suspensions were centrifuged on a Ficoll-Hypaque gradient (Sigma-Aldrich, Madrid, Spain)
with a density of 1.070 g/mL. Leukocytes were collected from the interface, washed, and
resuspended in PBS by an additional centrifugation step. The final cell concentration was
adjusted to 106 cells/mL and resuspended in RPMI 1640 complete medium supplemented
with L-glutamine (PAA Laboratories, Pasching, Austria), 10% heat-inactivated fetal calf
serum (56 ◦C for 30 min; Gibco, Grand Island, NY, USA), and gentamicin (100 mg/mL;
Gibco, Grand Island, NY, USA).

Thymus cell suspensions were processed similarly, although density gradient separa-
tion was unnecessary due to the absence of erythrocyte contamination.

Cell viability was assessed using the trypan blue exclusion test (Sigma-Aldrich,
Madrid, Spain) and consistently exceeded 98%.

Samples intended for redox state analysis (spleen, thymus, liver) were stored at
−80 ◦C until use. These analyses were performed on tissue homogenates prepared with an
electric homogenizer at low speed to minimize heat generation and prevent oxidation. All
homogenization steps were conducted in a cold chamber (4 ◦C), and samples were kept on
ice throughout the procedure.

2.4. Immune Function Parameters
2.4.1. Phagocytosis Assay

Phagocytic activity toward inert particles (latex beads) was evaluated using a pre-
viously described method [37]. Aliquots of 200 µL of peritoneal suspension, adjusted to
5 × 105 macrophages/mL in Hank’s medium, were incubated in migration inhibitory factor
(MIF) plates (Kartell, Noviglio, Italy) for 30 min. After incubation, adherent monolayers
were washed and resuspended in 200 mL of Hank’s medium plus 20 mL of latex bead
solution (Sigma-Aldrich, Madrid, Spain). Following a further 30 min incubation, plates
were washed, fixed, and stained. The percentage of macrophages that had ingested at
least one latex bead was determined by optical microscopy and expressed as phagocytic
efficiency (PE).

2.4.2. Natural Killer Activity Assay

Natural Killer (NK) cell activity was quantified using an enzymatic colorimetric kit
(Cytotox 96™ Promega Corporation, Madison, WI, USA), based on lactate dehydrogenase
(LDH) activity measured with tetrazolium salts, as previously described [38,39]. Briefly, tar-
get cells (YAC-1 murine lymphoma cells) were seeded in 96-well U-bottom plates (Nunclon,
Roskilde, Denmark) at 105 cells/well in RPMI 1640 without phenol red (PAA Laboratories,
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Pasching, Austria). Effector cells (leukocytes from peritoneum, spleen, and thymus) were
added at 106 cells/well, achieving an effector-to-target ratio of 10:1. Each sample was
tested in triplicate. Plates were centrifuged at 250× g for 4 min to promote cell contact
and incubated for 4 h. After incubation, plates were centrifuged again at 250× g for 4 min,
and LDH activity was measured in supernatants by adding the substrate and reading
absorbance at 490 nm. Three control conditions were included: target spontaneous release,
target maximum release, and effector spontaneous release.

2.4.3. Lymphoproliferation Assay

Lymphocyte proliferation in response to the mitogens Concanavalin A (ConA),
lipopolysaccharide (LPS), and Phytohemagglutinin (PHA) was evaluated using a previ-
ously described protocol [38]. Aliquots of 200 µL of lymphocyte suspension (106 cells/mL)
prepared in complete medium from spleen or thymus were distributed into 96-well flat-
bottom microtiter plates (Nunclon, Roskilde, Denmark). Cells were incubated with 20 µL
of complete medium (control) or with ConA (1, 3, 5 µg/mL; Sigma-Aldrich, Madrid, Spain),
LPS (1, 3, 5 µg/mL; Sigma-Aldrich, Madrid, Spain), or PHA (5, 25, 50 µg/mL; Sigma-
Aldrich, Madrid, Spain) for 48 h at 37 ◦C in a humidified atmosphere containing 5% CO2.
Subsequently, 0.5 µCi of 3H-thymidine (ICN, Costa Mesa, CA, USA) was added to each
well, and after 24 h, cells were harvested using an automated harvester (Skatron Instru-
ments, Lier, Norway). Thymidine incorporation was quantified in a beta counter (LKB
Instruments, Uppsala, Sweden) for 1 min, and results were expressed as counts per minute
(cpm). Each condition was tested in triplicate.

2.4.4. Cytokine in Response to Stimuli

Cytokine concentrations, including the lymphocyte growth factor interleukin-2 (IL-
2), the proinflammatory tumor necrosis factor-α (TNF-α) and the anti-inflammatory
interleukin-10 (IL-10) were measured in supernatants from lymphocyte cultures under
basal conditions and after stimulation with ConA and LPS (1 µg/mL). Following 48 h of
incubation with mitogens, supernatants were collected and stored at −20 ◦C until analy-
sis [38]. Cytokine levels were determined using an immunoassay based on the Luminex®

200™ system and the MILLIPLEX™ MAP commercial kit (Millipore Corporation, Billerica,
MA, USA). Results were expressed in pg/mL.

2.5. Redox Parameters
2.5.1. Total Antioxidant Capacity Assay

Total antioxidant capacity (TAC) in spleen and liver were determined using a com-
mercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Homogenates
of spleen and liver were prepared at a concentration of 100 mg/mL in 50 mM phosphate
buffer. The assay is based on the reduction in Fe3+ to Fe2+ by antioxidants present in
the sample. The amount of Fe2+ formed is quantified by measuring the colored complex
generated with phenanthrene, which exhibits an absorbance at 520 nm. The protocol
was carried out following the manufacturer’s recommendations and instructions, using
a sample volume of 100 µL of tissue supernatant in all assays. Results were expressed as
units of total antioxidant capacity per milligram of tissue (U TAC/mg tissue). One unit
of Total Antioxidant Capacity is defined as the increase in absorbance of the reaction of
0.01 per minute at 37 ◦C per milliliter of tissue supernatant.

