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Abstract

Background: Oxidative stress and chronic inflammation contribute to the pathogenesis of
obesity and type 2 diabetes (T2D), yet the effects of dietary interventions on endogenous
antioxidant defences remain poorly defined. This is a non-randomized study evaluates the
effects of very-low-energy ketogenic therapy (VLEKT), compared with a Mediterranean
diet (MedD) and a control group, on antioxidants, metabolic, and inflammatory markers.
Materials and Methods: Thirty adults with obesity and T2D were assigned to VLEKT
(n = 10), MedD (n = 10), or control (n = 10) for 90 days. Metabolic parameters, inflammatory
cytokines, superoxide dismutase (SOD) and glutathione peroxidase (GPx) activities were
assessed. Longitudinal changes were analyzed using linear mixed models. Results: VLEKT
exhibited significant reductions in body weight, fat mass, HbA1c, and HOMA-IR. SOD
activity increased in the VLEKT group, whereas no significant changes were observed in
MedD. Changes in SOD were inversely associated with changes in HOMA-IR. GPx showed
a less consistent response pattern, while inflammatory markers did not differ between
groups. Conclusions: VLEKT was associated with substantial metabolic improvement
accompanied by a selective modulation of antioxidant enzyme activity. The increase in
SOD activity and its association with HOMA-IR suggest a link between metabolic and
redox adaptations in subjects with obesity and T2D.

Keywords: very-low-energy ketogenic diet; Mediterranean diet; obesity; type 2 diabetes;
inflammatory cytokines; antioxidant enzymes

1. Introduction
Oxidative stress, defined as an imbalance between reactive oxygen species (ROS)

generation and antioxidant defences, has been widely recognized as a common patho-
physiological driver of obesity, type 2 diabetes (T2D), and metabolic syndrome. A number
of studies have demonstrated that these conditions share a state of chronic low-grade
inflammation, accompanied by excessive production of ROS and impaired endogenous
antioxidant defence systems, collectively creating a self-perpetuating cycle that underlies
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metabolic dysfunction and disease progression [1–5]. Indeed, the interplay between oxida-
tive stress and inflammation is well established, with both processes contributing to insulin
resistance and the development of metabolic and cardiovascular complications [6–9].

Redox imbalance can contribute to the development of insulin resistance by dis-
rupting the phosphorylation of insulin-signalling proteins, activating stress-sensitive and
pro-inflammatory signalling pathways, and inducing mitochondrial damage [10,11]. Fur-
thermore, emerging evidence indicates that oxidative stress actively modulates adipose
tissue remodelling through redox-sensitive mechanisms, influencing both adipocyte differ-
entiation and the capacity for healthy adipose expansion [12,13].

In patients with obesity and T2D, reduced activity of key antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) has been
consistently reported, alongside elevated levels of pro-inflammatory cytokines and oxidative
stress biomarkers, including interleukin-1β (IL-1β) and -6 (IL-6), tumour necrosis factor-
alpha (TNF-α), lipid peroxidation markers such as malondialdehyde (MDA), and protein
carbonyls [14–16]. Moreover, an upregulation of phagocytic NADPH oxidase has been docu-
mented in subjects with T2D and metabolic syndrome, and correlates with increased oxidative
stress [17–19]. Therefore, antioxidant and inflammatory markers represent potentially relevant
biomarkers for assessing cardiometabolic risk and response to treatments [3,4].

Dietary patterns are among the most powerful modulators of oxidative stress and
inflammation. Western (WD) and fast-food diets, characterized by a high intake of re-
fined sugars, saturated fats, and ultra-processed foods, are positively associated with
pro-inflammatory and oxidative stress biomarkers, whereas Mediterranean and plant-
based diets show inverse associations [20]. The WD is mechanistically linked to increased
oxidative stress through multiple interconnected pathways. Nutritional stress induced
by a high-fat, high-carbohydrate intake, together with increased exposure to dietary ad-
vanced glycation end-products (AGEs) and certain food additives, promotes oxidative
burden through increased mitochondrial ROS generation and NADPH-oxidase activa-
tion, impaired antioxidant capacity (e.g., reduced SOD activity), and activation of several
pro-inflammatory pathways (e.g., NF-κB, RAGE, NLRP3 inflammasome, and Toll-like
receptors signalling pathways) [3,21–25]. In addition, Western dietary patterns promote
gut microbiota dysbiosis that serves as a critical mediator between diet, inflammation, and
oxidative stress [21,26].

By contrast, the Mediterranean diet (MedD) is regarded as a classical antioxidant
dietary pattern [27]. Rich in fibre, polyphenols, polyunsaturated fatty acids, and other
bioactive compounds, the Med diet has been shown to improve lipid and glycemic profiles,
mitigate systemic inflammation, reduce oxidative damage to both lipids and DNA, and
enhance endogenous antioxidant defences in individuals with T2D and metabolic syn-
drome [28–30]. Notably, such protective effects are also partly mediated through improved
mitochondrial efficiency [31].

More recently, the ketogenic diet (KD), in particular as a very-low-energy protocol
(VLEKT), has been increasingly used as a therapeutic strategy for obesity and obesity-
related conditions, including T2D and metabolic dysfunction-associated liver disease
(MASLD) [32]. Beyond its established effects on weight loss and glycemic control, KD
may also improve inflammatory status and reduce oxidative stress in individuals with obe-
sity [33]. Ketone bodies, particularly β-hydroxybutyrate, act not only as alternative energy
substrates but also as signalling molecules capable of exerting anti-inflammatory effects,
enhancing mitochondrial function, and promoting resistance to oxidative stress [33–36].
Of note, KDs appear to exert a paradoxical effect on redox homeostasis, initially inducing
mild oxidative stress that triggers adaptive (hormetic) responses, ultimately enhancing an-
tioxidant defences and reducing chronic oxidative damage [36]. However, clinical evidence
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regarding the impact of KD on antioxidant systems remains scarce. Moreover, few studies
have directly compared the Mediterranean-style diet and VLEKT in terms of their effects
on oxidative stress, antioxidant markers and inflammatory cytokines [37]. Furthermore,
limited data are available from longitudinal studies integrating circulating antioxidant
enzymes and biochemical markers of inflammation with clinical and metabolic outcomes
in well-characterized cohorts, including appropriate control groups.

Therefore, the aim of this study is to investigate the effects of a VLEKT compared with
an energy-restricted MedD on key antioxidant enzymes (SOD, GPx) and pro-inflammatory
cytokines, and to evaluate their relationship with clinical, metabolic, and body composition
parameters in patients with obesity and T2D. Additionally, we compared these findings
with those observed in a control cohort of patients not undergoing any structured dietary
intervention apart from general dietary advice, to better characterize diet-related changes
in redox and inflammatory state.

2. Materials and Methods
2.1. Study Design

This is a 3-month prospective, longitudinal pilot study. Participants were recruited at
the Endocrinology Unit (Maggiore della Carità Hospital, Novara) and assigned to three
study groups. Two groups received a structured dietary intervention, one very-low-energy
ketogenic therapy (VLEKT) and the other an energy-restricted Mediterranean diet (MedD).
The third group served as a control and received general dietary advice without a structured
dietary intervention. Clinical, anthropometric, biochemical, and dietary assessments were
performed at baseline (T0) and at 30-day intervals until study end (T90). Intermediate visits
were primarily used for clinical monitoring, nutritional counselling, dietary adherence
assessment, and safety evaluation, whereas the primary analytical comparison was defined
from baseline to study end (T0-T90). This approach was adopted to compare the effects of
the active and selective phase of VLEKT with other dietary regimens and to allow minimum
time for dietary efficacy, particularly for the MedD group. A schematic representation of
the study design is reported in Figure 1.