2.5.2. Total Glutathione Assay

Total intracellular glutathione, the primary non-enzymatic reducing agent in the
organism, was quantified using the Tietze enzymatic recycling method [40], with minor
modifications [41]. Tissue homogenates were resuspended in a solution containing 5%
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trichloroacetic acid (TCA, Panreac, Barcelona, Spain) in 0.01 N HCl (degassed with helium
for at least 10 min) and adjusted to the following concentrations in spleen (25 mg/mL),
thymus (50 mg/mL), and liver (10 mg/mL). Samples were centrifuged at 3200× g for
5 min at 4 ◦C. Aliquots of the supernatant were then analyzed using a reaction mixture
composed of 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB, 6 mM; Sigma-Aldrich, Madrid,
Spain), β-nicotinamide adenine dinucleotide phosphate, reduced form (β-NADPH, 0.3 mM;
Sigma-Aldrich, Madrid, Spain), and glutathione reductase (10 U/mL; Sigma-Aldrich,
Madrid, Spain). The reaction was monitored for 240 s, and absorbance was measured
spectrophotometrically at 412 nm. Results were expressed as nmol/mg tissue.

2.5.3. Glutathione Peroxidase Activity Assay

Glutathione peroxidase (GPx) activity, a key enzyme in the glutathione cycle that
enables its antioxidant function, was determined using the original method by Lawrence
and Burk [42], with modifications [39]. This assay is based on the oxidation of GSH by
GPx in the presence of cumene hydroperoxide (Sigma-Aldrich, Madrid, Spain). Tissue
homogenates were resuspended in 50 mM phosphate buffer (degassed with helium for at
least 10 min) and adjusted to the following concentrations in spleen (25 mg/mL) and liver
(10 mg/mL). Samples were centrifuged at 3200× g for 20 min at 4 ◦C, and supernatants
were used for the assay.

The reaction mixture contained GSH (4 mM; Sigma-Aldrich, Madrid, Spain), glu-
tathione reductase (GR, 1 U/mL; Sigma-Aldrich, Madrid, Spain), β-NADPH (0.2 mM;
Sigma-Aldrich, Madrid, Spain), EDTA (1 mM; Sigma-Aldrich, Madrid, Spain), and sodium
azide (4 mM; Sigma-Aldrich, Madrid, Spain). The reaction was monitored spectrophoto-
metrically for 300 s by measuring the decrease in absorbance at 340 nm due to NADPH
oxidation. Results were expressed as milliunits of enzymatic activity per mg tissue (mU
GPx/mg tissue), where one mU of GPx activity is defined as the amount of enzyme that
catalyses the oxidation of 1 nmol of NADPH per minute under the assay conditions.

2.5.4. Glutathione Reductase Activity Assay

Glutathione reductase (GR) activity was assessed using the method described [43],
with modifications [39]. This assay is based on the reduction in oxidized glutathione (GSSG)
by GR and the concomitant oxidation of NADPH.

Tissue homogenates were resuspended in oxygen-free 50 mM phosphate buffer con-
taining 6.3 mM EDTA (Sigma-Aldrich, Madrid, Spain) and adjusted to the following
concentrations in spleen (25 mg/mL), thymus (50 mg/mL), and liver (10 mg/mL). Sam-
ples were centrifuged at 3200× g for 20 min at 4 ◦C, and supernatants were used for the
enzymatic reaction with GSSG as substrate. Total activity was determined by monitoring
NADPH oxidation spectrophotometrically at 340 nm. Results were expressed as milliunits
of enzymatic activity per mg tissue (mU GR/mg tissue), where one mU of GR activity is
defined as the amount of enzyme that catalyses the oxidation of 1 nmol of NADPH per
minute under the assay conditions.

2.5.5. Xanthine Oxidase Activity Assay

Xanthine oxidase (XO) activity was measured by fluorescence using the commercial
kit “Amplex Red Xanthine/Xanthine Oxidase Assay Kit” (Molecular Probes, Paisley, UK),
as previously described [44], in homogenates of spleen, thymus, and liver. In this assay,
XO catalyzes the oxidation of purine bases (xanthine/hypoxanthine) to uric acid and
superoxide anion. The superoxide generated spontaneously converts to hydrogen peroxide,
which reacts stoichiometrically with Amplex Red reagent in the presence of horseradish
peroxidase (HRP) to produce resorufin, a red fluorescent compound.
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Tissue homogenates were prepared in 50 mM phosphate buffer (pH 7.4) and adjusted
to 50 mg/mL. Samples were centrifuged for 30 min at 4 ◦C, and the resulting supernatants
were used for the assay. For each reaction, 50 µL of supernatant was incubated with
50 µL of working solution containing Amplex Red reagent (100 µM), HRP (0.4 U/mL), and
xanthine (200 µM). After 30 min of incubation at 37 ◦C, fluorescence was measured using
a microplate reader with excitation at 530 nm and emission at 595 nm. XO provided in
the kit served as the standard. Results were expressed as international milliunits (mU) of
enzymatic activity per mg of tissue (mU XO/mg tissue), where one mU of XO activity is
defined as the amount of enzyme that generates 1 nmol of hydrogen peroxide per minute
under the assay conditions.

2.6. Data Analysis

Statistical analyses were performed with the SPSS 19 statistical package (SPSS Inc.,
Chicago, IL, USA). All data are presented as mean ± standard error (SE). Normality of the
samples and homogeneity of variances were checked by the Kolmogorov–Smirnov and
Levene analyses, respectively. All datasets met the assumption of normality. Statistical
comparisons among the three groups (Wistar, Zucker fa/+, and Zucker fa/fa) were performed
using one-way analysis of variance (ANOVA). If significant differences were detected,
multiple pairwise comparisons were carried out using Tukey’s post hoc test for homoge-
neous variances or Tamhane’s T2 post hoc test for unequal variances. A p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Body and Organs Weights

Body weight values at sacrifice are presented in Figure 1. Obese Zucker rats (fa/fa)
exhibited significantly greater body weights compared with both Zucker lean (fa/+) controls
and Wistar (WT) rats (p < 0.001). In contrast, Zucker lean rats displayed markedly lower
body weights than Wistar rats (p < 0.001).

Figure 1. Body weight (g) in Zucker lean (fa/+), obese (fa/fa) and Wistar rats (WT) at sacrifice. Data
are expressed as mean ± S.E. Statistical analysis was performed by one-way ANOVA followed by
Tukey’s post hoc test for homogeneous variances or Tamhane’s T2 post hoc test for unequal variances.
*** p < 0.001 compared to the corresponding values in Zucker lean rats. ••• p < 0.001 compared to the
corresponding values in Wistar rats.

Table 1 summarizes the measurements of organs collected at sacrifice (white adipose
tissue, liver, spleen, and thymus) from lean and obese Zucker rats (fa/fa) as well as Wistar
rats. The data include both the absolute organ weights (g) and the relative percentage of
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each organ weight in relation to total body weight, calculated as: (weight of the organ
(g)/body weight of the animal (g)) ×100.

Table 1. Absolute weight (g) and relative percentage of each organ (collected at sacrifice) in Zucker
lean (fa/+), obese (fa/fa) and Wistar (WT) rats. Data are expressed as mean ± S.E. Statistical analysis
was performed by one-way ANOVA followed by Tukey’s post hoc test for homogeneous variances
or Tamhane’s T2 post hoc test for unequal variances. *** p < 0.001, * p < 0.05 compared to the
corresponding values in Zucker lean rats. ••• p < 0.001, •• p < 0.01, • p < 0.05 compared to the
corresponding values in Wistar rats.

Absolute Weight (g) Relative Weight (%)

Organ Wistar
(WT)

Lean
(fa/+)

FA/FA
(fa/fa)

Wistar
(WT)

Lean
(fa/+)

FA/FA
(fa/fa)

White Adipose
Tissue 18.82 ± 1.25 9.19 ± 0.41 ••• 33.92 ± 1.59 ***/••• 3.57 ± 0.22 1.99 ± 0.90 ••• 4.69 ± 0.16 ***/••

Liver 15.33 ± 0.35 13.35 ± 0.26 •• 26.41 ± 1.33 ***/••• 2.92 ± 0.07 2.88 ± 0.04 3.65 ± 0.13 ***/•••
Spleen 0.91 ± 0.02 0.69 ± 0.03 ••• 0.94 ± 0.04 *** 0.17 ± 0.004 0.15 ± 0.006 •• 0.13 ± 0.005 */•••

Thymus 0.76 ± 0.05 0.61 ± 0.03 • 1.87 ± 0.08 ***/••• 0.15 ± 0.01 0.13 ± 0.01 0.26 ± 0.01 ***/•••

Analysis of absolute organ weights revealed that obese Zucker rats (fa/fa) had signifi-
cantly higher values than Zucker lean and Wistar controls, with the exception of the spleen,
which was only heavier relative to Zucker lean rats. In these animals, the absolute weights
of all organs examined were consistently lower than those of Wistar rats.

With respect to relative weights, fa/fa rats demonstrated a significantly reduced spleen-
to-body weight ratio compared with both Zucker lean and Wistar rats. Conversely, relative
weights of white adipose tissue, liver, and thymus were elevated in fa/fa rats compared with
both control groups. Zucker lean rats exhibited reduced relative weights of white adipose
tissue and spleen compared with Wistar rats.

3.2. Immune Function Parameters
3.2.1. Phagocytic Efficacy and Natural Killer Activity

Phagocytic efficacy (P.E.) of peritoneal macrophages (A) and Natural Killer (NK) cell
activity, expressed as the percentage of tumor cell lysis by leukocytes from the peritoneum
(B), spleen (C), and thymus (D), are presented in Figure 2.

For phagocytic efficacy (Figure 2A), obese Zucker rats (fa/fa) showed significantly
reduced values (p < 0.05) compared to Zucker lean controls. Furthermore, both Zucker lean
rats (p < 0.05) and fa/fa rats (p < 0.001) had lower values than Wistar rats, which displayed
the highest P.E. value.

Regarding NK activity in peritoneal leukocytes (Figure 2B), fa/fa rats exhibited lower
activity than Zucker lean controls. Additionally, NK activity in fa/fa rats was significantly
reduced (p < 0.01) compared to Wistar rats.

In the spleen (Figure 2C), obese Zucker rats (fa/fa) showed a non-significant reduc-
tion in lysis percentage compared to Zucker lean rats. However, both Zucker groups had
significantly lower lysis values than Wistar rats (p < 0.001). In the thymus (Figure 2D), no dif-
ferences were observed between obese and Zucker lean rats, but both groups demonstrated
significant reduced NK activity (p < 0.001) compared to Wistar rats.

https://doi.org/10.3390/biom16040547

https://doi.org/10.3390/biom16040547


Biomolecules 2026, 16, 547 9 of 26

Figure 2. Phagocytic Efficacy (P.E.) of peritoneal macrophages (A) and Natural Killer Activity (% lysis)
of peritoneal (B), spleen (C) and thymus (D) leukocytes in Zucker lean (fa/+), obese (fa/fa) and Wistar
(WT) rats. Data are expressed as mean ± S.E. Statistical analysis was performed by one-way ANOVA
followed by Tukey’s post hoc test for homogeneous variances or Tamhane’s T2 post hoc test for
unequal variances. * p < 0.05 compared to the corresponding values in Zucker lean rats. ••• p < 0.001,
•• p < 0.01, • p < 0.05 compared to the corresponding values in Wistar rats.
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3.2.2. Lymphoproliferation

Table 2 presents the basal proliferation and mitogen-induced proliferative responses
of spleen and thymus lymphocytes to Con A (1 and 5 µg/mL), LPS (3 and 5 µg/mL), and
PHA (25 and 50 µg/mL). Figure 3 shows the responses to Con A (3 µg/mL), LPS (1 µg/mL),
and PHA (5 µg/mL). All values are expressed in counts per minute (cpm).

In the spleen, obese fa/fa rats exhibited lower proliferation than Wistar rats, with
significant differences upon stimulation with Con A (1, 3, and 5 µg/mL) (p < 0.05), LPS
(1 µg/mL) (p < 0.05), and PHA (5 µg/mL) (p < 0.01). No differences were observed between
obese and lean rats.

Zucker lean rats also showed reduced proliferative responses compared to Wistar rats,
with significant differences for Con A (3 and 5 µg/mL) (p < 0.05) and PHA (5 µg/mL)
(p < 0.01). Basal proliferation did not differ among groups.