Figure 1. Study design and timeline of the dietary intervention protocol. Participants with obesity
and T2D were allocated to one of three groups: VLEKT, hypocaloric Mediterranean diet (MedD), or
control. Weight, waist and hip circumferences, BIA analysis, biochemical, dietary assessments, and
antioxidant evaluation were performed at baseline and at the end of the study (T0–T90). Weight and
body circumferences, BIA analysis, biochemical and dietary assessments, were performed every 30 days
until the end of the intervention period (T90). The VLEKT protocol included an active phase (T0–T30)
followed by a selective phase with progressive reintroduction of natural protein meals (T30–T90).
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2.2. Ethical Considerations and Privacy

The study was conducted in accordance with the World Medical Association Dec-
laration of Helsinki 2013, and data were collected and managed in compliance with the
EU General Data Protection Regulation (GDPR 2016/679). The study protocol was regis-
tered on ClinicalTrials.gov (NCT05975541 and NCT05275608) and approved by the local
Ethics Committee (Protocol No. CE 277/2022, approval: 21 March 2023; and Protocol No.
196/2021, approval: 2 February 2022). All participants provided written informed consent
prior to enrolment. This research used plasma and serum samples from 30 participants
stored in the UPO Biobank (https://biobank.uniupo.it/, accessed on 2 July 2026).

2.3. Study Population and Dietary Interventions

A total of 30 subjects (15 males and 15 females), aged 25–65 years, with obesity (BMI
30–40 kg/m2) and previously diagnosed T2D (mean disease duration: 5.6 ± 4.3 years)
were recruited. Obesity and T2D were confirmed from clinical records according to
WHO and ADA criteria, respectively [38,39]. T2D diagnosis was based on fasting plasma
glucose ≥126 mg/dL and/or HbA1c ≥6.5%, or 2 h plasma glucose ≥200 mg/dL dur-
ing OGTT. At baseline, all participants were receiving a stable glucose-lowering therapy,
mainly consisting of metformin and/or GLP-1 receptor agonists, with no treatment varia-
tions throughout the study. No patients were receiving insulin analogues. In the VLEKT
group, SGLT2 inhibitors were discontinued 7 days before the baseline assessment (T0) in
participants receiving this treatment (1/10), according to current clinical guidelines [40].
Lipid-lowering therapy was also used by all participants (Table S1). Exclusion criteria
included secondary forms of obesity, endocrine disorders, pregnancy, severe or complicated
medical conditions, ongoing treatment with systemic corticosteroids or immunosuppres-
sive agents, and use of antibiotics, probiotics, or prebiotics within the 15 days preceding
study enrolment.

Participants were assigned to the VLEKT, the energy-restricted MedD, or control
groups, according to clinical evaluation, patient preference, and feasibility of adherence to
the assigned nutritional protocol, for three months.

Subjects assigned to the VLEKT group followed a structured 3-month nutritional
programme providing approximately 30–40 g/day of carbohydrates, 25–30 g/day of fat,
1.2–1.5 g/kg of protein based on ideal body weight, and 22–30 g/day of fibre, with a total
energy intake ranging from 600 to 800 kcal/day. The VLEKT protocol consisted of two
phases. During the active phase, corresponding to the first 30 days, participants consumed
exclusively meal-replacement products, four per day for women and five per day for
men, together with low-glycemic-index vegetables at main meals. During the selective
phase, starting from day 31, natural protein meals, including eggs, white meat, and fish,
were progressively reintroduced while meal replacements were gradually reduced. After
completion of the 12-week study period, a progressive carbohydrate reintroduction phase
was planned to support dietary transition and prevent weight regain. Vitamin and mineral
supplementation were provided throughout the intervention according to established
guidelines [41].

Participants in the MedD group followed an energy-restricted Mediterranean diet pro-
tocol providing 45–55% of total energy from carbohydrates, 25–30% of lipids and 1–1.2 g/kg
from proteins. The dietary plan was designed to provide a caloric deficit of 500 kcal/day
relative to basal energy requirements, which was estimated using an algorithm provided
by Tanita MC-780 MA (Tanita Europe B.V., Amsterdam, The Netherlands).

Participants in the control group were followed for 3 months without receiving any
structured dietary intervention or specific dietary targets, although general nutritional
advice on healthy diets were provided during follow-up visits for ethical reasons.
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2.4. Clinical Assessment and Dietary Adherence Monitoring

Anthropometric, clinical, and biochemical assessments were performed at baseline
(T0) and at 30-day intervals until study end (T90), alongside nutritional counselling and
dietary monitoring. At each visit, patients were asked to report any adverse events oc-
curring during the intervention. In the VLEKT group, adherence was assessed using a
five-point study-specific questionnaire developed by the research team to evaluate satiety,
consumption of foods outside the prescribed protocol, and self-reported symptoms and
perceptions related to the ketogenic programme. In addition, capillary β-hydroxybutyrate
concentrations were measured every three days during the first 30 days using a portable
device (GlucoMen Aero K, Menarini Diagnostics, Florence, Italy), whereas urinary ketones
were assessed by routine urine analysis during follow-up visits throughout the 90-day
intervention. These measurements were used to quantitatively document the achievement
of nutritional ketosis during the active phase of the VLEKT protocol, while urinary ketone
testing provided qualitative monitoring of ketone production during the subsequent selec-
tive phase. In the MedD group, dietary adherence was assessed using 24 h dietary recalls
and the PREDIMED questionnaire [42,43]. In the control group, 24 h dietary recalls and
the PREDIMED questionnaire were used to monitor changes in dietary habits over time
and to describe variations in energy intake relative to baseline. Due to the different dietary
structure and prescribed targets across the three study groups, dietary-energy changes
were calculated using group-specific reference values. In the VLEKT group, adherence
to the nutritional intervention was assessed by monitoring ketone levels. In the MedD
group, a ±10% deviation from the prescribed caloric intake was used to determine ade-
quate adherence to the assigned intervention. In the control group, a ±10% deviation from
baseline reported energy intake was used to evaluate changes from baseline. To avoid
the risk of excessive fatigue, hypoglycemia, dehydration, and reduced adherence to the
VLEKT protocol, participants were instructed not to initiate structured physical exercise
during the intervention period. To ensure comparability between groups and minimize
exercise-related bias, the same recommendation was applied to all groups.

2.5. Anthropometric and Body Composition Evaluation

Clinical and anthropometric evaluations were performed at the predefined timepoints.
Assessments included a brief medical history, measurement of systolic and diastolic blood
pressure, and anthropometric measurements, including height, body weight, waist circum-
ference, and hip circumference. Body mass index (BMI) was calculated as body weight
divided by height squared (kg/m2), and waist-to-height ratio (WHtR) as waist circum-
ference divided by height. Body composition, including fat mass, fat-free mass, skeletal
muscle mass, phase angle, basal metabolic rate (BMR), and body fluid distribution, was
assessed by bioelectrical impedance analysis (BIA; Tanita MC-780, Tanita Europe B.V.,
Amsterdam, The Netherlands).

2.6. Blood Sampling and Biochemical Assessment

Fasting blood samples were collected at baseline and every 30 days until the end of the
dietary intervention to assess glucose and lipid profile [fasting plasma glucose (FPG), fasting
plasma insulin (FPI), glycated hemoglobin (HbA1c%), total-cholesterol (T-c), high-density
cholesterol (HDL-c) and triglycerides (TG)]. LDL-cholesterol (LDL-c) was calculated with
the Friedewald formula [44]. Insulin resistance was estimated using HOMA-IR, calculated
accordingly [45]. Additional blood samples were collected, at baseline and at the end of the
study to obtain serum and plasma fractions, and stored for future analyses according to
standardized procedures.
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2.7. Inflammatory Markers

To assess systemic inflammation, Neutrophils-to-lymphocytes ratio (NLR) was calcu-
lated as follows:

Neutrophil-to-lymphocyte ratio (NLR) = neutrophil count (103/µL)/lymphocyte count (103/µL).

Pro-inflammatory cytokines (CCL2, IL-1β, IL-18, CXCL5, IL-6 and TNF-α) were eval-
uated on serum samples, collected and stored under standardized conditions at −80 ◦C
until analysis. Cytokines were quantified using Luminex® Human Premixed Multi-Analyte
Assay (catalogue number: LXSAHM, Abingdon, OX143NB, UK) and Luminex 200™ ana-
lyzer (Bio-Techne, Minneapolis, MN, USA), according to the manufacturer’s instructions.
Briefly, serum samples were incubated with magnetic microparticles pre-coated with
analyte-specific antibodies, followed by biotinylated detection antibodies and streptavidin-
phycoerythrin. Fluorescence signals were then acquired using the Luminex 200™ system,
and analyte concentrations were calculated from standard curves generated for each cy-
tokine. Values reported as out of range (<OOR) were considered non-quantifiable and
were not included in the statistical analyses. Since all IL-1β values were reported as <OOR,
IL-1β was excluded from inferential analyses.

2.8. Antioxidant Activity

SOD and GPx activity were evaluated in plasma samples collected in EDTA tubes and
stored at −80 ◦C under standardized conditions until analysis. Briefly, SOD activity was
assessed using a colorimetric inhibition assay (Superoxide Dismutase Activity Assay Kit,
ab65354, Abcam, Cambridge, UK), based on the ability of SOD to scavenge superoxide
radicals generated by xanthine oxidase, thereby inhibiting the reduction in water-soluble
tetrazolium salt (WST) to formazan. Plasma samples were incubated with the reaction
mixture for 20 min at 37 ◦C, and absorbance was measured at 440 nm. SOD activity was
calculated as inhibition rate (%) according to the manufacturer’s instruction.

GPx activity was measured using a colorimetric coupled enzyme assay (Glutathione
Peroxidase Activity Assay Kit, ab102535, Abcam, Cambridge, UK). The assay is based
on the GPx-mediated reduction in cumene hydroperoxide, coupled with the oxidation
of glutathione and its subsequent recycling by glutathione reductase, with concomitant
consumption of NADPH. Briefly, plasma samples were incubated with a reaction mix-
ture containing glutathione, glutathione reductase, and NADPH, followed by addition of
cumene hydroperoxide to initiate the GPx reaction. The decrease in absorbance at 340 nm,
reflecting NADPH oxidation, was measured using a microplate reader. GPx activity was
calculated according to the manufacturer’s instructions and expressed as mU/mL.

2.9. Statistical Analysis

Statistical analyses were conducted using baseline and post-intervention data (T0–T90)
to compare changes among the three study groups.

Continuous variables were assessed for normality using the Shapiro–Wilk test. Data
are presented as mean ± standard deviation (SD) for normally distributed variables and
median (interquartile range, IQR) for non-normally distributed variables. Baseline dif-
ferences among groups were assessed using one-way ANOVA or Kruskal–Wallis tests,
as appropriate.

Longitudinal changes in antioxidants, metabolic, inflammatory, and body composition
outcomes were evaluated using separate linear mixed-effects models for each outcome.
Each model included time, group, and their interaction (time × group) as fixed effects, with
participant included as a random intercept. Age and sex were included as covariates in all
models, together with the baseline value of the specific outcome under investigation. The
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time × group interaction was used to assess between-group differences in changes over
time. Model assumptions were verified through residual diagnostics; variables for which
residuals showed departure from normality were log-transformed prior to analysis.

As exploratory analysis, associations between changes in antioxidant markers and
metabolic, inflammatory, or dietary variables were explored using Spearman correlation
analyses and multivariable linear regression models with robust standard errors, as appro-
priate. Within-group changes in PREDIMED scores from baseline to post-intervention were
assessed using the Wilcoxon signed-rank test. To identify multivariate response patterns
linking antioxidant, metabolic and inflammatory changes, principal component analysis
(PCA) was performed on delta (∆) values of selected variables.

Statistical analyses were performed using Stata (version 19.5; StataCorp, College
Station, TX, USA). PCA analyses and related biplot visualization were conducted in R
(version 4.5.3; R Foundation for Statistical Computing, Vienna, Austria). Additional figures
were generated using GraphPad Prism (version 10.4.0; GraphPad Software, San Diego, CA,
USA). Statistical significance was set at α = 0.05.

3. Results
A total of 30 participants (50% females and 50% males) aged 55.1 ± 6.8 years with

obesity (BMI 35.4 ± 3.8 kg/m2) and T2D (HbA1c 6.7 ± 0.9%) were recruited. Participants
were equally distributed across the three groups, with 10 subjects in the VLEKT group, 10
in the MedD group, and 10 in the control group. Baseline, clinical, metabolic characteristics,
circulating inflammatory markers and antioxidant enzyme levels were largely comparable
across groups. However, significant baseline differences were observed for age, BMI,
fat mass, HbA1c and GPx levels. Compared with the control and MedD groups, the
VLEKT group was younger and showed higher BMI, fat mass, and GPx levels. HbA1c also
differed significantly at baseline, with the control group showing the highest values. These
imbalances were accounted for in subsequent adjusted models, which included age, sex
and baseline values of the dependent variable. Baseline characteristics are represented in
Table 1.

Table 1. Baseline characteristics of the study population.