Figure 3. Basal proliferation and mitogen-induced responses (cpm) to Con A (3 µg/mL), LPS
(1 µg/mL), and PHA (5 µg/mL) in spleen (A) and thymus (B) lymphocytes from Zucker lean (fa/+),
obese (fa/fa) and Wistar (WT) rats. Data are expressed as mean ± S.E. Statistical analysis was performed
by one-way ANOVA followed by Tukey’s post hoc test for homogeneous variances or Tamhane’s T2
post hoc test for unequal variances. •• p < 0.01, • p < 0.05 compared to the corresponding values in
Wistar rats.
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Table 2. Basal proliferation and mitogen-induced responses (cpm) to Con A (1, 5 µg/mL), LPS (3,
5 µg/mL), and PHA (25, 50 µg/mL) in spleen and thymus lymphocytes from Zucker lean (fa/+), obese
(fa/fa) and Wistar (WT) rats. Data are expressed as mean ± S.E. Statistical analysis was performed by
one-way ANOVA followed by Tukey’s post hoc test for homogeneous variances or Tamhane’s T2
post hoc test for unequal variances. •• p < 0.01, • p < 0.05 compared to the corresponding values in
Wistar rats.

Lymphoproliferation (cpm)

Mitogens Spleen Thymus
Wistar
(WT)

Lean
(fa/+)

FA/FA
(fa/fa)

Wistar
(WT)

Lean
(fa/+)

FA/FA
(fa/fa)

BASAL 3928 ± 375 3667 ± 478 3523 ± 457 3037 ± 357 3082 ± 391 3694 ± 574
Con A (1 µg/mL) 6447 ± 969 4230 ± 514 3670 ± 454 • 5122 ± 570 3649 ± 555 4782 ± 878
Con A (5 µg/mL) 6679 ± 1126 3781 ± 475 • 3690 ± 449 • 6940 ± 739 2798 ± 287 •• 3881 ± 725 •

LPS (3 µg/mL) 4961 ± 793 3146 ± 275 2805 ± 254 3674 ± 450 2681 ± 221 2684 ± 270
LPS (5 µg/mL) 4181 ± 380 3221 ± 286 3162 ± 389 4095 ± 547 3427 ± 573 3007 ± 250

PHA (25 µg/mL) 4946 ± 786 3375 ± 338 3259 ± 320 3177 ± 188 3817 ± 607 2763 ± 309
PHA (50 µg/mL) 4773 ± 900 3037 ± 439 3575 ± 481 3731 ± 203 3380 ± 436 2887 ± 303

In the thymus, basal proliferation was similar across groups. Upon mitogen stimu-
lation, fa/fa rats did not differ significantly from Zucker lean rats. However, both Zucker
groups showed lower proliferative responses than Wistar rats, with significant reductions
in lean rats (p < 0.01) and obese rats (p < 0.05) after stimulation with Con A (3 and 5 µg/mL)
(p < 0.05) and LPS (1 µg/mL).

3.2.3. Cytokines Concentrations

IL-2 concentrations (pg/mL) released from spleen lymphocytes are shown in Figure 4.
Under basal conditions (Figure 4A), fa/fa rats exhibited significantly lower IL-2 concen-
trations than lean controls (p < 0.05). Both Zucker groups had reduced concentrations
compared with Wistar rats, with fa/fa rats showing highly significant reductions (p < 0.001).
Following Con A stimulation (Figure 4B), fa/fa rats again released less IL-2 than lean con-
trols (p < 0.05), and both Zucker groups had lower levels than Wistar rats (p < 0.05 for lean,
p < 0.001 for fa/fa). LPS stimulation (Figure 4C) produced similar results, with both Zucker
groups showing reduced IL-2 compared with Wistar rats (p < 0.05 for lean, p < 0.01 for fa/fa).

Figure 5 represents TNF-α (Figure 5A) and IL-10 (Figure 5B) concentrations (pg/mL).
Obese fa/fa rats exhibited significantly elevated TNF-α under basal conditions (Figure 5(A1))
compared with lean controls and Wistar rats (p < 0.05). Following Con A stimulation
(Figure 5(A2)), TNF-α remained higher in fa/fa rats with respect to lean (p < 0.05) and
Wistar rats (p < 0.01). LPS stimulation (Figure 5(A3)) further increased TNF-α in fa/fa rats
(p < 0.001) compared to lean and Wistar rats.

Regarding IL-10, fa/fa rats released significantly higher basal concentrations
(Figure 5(B1)) than lean controls and Wistar rats (p < 0.05). After Con A stimulation
(Figure 5(B2)), however, fa/fa rats exhibited lower IL-10 concentrations than lean controls
(p < 0.05). No significant differences among groups were observed following LPS stimula-
tion (Figure 5(B3)).
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Figure 4. IL-2 concentrations (pg/mL) from spleen lymphocytes under basal conditions (A), after
Con A stimulation (B), and after LPS stimulation (C) in Zucker lean (fa/+), obese (fa/fa) and Wistar
(WT) rats. Data are expressed as mean ± S.E. Statistical analysis was performed by one-way ANOVA
followed by Tukey’s post hoc test for homogeneous variances or Tamhane’s T2 post hoc test for
unequal variances. * p < 0.05 compared to the corresponding values in Zucker lean rats. ••• p < 0.001,
•• p < 0.01, • p < 0.05 compared to the corresponding values in Wistar rats.
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Figure 5. TNF-α (A) and IL-10 (B) concentrations (pg/mL) from spleen lymphocytes under basal
conditions (A1,B1), after Con A stimulation (A2,B2), and after LPS stimulation (A3,B3) in Zucker
lean (fa/+), obese (fa/fa) and Wistar (WT) rats. Data are expressed as mean ± S.E. Statistical analysis
was performed by one-way ANOVA followed by Tukey’s post hoc test for homogeneous variances
or Tamhane’s T2 post hoc test for unequal variances. *** p < 0.001, * p < 0.05 compared to the
corresponding values in Zucker lean rats. ••• p < 0.001, •• p < 0.01, • p < 0.05 compared to the
corresponding values in Wistar rats.
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3.3. Redox Parameters
3.3.1. Spleen Redox State

Redox parameters in spleen homogenates are presented in Table 3. Total antioxidant
capacity was significantly reduced in both Zucker lean rats (p < 0.05) and obese Zucker rats
(fa/fa) (p < 0.001) compared with Wistar rats. No differences were observed among groups
in total glutathione concentrations.

Table 3. Total antioxidant capacity (U/mg tissue), total glutathione (nmol/mg tissue), glutathione
peroxidase activity (mU/mg tissue), glutathione reductase activity (mU/mg tissue), and xanthine
oxidase activity (mU/mg tissue) in spleen homogenates of Zucker lean (fa/+), obese (fa/fa) and Wistar
(WT) rats. Data are expressed as mean ± S.E. Statistical analysis was performed by one-way ANOVA
followed by Tukey’s post hoc test for homogeneous variances or Tamhane’s T2 post hoc test for
unequal variances. ** p < 0.01 compared to corresponding values in Zucker lean rats. ••• p < 0.001,
•• p < 0.01, • p < 0.05 compared to corresponding values in Wistar rats.

Spleen Wistar
(WT)

Lean
(fa/+)

FA/FA
(fa/fa)

Total Antioxidant Capacity
(U/mg tissue) 0.20 ± 0.01 0.16 ± 0.01 • 0.14 ± 0.01 •••

Total Glutathione (GSH)
(nmol/mg tissue) 1.08 ± 0.03 1.12 ± 0.04 1.17 ± 0.04

Glutation Peroxidase
Activity (GPx)

(mU/mg tissue)
295 ± 15 331 ± 19 360 ± 22 •

Glutation Reductase Activity (GR)
(mU/mg tissue) 67 ± 3 71 ± 3 70 ± 3

Xanthine Oxidase Activity (XO)
(mU/mg tissue) 6.94 ± 0.48 4.69 ± 0.19 •• 6.09 ± 0.23 **

Enzymatic activity analysis revealed that glutathione peroxidase activity was elevated
in both Zucker groups relative to Wistar rats, reaching statistical significance in fa/fa rats
(p < 0.05). Glutathione reductase activity did not differ among groups. Xanthine oxidase
activity was significantly increased in fa/fa rats compared with lean controls (p < 0.01),
whereas Zucker lean rats exhibited significantly lower activity than Wistar rats (p < 0.01).

3.3.2. Thymus Redox State

Oxidative stress parameters in thymus homogenates are shown in Figure 6. Total
glutathione concentrations (Figure 6A) and glutathione reductase activity (Figure 6B) were
markedly reduced in fa/fa rats compared with both Zucker lean and Wistar rats (p < 0.001).

Xanthine oxidase activity (Figure 6C) was significantly elevated in both Zucker groups
relative to Wistar rats (p < 0.01).
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Figure 6. Total glutathione (nmol/mg tissue) (A), glutathione reductase activity (mU/mg tissue) (B),
and xanthine oxidase activity (mU/mg tissue) (C) in thymus homogenates of Zucker lean (fa/+), obese
(fa/fa) and Wistar (WT) rats. Data are expressed as mean ± S.E. Statistical analysis was performed by
one-way ANOVA followed by Tukey’s post hoc test for homogeneous variances or Tamhane’s T2
post hoc test for unequal variances. *** p < 0.001 compared to corresponding values in Zucker lean
rats. ••• p < 0.001, •• p < 0.01 compared to corresponding values in Wistar rats.
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3.3.3. Liver Redox State

Redox parameters in liver homogenates are summarized in Table 4. Total antioxidant
capacity did not differ among groups. Total glutathione levels were significantly lower in
fa/fa rats compared with lean controls (p < 0.05).

Table 4. Total antioxidant capacity (U/mg tissue), total glutathione (nmol/mg tissue), glutathione
peroxidase activity (mU/mg tissue), glutathione reductase activity (mU/mg tissue) and xanthine
oxidase activity (mU/mg tissue) in liver homogenates of Zucker lean (fa/+), obese (fa/fa) and Wistar
(WT) rats. Data are expressed as mean ± S.E. Statistical analysis was performed by one-way ANOVA
followed by Tukey’s post hoc test for homogeneous variances or Tamhane’s T2 post hoc test for
unequal variances. ** p < 0.01, * p < 0.05 compared to corresponding values in Zucker lean rats.
•• p < 0.01, • p < 0.05 compared to corresponding values in Wistar rats.

Liver Wistar
(WT)

Lean
(fa/+)

FA/FA
(fa/fa)

Total Antioxidant Capacity
(U/mg tissue) 0.28 ± 0.03 0.19 ± 0.01 0.22 ± 0.01

Total Glutathione (GSH)
(nmol/mg tissue) 2.41 ± 0.09 2.72 ± 0.13 2.35 ± 0.06 *

Glutation Peroxidase
Activity (GPx)

(mU/mg tissue)
1006 ± 39 1052 ± 63 818 ± 17 **/••

Glutation Reductase Activity (GR)
(mU/mg tissue) 89 ± 4 88 ± 5 72 ± 3 */••

Xanthine Oxidase Activity (XO)
(mU/mg tissue) 4.25 ± 0.31 2.92 ± 0.27 • 3.51 ± 0.13

Glutathione peroxidase activity was significantly reduced in fa/fa rats compared with
both Zucker lean and Wistar rats (p < 0.01). Similarly, glutathione reductase activity was
decreased in fa/fa rats relative to lean controls (p < 0.05) and Wistar rats (p < 0.01). No
differences were observed between Zucker lean and Wistar rats for either enzyme.

Xanthine oxidase activity was lower in both Zucker groups compared with Wistar rats,
reaching statistical significance in lean rats (p < 0.05).

4. Discussion
A joint assessment of multiple immunological functions together with oxidative stress

markers was performed in this study, offering an integrated perspective using the Zucker
fa/fa rat as a model of obesity. Comparisons were made with Zucker lean rats (same strain
controls) and Wistar rats.

4.1. Body and Organ Weights

With respect to body weight, previous research indicates that Zucker fa/fa rats develop
marked obesity as early as 3–5 weeks of age, and by 14 weeks, more than 40% of their body
mass consists of lipids when compared with their Zucker lean (fa/+) littermates. This reflects
an early onset of hyperphagia and weight gain [25]. In the present work, body weight was
measured in adult rats at 6 months of age (24 weeks), revealing that obese Zucker fa/fa rats
were significantly heavier than both their lean counterparts and the Wistar strain. This
observation aligns with other studies reporting increased body weight in this model at the
beginning of adulthood (around 20 weeks), consistently showing higher values in obese
Zucker fa/fa rats relative to lean controls [24,25,30,45–47].