Variable Total (n = 30) Control (n = 10) VLEKT (n = 10) MedD (n = 10) p-Value

Clinical and
anthropometric

Age (years) 55.1 ± 6.8 57.7 ± 3.6 50.2 ± 8.2 57.3 ± 5.6 0.017
Female, n (%) 15 (50) 5 (50) 5 (50) 5 (50) 1.000
BMI (kg/m2) 35.4 ± 3.8 33.0 ± 2.1 39.4 ± 2.9 34.0 ± 2.7 <0.001
Fat mass (kg) 34.5 ± 9.1 30.3 ± 7.2 42.4 ± 8.5 30.7 ± 6.4 0.001

Fat-free mass (kg) 64.8 ± 13.0 60.3 ± 11.9 67.8 ± 15.6 66.3 ± 11.0 0.409
Phase angle (◦) 6.22 ± 0.85 6.51 ± 0.85 5.89 ± 0.64 6.26 ± 0.99 0.266

Biochemical
FPG (mg/dL) 117.5 [104–135] 134.0 [107–142] 118.5 [104–121] 107.0 [90–128] 0.080
FPI(µIU/mL) 18.2 [12.9–26.3] 16.5 [14.6–25.4] 30.0 [18.5–40.3] 14.2 [12.9–24.2] 0.105

HbA1c (%) 6.7 ± 0.9 7.2 ± 1.1 6.6 ± 0.7 6.2 ± 0.6 0.040
HOMA-IR 5.67 [3.24–8.90] 5.47 [3.74–8.84] 7.30 [4.94–11.81] 3.74 [2.86–7.66] 0.362

Total cholesterol (mg/dL) 148.5 ± 37.9 140.5 ± 35.8 151.7 ± 33.0 153.4 ± 46.4 0.725
Triglycerides (mg/dL) 120.5 [90–208] 161.5 [102–208] 116.0 [90–206] 106.0 [85–215] 0.765

HDL-C (mg/dL) 43.1 ± 9.6 40.6 ± 8.1 44.0 ± 12.8 44.7 ± 7.6 0.612
LDL-C (mg/dL) 76.5 ± 29.9 68.6 ± 29.0 79.1 ± 26.2 81.7 ± 35.2 0.598

Inflammatory markers
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Table 1. Cont.

Variable Total (n = 30) Control (n = 10) VLEKT (n = 10) MedD (n = 10) p-Value

IL-6 (pg/mL) 2.79 [2.13–3.46] 2.79 [2.13–3.46] 2.79 [2.13–3.46] 2.79 [2.13–3.46] 0.972
TNF-α (pg/mL) 5.15 ± 1.21 5.43 ± 1.15 5.40 ± 1.42 4.63 ± 0.94 0.248

MCP-1 (pg/mL) 359.5
[333.7–433.0]

372.3
[318.1–542.6]

374.7
[353.0–473.4]

340.7
[266.3–384.3] 0.137

IL-18 (pg/mL) 428.3
[340.7–616.0]

432.6
[384.7–522.9]

492.5
[323.0–616.0]

428.3
[402.2–666.3] 0.971

CXCL5/ENA-78
(pg/mL)

1232.7
[799.8–1828.4]

1402.9
[976.2–3046.8]

1271.1
[799.8–1890.2]

1188.7
[790.9–1546.2] 0.635

NLR 1.91 [1.47–2.40] 1.73 [1.35–4.10] 1.83 [1.45–2.18] 2.13 [1.78–2.44] 0.575
Platelets (×109/L) 261.8 ± 72.1 281.9 ± 73.4 273.7 ± 77.9 229.7 ± 59.7 0.226

Antioxidant markers
SOD (inh. rate) 32.7 [29.6–36.6] 30.2 [28.8–32.7] 36.6 [33.7–40.3] 32.1 [28.8–35.9] 0.064

GPx (mU/mL) 191.8
[128.7–249.3]

133.9
[128.7–191.5]

249.9
[243.5–263.1]

147.6
[104.6–227.3] <0.001

Data are presented as mean ± SD or median [IQR], as appropriate. p-values derived from one-way ANOVA or
Kruskal–Wallis tests; χ2/Fisher’s exact test for categorical variables. Abbreviations: BMI, body mass index; FPG,
fasting plasma glucose; FPI, fasting plasma insulin; HbA1c, glycated hemoglobin; HOMA-IR, homeostasis model
assessment of insulin resistance; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; NLR, neutrophil-to-lymphocyte ratio; IL-6, interleukin-6; TNF-α, tumour necrosis factor-alpha;
MCP-1, monocyte chemoattractant protein-1; IL-18, interleukin-18; CXCL5/ENA-78, C-X-C motif chemokine
ligand 5; SOD, superoxide dismutase; GPx, glutathione peroxidase.

3.1. Effects of Dietary Interventions on Anthropometric and Metabolic Parameters

To characterize the metabolic effects of the interventions, adjusted LMMs were
used to assess changes in anthropometric and biochemical parameters from T0 to T90
(Tables 2 and S2). VLEKT showed marked reductions in body weight, BMI, fat mass and
WHtR (p interaction = 0.001). Of note, FFM also decreased in the VLEKT group, while no
significant changes in body composition were observed in the MedD or control groups.

Table 2. Longitudinal effects of dietary interventions on anthropometric and biochemical parameters.

Variable Control β (95% CI) VLEKT β (95% CI) MedD β (95% CI) p Interaction

Anthropometric
Weight (kg) −1.05 (−3.41, 1.31) −16.22 (−18.58, −13.86) −1.45 (−3.81, 0.91) <0.001

BMI (kg/m2) −0.30 (−1.16, 0.56) −5.90 (−6.76, −5.04) −0.48 (−1.34, 0.38) <0.001
WHtR 0.00 (−0.02, 0.03) −0.08 (−0.10, −0.06) −0.01 (−0.03, 0.02) <0.001

Fat mass (kg) −1.59 (−4.12, 0.94) −11.57 (−14.10, −9.04) −0.65 (−3.26, 1.96) <0.001
Fat-free mass (kg) 0.54 (−0.83, 1.91) −4.22 (−5.59, −2.85) −0.54 (−1.95, 0.87) <0.001

Phase angle (◦) −0.16 (−0.66, 0.34) −0.16 (−0.38, 0.06) −0.20 (−0.42, 0.02) 0.966
Metabolic
ln(FPG) −0.05 (−0.16, 0.06) −0.22 (−0.33, −0.11) 0.03 (−0.08, 0.14) 0.007

HbA1c (%) −0.30 (−0.77, 0.17) −0.98 (−1.45, −0.51) −0.02 (−0.49, 0.45) 0.014
HOMA-IR 0.78 (−1.50, 3.06) −6.12 (−8.40, −3.84) 0.35 (−1.93, 2.63) <0.001

Total cholesterol (mg/dL) −13.50 (−29.08, 2.08) −18.70 (−34.28, −3.12) −4.20 (−19.78, 11.38) 0.426
HDL-C (mg/dL) 0.50 (−3.10, 4.10) −4.60 (−8.20, −1.00) 0.50 (−3.10, 4.10) 0.077
LDL-C (mg/dL) −8.94 (−23.11, 5.23) −7.24 (−21.41, 6.93) −4.92 (−19.09, 9.25) 0.925

ln(TG) −0.20 (−0.41, 0.00) −0.25 (−0.46, −0.05) −0.01 (−0.22, 0.19) 0.237
Data are presented as regression coefficients (β) with 95% confidence intervals derived from adjusted linear mixed-
effects models. β coefficients represent the estimated change from T0 to T90 within each group. The p interaction
refers to the group × time interaction term. Models were adjusted for age, sex and baseline values of the dependent
variable. Variables showing relevant departures from residual normality were log-transformed before analysis; β
coefficients for ln-transformed outcomes are reported on the log scale. Abbreviations: VLEKT, very-low-energy
ketogenic therapy; MedD, Mediterranean diet; BMI, body mass index; WHtR, waist-to-height ratio; ln, natural
logarithm; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin; HOMA-IR, homeostasis model assessment
of insulin resistance; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
TG, triglycerides.
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Regarding glycemic control and insulin resistance, VLEKT showed significant re-
ductions in FPG (p interaction = 0.007), HbA1c (p time × group interaction = 0.014) and
HOMA-IR (p time × group interaction < 0.001). No significant changes in these parameters
were observed in the MedD or control groups. Among lipid parameters, no significant
between-group differences were observed in the lipid profile, with the exception of a bor-
derline trend for HDL-C (p time × group interaction = 0.077). Within the VLEKT group,
total cholesterol and triglycerides showed reductions from baseline that did not reach
between-group significance (Table S3).