Obesity represents a metabolic condition characterized by the expansion of adipose
tissue through both adipocyte hyperplasia and hypertrophy [48]. The obese rats displayed
greater absolute white adipose tissue mass, as well as a higher percentage relative to
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total body weight. These animals exhibit hyperplasia and hypertrophy of adipocytes,
with the most pronounced rise in cell number occurring in subcutaneous adipose tissue.
The findings in this tissue confirm that by 24 weeks, obesity is fully established in this
model, and the rise in body weight is largely attributable to subcutaneous adipose tissue
accumulation [49].

Recent evidence suggests that adipose tissue contributes to organism aging and age-
related diseases [50]. Moreover, it appears to play a key role in obesity-associated im-
munosenescence [9]. Obesity is positively linked to aging, inflammation, reactive oxygen
species (ROS), and oxidative stress, all of which promote immunosenescence [9,11,14].
These findings support the concept that obesity may function as a model of premature
immunosenescence [20].

Zucker fa/fa rats also exhibited significantly increased liver weight, both in absolute
and relative terms, compared with lean controls and Wistar rats. Marschall et al. similarly
reported higher liver weight in Zucker fa/fa rats than in lean animals [47]. This model
develops metabolic syndrome and, in addition to obesity, diabetes, and insulin resistance,
also presents non-alcoholic fatty liver disease (NAFLD) and hepatomegaly, which account
for the increased liver weight [51]. The underlying mechanism involves ectopic lipid
accumulation in the liver due to dysfunctional adipose tissue that can no longer store lipids
effectively [52]. NAFLD has also been associated with a proinflammatory state in both
humans and animal models.

Because immunosenescence in these animals has been studied mainly in macrophages
and T cells from adipose tissue rather than in primary immune organs, it was considered
relevant to examine spleen and thymus weights. As observed for adipose tissue, obese fa/fa
rats showed higher absolute spleen and thymus weights than lean controls and Wistar rats,
indicating hypertrophy. Central obesity and several body composition indicators related
to obesity have been associated with increased spleen volume [53]. Moreover, a mouse
model of obesity also demonstrated a relationship between obesity and splenomegaly [54].
Splenomegaly has been linked not only to altered immune responses but also to portal
hypertension secondary to liver disease.

Regarding relative organ weight, obese rats showed an increased thymus percentage
compared with lean and Wistar rats but a decreased spleen percentage. This result is
consistent with the findings of Ruth et al. [33], who reported that Zucker fa/fa rats had higher
body and absolute spleen weight than lean controls, but lower spleen weight per gram
of body weight. Tanaka et al. [34] documented lymphopenia in peripheral blood, spleen
and thymus in Zucker fa/fa rats after 8 weeks of age and with advancing age. This may
reflect impaired function of thymic stromal cells responsible for T-cell development and
maturation, potentially leading to compensatory thymic hypertrophy.

The increased absolute organ weights observed in obese rats suggest that this hyper-
trophy may be linked to metabolic syndrome. The reduction in relative spleen weight may
result from disproportionate organ growth compared with overall body mass expansion,
likely influenced by fat accumulation, inflammation, and metabolic dysregulation. In
contrast, the marked increases in relative white adipose tissue and liver weight reinforce
their central role in obesity-related pathology.

4.2. Immune Function Parameters

Analysis of peritoneal leukocyte functions revealed that obese rats displayed a marked
reduction in macrophage phagocytic efficiency compared with their lean counterparts
and the Wistar strain. This indicates that adult obese fa/fa rats experience a decline in this
component of innate immunity. These findings align with previous research in diet induced
obese mice, where peritoneal macrophages also showed impaired phagocytic capacity and
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reduced Natural Killer (NK) cell activity [16]. NK cell cytotoxicity in peritoneal, splenic,
and thymic leukocytes against tumor cells was likewise diminished in Zucker fa/fa rats
relative to Wistar controls. Although Zucker fa/fa rats also exhibited slightly lower innate
immune function than their lean counterparts, the differences became substantially more
pronounced when compared with Wistar rats. A similar pattern has been reported in
humans with obesity, where NK cell numbers and activity were significantly reduced
compared with healthy controls [55]. Such impairments heighten vulnerability to infections
and increase the likelihood of obesity associated cancers [56–58].

Regarding lymphocyte proliferation in spleen and thymus, this study is the first to em-
ploy multiple mitogens at varying concentrations. Although responses were heterogeneous,
obese fa/fa rats consistently showed reduced proliferation compared with Wistar rats when
stimulated with different concentrations of Con A and PHA (T cell mitogens) and LPS (B
cell mitogen). Despite both Con A and PHA targeting T lymphocytes, Zucker rats exhibited
a pronounced reduction in Con A induced proliferation, whereas PHA responses did not
differ significantly. This discrepancy in responses likely reflects their distinct mechanisms of
action. Con A functions as a mitogen that predominantly activates T lymphocytes, showing
a more targeted and potent effect in specific T cell subsets. Its activity relies on binding
to particular receptors on the T cell surface, triggering their activation and subsequent
proliferation. The proliferative response elicited by Con A is typically rapid and robust,
especially when T cells are already primed or exposed to additional immunological signals.
In contrast, PHA interacts with glycoprotein receptors on T lymphocytes, driving their
activation and expansion. The proliferative response induced by PHA tends to be broader
and sometimes more sustained, and it may also stimulate other immune cell populations
to a lesser degree [59,60].

Other studies have similarly reported impaired splenocyte proliferation in obese Zucker
rats following stimulation with various mitogens [34,61], as well as reduced responses to
PHA and LPS in other rat obesity models [62,63]. Peritoneal leukocytes from diet induced
obese mice also showed diminished proliferation in response to Con A and LPS, with basal
proliferation remaining unchanged [16], consistent with the present findings in splenic and
thymic lymphocytes of obese rats. Human studies likewise demonstrate suppressed T and
B cell proliferation in individuals with obesity [64,65]. Altogether, the reduced proliferative
capacity observed in obese fa/fa rats supports the idea that chronic inflammation associated
with obesity dampens adaptive immune responses.