3.2. Dietary Adherence

Given the similar anthropometric and biochemical trajectories observed between the
MedD and control groups, dietary adherence was further analyzed to better character-
ize the nutritional exposure during follow-up. In the VLEKT group, protocol compli-
ance was adequate, as indicated by a mean blood β-hydroxybutyrate concentration of
1.83 ± 0.42 mmol/L, with individual mean values ranging from 1.20 to 2.51 mmol/L, con-
sistent with sustained nutritional ketosis throughout the study. Conversely, the MedD
and control groups showed a different adherence pattern. PREDIMED scores increased
significantly in both the MedD and control groups (p = 0.020 and p = 0.023, respectively),
with no significant difference in the magnitude of change between groups, indicating a
comparable improvement in Mediterranean diet adherence over time although the control
group received only structured advice (Table S4). As the MedD intervention was designed
as a caloric-restricted dietary protocol, deviations between reported energy intake at T90
and the individualized prescribed energy target were calculated to assess adherence to the
assigned nutritional protocol. At T90, two out of 10 MedD participants reported an energy
intake within ±10% of the prescribed caloric target. In the control group, deviations were
calculated relative to baseline energy intake to assess whether participants maintained or
modified their dietary habits during follow-up. Overall, four out of 10 control participants
remained within ±10% of their baseline energy intake (Tables S5 and S6).

3.3. Inflammatory Response to Dietary Interventions

At T90, no significant differences for any of the cytokines examined were noted
among groups. Within-group analyses showed a trend toward relative reductions in IL-6
in both the control (−24.4%; p = 0.060) and the VLEKT groups (−21.3%; p = 0.098). A
similar trend was observed for IL-18 in the VLEKT group (p = 0.064). In addition, NLR, a
surrogate inflammatory index, did not change significantly between groups, while platelet
count decreased significantly in both the VLEKT group (β = −27.9) and the control group
(β = −21.4), but not in the MedD group (p = 0.021).

3.4. Changes in Circulating Antioxidant Enzymes After 90 Days of Dietary Interventions

At T90, LMMs revealed divergent patterns of change in antioxidant enzyme levels
across groups (Figure 2). SOD inhibition rate increased significantly in both the VLEKT
group (β = 6.18, 95% CI [2.44–9.93]) and the control group (β = 4.46, 95% CI [0.72–8.21]),
whereas no significant differences were observed in the MedD group (p time × group
interaction = 0.029).

A contrasting pattern was observed for GPx, which increased significantly from
baseline only in the control group (β = 66.78, 95% CI [32.04–101.52]; p time × group
interaction = 0.002), with no significant within-group changes detected in the VLEKT or
MedD groups (Table S3).
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Figure 2. Changes in circulating antioxidant enzymes from T0 to T90 across study groups. (A) SOD
inhibition rate at baseline (T0) and study end (T90) in the VLEKT, MedD and control groups. (B) GPx
levels at baseline (T0) and study end (T90) in the VLEKT, MedD and control groups. Dots represent
individual participants, bars indicate group means, and error bars denote 95% confidence intervals.
Between-group changes are indicated by asterisks (* p < 0.05; ** p < 0.01). p interaction values refer
to the group × time interaction derived from adjusted linear mixed-effects models. Abbreviations:
VLEKT, very-low-energy ketogenic therapy; MedD, Mediterranean diet; GPx, glutathione peroxidase.

3.5. PCA-Based Profiling of Metabolic and Inflammatory Changes Across Dietary Groups

To explore the multivariate metabolic and inflammatory profiles of the three groups,
a principal component analysis (PCA) was performed (Figure 3). PCA axis 1 (PC1) and
PCA axis 2 explained 27.4% and 16.3% of the total variance, respectively. PC1 was in-
terpreted as a metabolic axis, driven by variables related to insulin resistance and lipid
metabolism, while PC2 represented an inflammatory axis, reflecting the contribution of pro-
inflammatory cytokines. The biplot revealed a clear separation of the VLEKT group along
PC1, whereas the MedD and the control group substantially overlapped. The VLEKT group
was distinctly displaced toward positive PC1 values, suggesting a divergent metabolic
profile compared to the other two groups, with higher scores along variables such as SOD
and phase angle. The control and the MedD groups showed substantial overlap along
both axes, clustering predominantly in the negative PC1 region and indicating similar
metabolic and inflammatory profiles. Notably, MedD subjects displayed a wider dispersion
along PC2, suggesting greater inter-individual variability in inflammatory markers within
this group. The observed group separation was statistically confirmed by PERMANOVA
(F = 2.99, R2 = 0.18, p = 0.001).

3.6. Associations Between Antioxidant Enzymes with Metabolic and Inflammatory Markers

Although PCA suggested that both SOD and phase angle clustered toward a more
favourable metabolic profile, correlation analysis did not show a significant association
between changes in SOD and phase angle. In contrast, a moderate inverse correlation was
observed between changes in GPx and phase angle (ρ = −0.37, p = 0.045). However, this
association was not confirmed in adjusted linear regression models, indicating that neither
relationship remained significant after accounting for potential confounders. Spearman
correlation analyses were then performed to assess whether changes in antioxidant markers
were associated with changes in metabolic and inflammatory parameters. Changes in
SOD showed a trend toward an inverse association with changes in HOMA-IR (ρ = −0.36,
p = 0.058), while no significant correlations were observed with changes in fat mass, body
weight or triglycerides (Table S7). By contrast, changes in GPx were positively correlated
with changes in HOMA-IR (ρ = 0.42, p = 0.024) and body weight (ρ = 0.37, p = 0.049)
(Table S7). Additionally, to further assess these associations, multivariable regression mod-
els were fitted separately for changes in SOD and GPx (Tables S8 and S9). Given the
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substantial overlap between the control and MedD groups in the PCA, the intervention
group was modelled as VLEKT versus control and MedD combined. In the model for SOD,
changes in HOMA-IR were independently associated with changes in SOD after adjust-
ment for changes in fat mass, intervention group, age, sex and baseline SOD (β = −0.47,
p = 0.036). In the corresponding model for GPx, no significant associations were observed
for changes in fat mass, changes in HOMA-IR or intervention group. Furthermore, to
explore whether the observed variations in antioxidant enzyme activity were related to
differences in nutritional exposure, changes in caloric intake were correlated with changes
in SOD, GPx and inflammatory markers. Changes in caloric intake were not significantly
associated with changes in SOD activity (Spearman’s ρ = −0.060, p = 0.750), whereas a posi-
tive correlation was observed with changes in GPx activity (Spearman’s ρ = 0.444, p = 0.015)
(Table S10). No significant correlations were observed between antioxidant enzyme activity
and inflammatory markers, including circulating cytokines and NLR. Similarly, caloric
intake was not significantly associated with inflammatory parameters.