Cytokine secretion by splenic lymphocytes further reflected immune dysfunction.
Zucker fa/fa rats exhibited significantly reduced basal IL-2 (growth factor) release and dimin-
ished IL-2 production following Con A stimulation compared with lean and Wistar controls.
LPS-induced cytokine release was also impaired, reaching significance only relative to
Wistar rats. In contrast, TNF-α (proinflammatory cytokine) levels were markedly elevated
in obese rats under both basal and stimulated conditions. IL-10, an anti-inflammatory
cytokine, was increased in obese rats under basal conditions but decreased following mi-
togen stimulation, with the reduction reaching significance compared with lean rats after
Con A exposure.

These findings are consistent with another work in Zucker fa/fa rats showing reduced IL-
2 release by splenocytes after Con A stimulation, along with increased TNF-α production in
response to Con A and LPS with respect to lean controls. That study also reported elevated
IL-1β and IL-6 levels in obese rats, with no differences in IL-10 [33]. In a diet induced
rat obesity model, splenic IL-10 synthesis was reduced, likely due to oxidative stress and
apoptosis impairing cellular function [66]. This supports the decreased IL-10 response
to mitogens observed in obese fa/fa rats, although the elevated basal IL-10 levels in the
present study may reflect a compensatory response to chronic inflammation. In any case,
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the inability of splenocytes from obese rats to produce IL-10 upon stimulation indicates
clear cellular dysfunction.

A study carried out in an adolescent obese mouse model fed a high fat diet reported
reduced IL-2 and IL-10 release from peritoneal leukocytes in adulthood, consistent with the
present findings, although TNF-α levels decreased in that model, highlighting variability
across obesity animal models [16].

Overall, Zucker fa/fa rats displayed a cytokine imbalance shifted toward inflammatory
state. Reduced IL-2 production under basal and stimulated conditions suggests impaired
T cell activation. Elevated TNF-α, particularly after LPS stimulation, reflects heightened
proinflammatory signalling, characteristic of obesity-related inflammation. These findings
are consistent with evidence from obese humans, where B cell alterations in composition,
differentiation, and function promote immune dysregulation and obesity-related inflam-
mation at both systemic and adipose-tissue levels [67]. They also support evidence that
CD4+ and CD8+ T cells play central roles in obesity associated inflammatory processes
in both mice and humans [68]. Furthermore, the reduced IL-10 response in obese ani-
mals after stimulation further indicates impaired regulatory mechanisms, exacerbating
inflammatory damage.

This pattern of cytokine secretion by splenocytes aligns with that observed in expand-
ing adipose tissue in obesity, where adipocytes and infiltrating immune cells-especially
macrophages, but also T and B cells-produce increased amounts of proinflammatory
adipokines such as TNF-α, IL-6, and IL-1β. These mediators contribute to chronic low-
grade inflammation and promote the onset and advancement of metabolic disturbances
including insulin resistance [52,69–71].

These findings align with extensive evidence showing that metabolic disturbances in
obesity share strong similarities with those occurring during aging [32,72]. Both conditions
are characterized by chronic systemic inflammation and elevated pro-senescence cytokines
(TNF-α, IL-6, C-reactive protein), creating a more oxidative cellular environment [72,73]
and reinforcing the close link between inflammation and oxidative processes [74]. This
ultimately contributes to the well described chronic “oxi-inflamm-aging” state, marked
by persistent and unresolved production of proinflammatory mediators, that increases
susceptibility to age related diseases and mortality [73,75].

4.3. Redox State Parameters

In the context of obesity and its impact on immune function, it has been proposed that
obesity may act as a model of premature immunosenescence [20]. Obesity is characterized
by chronic inflammation and oxidative stress, conditions in which the immune system
plays a central role due to its production of inflammatory mediators and reactive oxidant
molecules during immune defense [12]. This is consistent with the impaired immune re-
sponses and altered inflammatory and oxidative profiles described in various diet induced
obesity models [18,19,76].

In the present study, obese Zucker fa/fa rats displayed several alterations in redox
balance. In the spleen, they exhibited reduced total antioxidant capacity together with
increased activity of the oxidant enzyme xanthine oxidase. In the thymus, total glutathione
levels and glutathione reductase activity were decreased, while xanthine oxidase activity
was elevated. Comparable disturbances were detected in the liver, where glutathione per-
oxidase and glutathione reductase activities were reduced, and glutathione concentrations
were lower than in lean controls.

Although the pattern of results was heterogeneous, the overall profile indicates an
imbalance in redox state with a shift toward oxidative stress in obese rats. Previous studies
in adult fa/fa rats have reported disruptions in oxidative inflammatory metabolic pathways
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in adipose tissue, liver, and heart, three organs central to obesity-related metabolic and
vascular dysfunction [26]. These alterations included increased total glutathione in the
liver, a trend also observed in the present study, where values did not differ significantly
from those of Wistar rats, and particularly in the spleen. Given that glutathione is a major
antioxidant involved in neutralizing cellular oxidants, regulating immune responses, and
supporting DNA synthesis [77–79], its elevation may represent a compensatory response
to oxidative stress arising from metabolic dysfunction.

Evidence combining oxidative markers and antioxidant enzyme activity in Zucker fa/fa
rats remains limited. However, a recent study reported heterogeneous redox profiles and
variability in the reduced to oxidized glutathione ratio (GSH/GSSG) in plasma and cardiac
tissue of aged obese rats, indicating increased oxidative stress [35]. Further research in
38–39-week-old fa/fa rats found elevated lipid peroxidation in the kidneys and a tendency
toward increased GSH/GSSG ratio in the renal medulla compared with Wistar rats [29],
consistent with our findings in the spleen. Increased oxidative stress markers have also
been documented in the brains of obese rats [30].

Studies in blood and liver from a rat model of adult obesity have shown that high
fat diets resulted in increased body weight, glucose intolerance, overt hepatic steatosis,
and increased hepatic oxidative stress with xanthine oxidase (XO) or NADPH oxidase-
dependent ROS production in the onset of oxidative stress-dependent obesity, glucose
intolerance, and hepatic steatosis process [80]. In humans, women with obesity have
demonstrated reduced erythrocyte antioxidant enzyme activities, including superoxide
dismutase, catalase and glutathione peroxidase, together with increased plasma lipid
peroxidation [81]. Conversely, other studies have reported increased catalase activity and
a trend toward elevated glutathione peroxidase activity [82], reflecting, similar to our
findings in fa/fa rats, the heterogeneity and complexity of redox alterations associated
with obesity.