Figure 3. PCA biplot of metabolic, inflammatory, antioxidant and body composition changes. PCA
biplot of changes (∆) in selected metabolic, inflammatory, antioxidant and body composition variables.
PC1 and PC2 explained 27.4% and 16.3% of total variance, respectively. Loadings along PC1 were
mainly driven by SOD and phase angle in the opposite direction to fat mass, BMI and HOMA-
IR, whereas PC2 was primarily associated with inflammatory markers, particularly TNF-α and
MCP-1. Abbreviations: PCA, principal component analysis; PC, principal component; ∆, change from
baseline to study end; SOD, superoxide dismutase; BMI, body mass index; HOMA-IR, homeostasis
model assessment of insulin resistance; TNF-α, tumour necrosis factor-alpha; MCP-1, monocyte
chemoattractant protein-1; GPx, glutathione peroxidase; HDL, high-density lipoprotein cholesterol;
IL-6, interleukin-6.

4. Discussion
Obesity and T2D are characterized by profound metabolic dysfunction, chronic low-

grade inflammation and impaired redox homeostasis [46,47]. Although lifestyle interven-
tions remain the cornerstone of treatment, the extent to which different dietary strategies
modulate endogenous antioxidant defences in this clinical setting is still poorly defined.
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Limited evidence is available on whether VLEKT interventions could be accompanied
by specific antioxidant adaptations beyond their established effects on weight loss and
glycemic control. In this proof-of-concept study, we showed that VLEKT was associated
with the most pronounced rapid metabolic improvement coupled with an increase in SOD
activity that seems to be associated with the improvement in insulin resistance markers.

The anthropometric and glucometabolic effects observed after VLEKT are consistent
with the established efficacy of these approaches in obesity management. European Associ-
ation for the Study of Obesity (EASO) describes VLEKT as a structured nutritional strategy
characterized by severe energy and carbohydrate restriction, with documented effects on
body weight, body composition and glycemic parameters in adults with obesity [32]. In
our cohort, VLEKT produced substantial reductions in body weight and fat mass, as ex-
pected, paralleled by improvements in FPG, HbA1c and HOMA-IR. These findings support
the view that, in patients with obesity and T2D, a highly structured VLEKT intervention
exhibited a rapid metabolic improvement. By contrast, the MedD arm showed a blunted
anthropometric and glucometabolic effect within 3 months. This finding is not surprising
in the short term and should also be interpreted in the context of suboptimal adherence
to the prescribed dietary plan which may have reduced its metabolic effects, as suggested
by the relatively low dietary adherence in this group. On the other hand, the effects of
MedD could be demonstrated in a more prolonged period, in agreement with guidelines
that suggest the MedD as one of the best dietary strategies in the management of T2D and
obesity [48–50]. Given the poor adherence we observed, weight and glycemic trajectories
were similar between the MedD and control group.

Pro-inflammatory cytokines did not show significant intervention-related changes.
This finding should not necessarily be interpreted as absence of immunometabolic effects.
Rather, it may indicate that systemic cytokine concentrations are less sensitive than anthro-
pometric, glycemic or redox markers over the short term, particularly in a small cohort, and
in the context of obesity associated with T2D. Rohm et al. emphasize that the inflammatory
milieu in obesity and T2D involves complex, multi-cellular interactions within adipose
and other metabolically active tissues, whose resolution may not be readily captured by
changes in circulating cytokines alone, especially over a 90-day window [47]. Ketone
bodies, particularly β-hydroxybutyrate, have been shown to exert anti-inflammatory ac-
tions in experimental models, including inhibition of NLRP3 inflammasome activation.
However, translating these mechanisms into measurable reductions in circulating cytokines
in human dietary studies is not straightforward. Baseline inflammatory status, duration
of intervention, degree of weight loss, medication background and assay variability may
all influence the detectability of cytokine changes [34,51]. In our cohort, IL-6 showed
only non-significant trends toward reduction in the control and VLEKT groups. Similarly,
Quetglas-Llabrés et al. observed that meaningful reductions in inflammatory markers
in patients following a MedD lifestyle intervention required sustained adherence over
24 months, suggesting that longer follow-up may be necessary to capture diet-induced
immunomodulatory effects [52].

A key observation of this study is the divergent behaviour of the two antioxidant
enzymes across groups. SOD increased in both the VLEKT and control groups, whereas
GPx increased only in the control group, while neither enzyme showed significant changes
in the MedD group. However, the increase in SOD should not be interpreted in isolation or
considered biologically equivalent across groups, as it occurred within distinct metabolic-
redox contexts. In the VLEKT group, SOD increased in parallel with marked improvements
in body weight, fat mass, glycemic control and insulin resistance, without a concomitant
increase in GPx activity. By contrast, in the control group, SOD increased together with GPx,
in the absence of comparable anthropometric and biochemical improvements. Similarly,
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the increase in GPx observed only in the control group should be interpreted within this
broader response pattern, rather than as an isolated marker of improved antioxidant status.
Collectively, these data do not indicate a VLEKT-specific enhancement of antioxidant
defences, but rather a context-specific modulation of antioxidant enzyme activity, whereby
comparable SOD changes may reflect different underlying metabolic adaptations.

This pattern suggests that SOD and GPx should not be interpreted as interchangeable
markers of a single “antioxidant status”, but rather as components of a coordinated and
context-dependent redox network [46,53]. These differences suggest that the redox response
observed after VLEKT may reflect a selective metabolic-redox adaptation, whereas the
concomitant increase in SOD and GPx in the control group should be interpreted more
cautiously. Although adherence analyses suggest that control participants modified some
dietary habits during follow-up, increased SOD and GPx activity cannot be unequivocally
interpreted as a favourable redox adaptation. These changes may also reflect compensatory
or context-dependent antioxidant responses, behavioural changes during follow-up, and
inter-individual variability [16]. Finally, the absence of significant antioxidant enzyme
changes in the MedD group may reflect the lack of a sufficiently strong or consistent dietary
stimulus, in line with the suboptimal adherence observed in this arm. This distinction is
particularly relevant in obesity and T2D, conditions in which oxidative stress contributes
to insulin resistance, β-cell dysfunction and dyslipidemia.

Within this context, the association between SOD and HOMA-IR, while remaining ex-
ploratory, is one of the most clinically relevant findings of this study. In correlation analyses,
changes in SOD showed a trend toward an inverse association with changes in HOMA-
IR. This relationship became significant in multivariable regression after adjustment for
fat mass change, intervention group, age, sex and baseline value. Thus, the association
between SOD and insulin resistance seemed to be not explained solely by adiposity reduc-
tion or by allocation to the VLEKT group. From a clinical perspective, this suggests that
improvement in insulin resistance may occur in parallel with modulation of antioxidant
defence, supporting a close link between redox adaptation and metabolic improvement.
The pathophysiological basis for this link is well established, since superoxide anions
generated by NADPH oxidase and mitochondrial ROS impair insulin receptor signalling
cascades, whereas restoration of SOD activity may partially protect these pathways [46,54].
Furthermore, data from high-fat-diet animal models have demonstrated that improvements
in redox homeostasis biomarkers, including SOD activity, correlate with improvements in
metabolic syndrome, providing translational support for the associations observed in our
cohort [54]. The absence of an independent association between changes in fat mass and
changes in SOD further refines this interpretation. VLEKT produced the greatest reduction
in fat mass, but the association between SOD and HOMA-IR persisted after accounting for
fat mass change. This finding suggests that SOD variation may be more closely related
to changes in insulin resistance dynamics than to fat loss per se. This is consistent with
the biological model in which oxidative stress and insulin resistance reinforce each other
through mitochondrial dysfunction, impaired insulin signalling and chronic metabolic
stress [11,55]. In this framework, the association between SOD and HOMA-IR suggests
that SOD may track improvement in metabolic homeostasis rather than simply reflecting
the magnitude of weight loss.

On the other hand, GPx showed a less consistent relationship with metabolic im-
provement. Although changes in GPx correlated with changes in HOMA-IR and body
weight in Spearman correlation analyses, these associations were not retained in the cor-
responding multivariable model. Nevertheless, the positive correlation between changes
in GPx and body weight indicates that greater weight loss was associated with lower
GPx. This observation is consistent with recent dietary weight-loss evidence showing
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that improvements in metabolic and redox status are not necessarily accompanied by
increased GPx activity. In particular, Szlachta et al. reported a significant reduction in ery-
throcyte GPx after weight reduction, despite concomitant decreases in glucose, HOMA-IR,
malondialdehyde and lipofuscin, together with increased glutathione reductase activity,
suggesting adaptive remodelling of the glutathione-dependent antioxidant system rather
than impaired antioxidant defence [56]. This may reflect a more complex regulation of
GPx in obesity and T2D. Experimental and translational studies have shown that GPx,
as an extracellular member of the peroxidase family, is dysregulated in obesity and may
influence adipose tissue insulin signalling. Moreover, GPx activity can be influenced by
baseline antioxidant capacity, inflammatory signals, and inter-individual variability [57,58].
Similarly, Bosch-Sierra et al. observed an improvement in redox status after VLCD-induced
weight loss, characterized by reduced mitochondrial ROS and increased glutathione levels,
but did not find an increase in GPX1 mRNA expression, further supporting the idea that
GPx-related responses may be uncoupled from global metabolic improvement [59]. Finally,
Bellanti et al. [60] reported a reduction in serum oxidative damage markers, whereas ery-
throcyte redox markers, including GPx activity, did not significantly change, suggesting
that diet-induced redox improvement may be more evident at the systemic level than
within the erythrocyte enzymatic compartment. Therefore, GPx may not behave as a linear
marker of short-term metabolic improvement in this setting. In line with this hypothesis,
the moderate association between changes in caloric intake and GPx observed in our cohort
further suggests that GPx variations may be partly influenced by dietary exposure, energy
balance and weight-loss dynamics.

Importantly, the PCA provided a useful integrated view of these findings. The VLEKT
group was separated from both the control and MedD groups along a component mainly
characterized by metabolic and redox-related variables, whereas the control and MedD
groups showed substantial overlap. This multivariate pattern supports the idea that VLEKT
may reflect a broader metabolic-redox shift rather than isolated changes in single outcomes.
The systematic review by Aleksandrova et al. similarly reported that dietary interventions
with high-antioxidant-quality dietary patterns produce multivariate shifts in both oxidative
stress and inflammatory biomarker profiles, and that these shifts are most consistently
observed when the intervention is sufficiently intensive and sustained [20]. In our study,
the relative separation of the VLEKT group along the metabolic-redox axis of the PCA
may reflect precisely this type of broader systemic adaptation. Nevertheless, the targeted
correlation and regression analyses were essential to qualify the PCA findings. Although
SOD and phase angle loaded toward a favourable metabolic-redox direction, their direct
association was not significant. GPx showed an inverse correlation with phase angle, but
this association was not retained after adjustment.

Our study has several limitations that should be acknowledged. First, the sample size
was small, which limits statistical power, especially for cytokine and multivariable analyses.
Second, the study was non-randomized, and participants were allocated according to
clinical evaluation, patient preference, and expected adherence to the assigned dietary
intervention. Although statistical models were adjusted for age, sex, and baseline values
of the dependent variables, residual confounding and selection bias cannot be excluded.
Therefore, the observed associations should be interpreted as exploratory results rather
than as evidence of causal effects. Third, the MeD diet was prescribed as energy-restricted,
but suboptimal adherence to the dietary plan likely reduced the effective implementation
of the prescribed energy deficit and limited the ability to evaluate the full potential of
this intervention. Accordingly, the lack of significant changes in the MedD group should
not be interpreted as evidence against the Mediterranean dietary pattern itself. Third,
participants in the control group did not receive a structured dietary prescription, but

https://doi.org/10.3390/antiox15070844

https://doi.org/10.3390/antiox15070844


Antioxidants 2026, 15, 844 15 of 19

repeated nutritional assessments for ethical reasons and counselling may have influenced
dietary behaviour during follow-up, limiting its interpretation as a completely unchanged
comparator. Fourth, another important limitation is that the VLEKT intervention differed
from the other interventions in several components, including the magnitude of energy
restriction, meal-replacement use, vitamin and mineral supplementation, and carbohydrate
restriction. Accordingly, the observed metabolic and antioxidant changes cannot be at-
tributed specifically to ketosis or β-hydroxybutyrate per se, but should rather be interpreted
as related to the overall structured VLEKT program. Fifth, circulating antioxidant enzymes
and cytokines provide only a partial view of redox and inflammatory biology and may not
fully capture tissue-level processes. Moreover, direct oxidative damage markers, such as
malondialdehyde (MDA), protein carbonyls, and 8-hydroxy-2′-deoxyguanosine (8-OHdG),
were not measured. This limits the interpretation of changes in SOD and GPx activities, as
we cannot determine whether these antioxidant enzyme responses were accompanied by
reductions in lipid, protein, or DNA oxidative damage. Fifth, although baseline medication
use did not significantly differ across groups and remained unchanged throughout the
study, pharmacological treatments were not included as covariates in the mixed-effects
models. Therefore, residual confounding related to background medication cannot be
completely excluded. Finally, the relatively short follow-up may have been sufficient to
detect metabolic and redox changes but not longer-term inflammatory remodelling. Fu-
ture studies with larger sample sizes, longer follow-up periods, stricter dietary adherence
monitoring, and comprehensive biomarker panels, including oxidative damage products,
tissue-level redox markers and specific GPx isoforms, are warranted to confirm and extend
these findings.

5. Conclusions
In conclusion, our exploratory results highlight that VLEKT was associated with

marked improvements in body weight, fat mass and glycemic control in patients with obe-
sity and T2D, accompanied by a distinct modulation of antioxidant markers. Our findings
support the hypothesis that dietary interventions may differentially affect metabolic, redox
and inflammatory pathways, and suggest that SOD may represent a candidate marker of
metabolic-redox adaptation during nutritional therapy. They also underscore the need to
move beyond global measures of “antioxidant status” and to consider the specific biological
roles and regulatory contexts of individual antioxidant enzymes when interpreting the
effects of nutritional interventions in metabolically compromised patients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox15070844/s1, Table S1. Medication use before enrolment, at
baseline and during follow-up according to intervention group; Table S2. Adjusted pairwise contrasts
of changes from T0 to T90 for key outcomes across groups; Table S3. Model-adjusted within-group
changes from baseline in anthropometric, metabolic, antioxidant, and inflammatory parameters;
Table S4. Changes in PREDIMED score in the MedD and control groups; Table S5. Energy adherence
to the prescribed Mediterranean dietary intervention at T90; Table S6. Energy intake variation relative
to baseline in the control group at T90; Table S7. Spearman correlations of ∆SOD and ∆GPx with
metabolic parameters; Table S8. Multivariable linear regression analysis assessing factors associated
with changes in SOD; Table S9. Multivariable linear regression analysis assessing factors associated
with changes in GPx; Table S10. Association between changes in energy intake and antioxidant
enzyme activity.