4.4. Zucker Lean (fa/+) and Wistar Control Rats

Employing both Zucker lean rats and Wistar rats as control groups allowed us to
identify that, for certain immune parameters, such as natural killer cell activity, lean rats
more closely resembled obese fa/fa rats. Zucker lean rats also showed reduced lymphocyte
proliferation similar to obese animals when compared with Wistar rats, a pattern that
extended to redox parameters, particularly in the spleen.

Although Zucker lean rats (fa/+) share the same genetic background as (fa/fa) rats,
they do not represent a fully normal physiological control, since they exhibit subclinical
metabolic alterations derived from carrying the heterozygous mutation in the leptin recep-
tor. Several studies have shown that (fa/+) rats may present differences in body weight,
energy metabolism, basal inflammation, and immune function compared with non-mutated
rats, which limits their validity as a truly “healthy” physiological control [30].

Moreover, it was demonstrated that Wistar rats could serve as a more appropriate
control for aged Zucker Diabetic Fat [ZDF (fa/fa)] rats than the commonly used ZDF (fa/+)
rats, which showed an increase in left ventricular weight, carbonyl stress markers in the left
myocardium and MMP2 activity in both ventricles, indicating heart remodelling processes
compared with the Wistar control group [35].

In contrast, Wistar rats are widely recognized as a standard reference model in studies
of immunology, metabolism, and aging, as they do not carry mutations affecting appetite
regulation, leptin sensitivity, or energy homeostasis. Their inclusion makes it possible to
distinguish which alterations observed in fa/fa rats are truly due to obesity and metabolic
dysfunction, and which may simply be a consequence of the Zucker genetic background [83].
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4.5. Zucker fa/fa Rats as a Suggesting Model of Premature Aging

Obesity involves excessive adipose tissue accumulation, which disrupts metabolic
and endocrine functions and alters adipokine secretion, contributing to chronic low-grade
inflammation [70]. Additionally, dysregulation of both innate and adaptive immunity in
obesity further amplifies this inflammatory state, reflecting the close interplay between
metabolism and immune function [84].

The present study demonstrates that obese Zucker fa/fa rats develop marked physio-
logical abnormalities, including increased body weight and altered organ weights. They
also exhibit impaired innate and adaptive immune responses and disturbances in redox
state. The accelerated immunosenescence observed in adult fa/fa rats, together with the
oxidative and inflammatory stress characteristic of obesity, reflects key features of biological
aging [85]. Since the immune parameters assessed have been proposed as indicators of
health status, aging rate, and predictors of longevity [85–87], these findings support the
hypothesis that adult Zucker fa/fa rats could constitute a model of premature aging.

The parameters studied have been evaluated at a single age point preventing prompt
a complete evaluation of premature ageing. However, we can still state that, given the
existing research with these parameters in various rat and mouse models that confirm
that they are markers of premature aging, the results show that premature aging seems to
occur in fa/fa rats. These animals in adulthood have values for the analyzed parameters
more typical of older animals, in comparison to the controls, which points to premature
aging. In fact, in several rodent models of premature and accelerated aging, immune
functions such as NK activity, lymphoproliferative response, phagocytosis, chemotaxis
and IL-2 production, which decline with chronological aging, at adult age are lower than
in the corresponding controls and more similar to those in old animals [85]. All of this
similarly occurs with oxidative parameters. Thus, due to the numerous studies in which
the analyzed parameters have been shown to be in adult rodents of different models of
premature aging, with altered values compared to the controls, we suggest that adult fa/fa
rats show characteristics of premature aging.

4.6. Novelty of the Current Study and Future Research Lines

To the best of our knowledge, studies in the Zucker fa/fa rat model have primarily
focused on isolated aspects of obesity-associated dysfunction, focusing separately on im-
mune alterations, inflammatory mediators, or oxidative stress markers independently. In
many cases, these analyses have also been restricted to a single tissue (most commonly
adipose tissue) or to selected immune cell populations. However, given the strong biologi-
cal interconnection between these processes, such fragmented approaches may limit the
understanding of the mechanisms underlying obesity.

In this context, our present study was specifically designed to provide a comprehen-
sive and systemic evaluation of the complex interactions underlying obesity-associated
immunosenescence. To this end, the present study provides a comprehensive and inte-
grative evaluation by simultaneously assessing multiple innate and adaptive immune
functions, cytokine profiles, and redox parameters across multiple immunologically and
metabolically relevant organs. This multidimensional approach allows for a more phys-
iologically relevant and integrative characterization of the interaction between immune
dysfunction, inflammation, and oxidative stress in the Zucker (fa/fa) model, which are tightly
interconnected processes in obesity and aging, and has not been extensively addressed in
previous studies.

We believe that this integrative perspective represents a key strength of the study,
as it allows the identification of systemic alterations and potential interactions between
pathways that cannot be captured when these parameters are evaluated in isolation. This is
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particularly relevant in the context of obesity as a model of premature immunosenescence, a
condition characterized by the convergence of immune impairment, chronic inflammation,
and oxidative stress. Furthermore, given that this immunosenescence is involved in “oxi-
inflamm-aging” and the rate of aging, its presence in adult Zucker (fa/fa) rats supports our
proposal that these animals could exhibit premature aging.

In this context, further work is needed to strengthen this hypothesis. It would have
been interesting to include animals of both genders, to determine possible differences in
the responses. Similarly, the claim of premature aging, that we are suggesting with our
results, must be confirmed by other senescence markers.

5. Conclusions
This research demonstrates that Zucker (fa/fa) rats constitute an experimental model for

immunosenescence as a consequence of obesity and the metabolic disturbances associated
with type 2 diabetes. Adult Zucker (fa/fa) rats exhibited marked alterations in immune
function and redox homeostasis across multiple organs, including reduced phagocytic and
natural killer activity, impaired lymphoproliferative responses, dysregulated cytokine se-
cretion, and significant oxidative imbalance, suggesting that these animals could constitute
a model of premature aging. These findings reinforce the close relationship between obesity,
inflammation, and oxidative stress and illustrate how severe metabolic dysfunction can
disrupt both innate and adaptive immunity. Altogether, this integrated immunological
and redox characterization provides a valuable insight into the systemic impact of obesity
in this model and offers a robust framework for future studies exploring the mechanisms
connecting metabolic disease with immune dysregulation.
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