Author Contributions: Writing—original draft preparation: S.T., S.C., S.P.; Conceptualization: F.P.,
S.T., S.C.; Writing—review and editing: F.P., S.P., T.R., S.T.; Methodology: S.T., T.R., A.A., J.B.; Data
curation: S.T., S.C., E.D.P., V.A., H.I.O.; Visualization: F.P., M.C.; Funding acquisition: P.M., F.P. All
authors have read and agreed to the published version of the manuscript.

https://doi.org/10.3390/antiox15070844

https://www.mdpi.com/article/10.3390/antiox15070844/s1
https://www.mdpi.com/article/10.3390/antiox15070844/s1
https://doi.org/10.3390/antiox15070844


Antioxidants 2026, 15, 844 16 of 19

Funding: This research was funded by the University of Piemonte Orientale: FOHN Project, Depart-
ments of Excellence 2018–2022, Department of Health Sciences, University of Piemonte Orientale;
and by the Ministry of University and Research: Grant PRIN (SIDERALE project; 2020NCKXBR_004).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the territorial Ethics Committee of AOU Maggiore della Carità of
Novara as part of “KETO-MI” and “SIDERALE” projects (protocol number CE 196/21 approved on
2 February 2022; CE 277/2022 approved on 21 March 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to ethical reasons.

Acknowledgments: The authors would like to thank all participants for their involvement in the
study and the Therascience Company for providing the nutritional supplements used in the VLEKT
intervention. The authors also gratefully acknowledge Hajar Meskine for her valuable laboratory
support, UPO Biobank (Università del Piemonte Orientale, Novara, Italy) for the processing and
storage of the biological samples used in this work, and Cinzia Fenini together with the nursing staff
under her coordination for their essential support in blood collection and study procedures.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

VLEKT Very-low-energy ketogenic therapy
FFM Fat-free mass
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NLR Neutrophil-to-lymphocyte ratio
CXCL5/ENA-78 C-X-C motif chemokine ligand 5

https://doi.org/10.3390/antiox15070844

https://doi.org/10.3390/antiox15070844


Antioxidants 2026, 15, 844 17 of 19

References
1. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.; Matsuda, M.;

Shimomura, I. Increased Oxidative Stress in Obesity and Its Impact on Metabolic Syndrome. J. Clin. Investig. 2004, 114, 1752–1761.
[CrossRef] [PubMed]

2. Henriksen, E.J.; Diamond-Stanic, M.K.; Marchionne, E.M. Oxidative Stress and the Etiology of Insulin Resistance and Type 2
Diabetes. Free Radic. Biol. Med. 2011, 51, 993–999. [CrossRef] [PubMed]

3. Rani, V.; Deep, G.; Singh, R.K.; Palle, K.; Yadav, U.C.S. Oxidative Stress and Metabolic Disorders: Pathogenesis and Therapeutic
Strategies. Life Sci. 2016, 148, 183–193. [CrossRef] [PubMed]

4. Raut, S.K.; Khullar, M. Oxidative Stress in Metabolic Diseases: Current Scenario and Therapeutic Relevance. Mol. Cell Biochem.
2023, 478, 185–196. [CrossRef] [PubMed]

5. Kawai, T.; Autieri, M.V.; Scalia, R. Adipose Tissue Inflammation and Metabolic Dysfunction in Obesity. Am. J. Physiol.-Cell Physiol.
2021, 320, C375–C391. [CrossRef] [PubMed]

6. Hauck, A.K.; Huang, Y.; Hertzel, A.V.; Bernlohr, D.A. Adipose Oxidative Stress and Protein Carbonylation. J. Biol. Chem. 2019,
294, 1083–1088. [CrossRef] [PubMed]

7. Akoumianakis, I.; Antoniades, C. Impaired Vascular Redox Signaling in the Vascular Complications of Obesity and Diabetes
Mellitus. Antioxid. Redox Signal. 2019, 30, 333–353. [CrossRef] [PubMed]

8. Niemann, B.; Rohrbach, S.; Miller, M.R.; Newby, D.E.; Fuster, V.; Kovacic, J.C. Oxidative Stress and Cardiovascular Risk: Obesity,
Diabetes, Smoking, and Pollution. J. Am. Coll. Cardiol. 2017, 70, 230–251. [CrossRef] [PubMed]

9. Yuan, T.; Yang, T.; Chen, H.; Fu, D.; Hu, Y.; Wang, J.; Yuan, Q.; Yu, H.; Xu, W.; Xie, X. New Insights into Oxidative Stress and
Inflammation during Diabetes Mellitus-Accelerated Atherosclerosis. Redox Biol. 2019, 20, 247–260. [CrossRef] [PubMed]

10. Ayer, A.; Fazakerley, D.J.; James, D.E.; Stocker, R. The Role of Mitochondrial Reactive Oxygen Species in Insulin Resistance. Free
Radic. Biol. Med. 2022, 179, 339–362. [CrossRef] [PubMed]

11. Feng, Z.; Tan, Z.; Lu, D. Mitochondrial Bioenergetics Dysfunction in T2DM: Linking Oxidative Stress to Insulin Resistance. Front.
Endocrinol. 2025, 16, 1674477. [CrossRef] [PubMed]

12. Wager, J.L.; Baker, L.G.; Scheidl, T.B.; Yonan, S.Z.; Colarusso, P.; Young, D.; Dufour, A.; Thompson, J.A. Interleukin-6 from
the Adipose Secretome Potentiates Differentiation of Adipose Progenitors through the Activation of Redox Signaling. Am. J.
Physiol.-Cell Physiol. 2025, 328, C1730–C1742. [CrossRef] [PubMed]

13. Okuno, Y.; Fukuhara, A.; Hashimoto, E.; Kobayashi, H.; Kobayashi, S.; Otsuki, M.; Shimomura, I. Oxidative Stress Inhibits Healthy
Adipose Expansion Through Suppression of SREBF1-Mediated Lipogenic Pathway. Diabetes 2018, 67, 1113–1127. [CrossRef]
[PubMed]

14. Bigagli, E.; Lodovici, M. Circulating Oxidative Stress Biomarkers in Clinical Studies on Type 2 Diabetes and Its Complications.
Oxidative Med. Cell. Longev. 2019, 2019, 5953685. [CrossRef] [PubMed]

15. Vona, R.; Gambardella, L.; Cittadini, C.; Straface, E.; Pietraforte, D. Biomarkers of Oxidative Stress in Metabolic Syndrome and
Associated Diseases. Oxidative Med. Cell. Longev. 2019, 2019, 8267234. [CrossRef] [PubMed]
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