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Abstract: Chronic viral inflammation is associated with oxidative stress and changes in gut micro-
biota. The Mediterranean diet (MD), with recognized anti-inflammatory and antioxidant properties,
modulates gut microorganisms, specifically on the interaction between extra virgin olive oil, a
key component of the MD with well-documented antioxidant effects. This study investigated the
influence of adherence to MD and antioxidant-rich foods (extra virgin olive oil) on biochemical,
inflammatory, and microbiota profiles in patients with chronic inflammation defined as a prolonged
inflammatory response due to immune dysregulation following the acute phase of the viral infection.
Participants were classified into low (n = 54) and high (n = 134) MD adherence groups (cut-off of
7 points based on previous studies utilizing the same threshold in the assessment of MD adherence).
Gut microbiota was sequenced using the 16S technique, and the adherence to MD was assessed
using a validated questionnaire for a Spanish population. High adherence to the MD was linked
to significant improvements in inflammatory and oxidative stress markers, including reductions in
LDL-cholesterol, glucose, and lactate dehydrogenase (LDH) levels, an indicative of redox balance,
as well as a significant higher consumption of antioxidant foods. Moreover, gut microbiota analysis
revealed distinct compositional shifts and a lower abundance of the Oscillibacter genus in the high
adherence group. Notably, a significant interaction was observed between MD adherence and extra
virgin olive oil consumption, with Oscillibacter abundance influencing LDH levels, suggesting that
the MD antioxidant properties may modulate inflammation through gut microbiota-mediated mecha-
nisms. These findings provide new evidence that adherence to the Mediterranean diet can reduce
inflammatory markers in patients with long-COVID-19, a population that has not been extensively
studied, while also highlighting the potential role of the bacterial genus Oscillibacter in modulating
this effect.

Keywords: Mediterranean diet; extra virgin olive oil; Oscillibacter; lactate dehydrogenase; health
benefits; antioxidant
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1. Introduction

Chronic inflammation represents a complex and persistent pathophysiological state
that significantly impacts health and well-being, which is related to oxidative stress and im-
munity [1]. Thus, persistent inflammation induced by trauma, metabolic, or viral injuries is
characterized by a prolonged and dysregulated immune response, leading to tissue damage,
and contributing to the development of some chronic diseases [1]. In chronic inflammatory
states, redox imbalance plays a crucial role by exacerbating oxidative stress through the
excessive production of reactive oxygen species (ROS) and reactive nitrogen species (RNS),
which overwhelm the body’s antioxidant defenses [2]. This imbalance not only damages
cellular components such as lipids, proteins, and DNA but also amplifies pro-inflammatory
signaling pathways, creating a vicious cycle that sustains inflammation [3]. Among the
diverse manifestations of chronic inflammation, long-hauler patients—individuals expe-
rience a prolonged inflammatory response due to immune dysregulation following the
acute phase of the viral infection—pose a significant clinical challenge [4]. These patients
frequently suffer from a range of debilitating symptoms, including fatigue, dyspnea, cog-
nitive impairment, and musculoskeletal pain, all of which severely affect the quality of
life and functional capacity, as well as the immune and inflammatory mechanisms [5]. In
this context, lactate dehydrogenase (LDH), a widely used biomarker of tissue damage,
inflammation, and oxidative stress, reflects cellular metabolic activity, being implicated in
disease severity and prognosis [2,6].

Additionally, emerging research has highlighted that long-hauler infected patients
often present alterations in gut microbiota composition, suggesting a link between chronic
inflammation and microbial dysbiosis [7]. In chronic inflammatory conditions, such as
inflammatory bowel disease, metabolic syndrome, or long-COVID-19, dysbiosis contributes
to an impaired gut barrier function, often referred to as “leaky gut”. This increased intesti-
nal permeability allows bacterial endotoxins to translocate into the systemic circulation,
triggering systemic immune activation [8]. This microbial translocation exacerbates inflam-
mation through the activation of pattern recognition receptors. Thus, chronic inflammation
status can perpetuate dysbiosis by creating a hostile gut environment—marked by ox-
idative stress, immune dysregulation, and altered nutrient harvest and availability—that
favors the growth of pathogenic species while hindering the proliferation of beneficial
microbes [9]. This represents a bidirectional relationship between chronic inflammation and
dysbiosis, where microbial imbalances not only drive further inflammatory responses but
also worsen clinical outcomes in various chronic diseases [10]. Therefore, understanding
the role of gut microbiota in chronic inflammation among long-hauler patients is crucial
for devising effective therapeutic strategies to alleviate symptoms and improve long-term
personalized outcomes [9].

On the other hand, dietary interventions are recognized as significant modulators
of inflammatory processes and microbial homeostasis in diverse disease scenarios [11].
Specifically, the Mediterranean diet (MD) has garnered considerable attention for multiple
health benefits [12]. This dietary pattern is characterized by high consumption of fruits,
vegetables, legumes, whole grains, nuts, and extra virgin olive oil (EVOO), which is rich
in bioactive compounds such as polyphenols and omega-3 fatty acids, which underlie
potent anti-inflammatory properties [13]. The consumption of EVOO, a cornerstone of
the MD, is particularly noted for the high content of phenolic compounds with strong
anti-inflammatory and antioxidant effects [14]. Numerous studies have consistently demon-
strated that adherence to the MD is associated with reduced systemic inflammation markers,
enhanced antioxidant defenses, and favorable alterations in gut microbiota composition
and function [15]. Moreover, several investigations have elucidated the MD’s impact on gut
microbiota diversity and functionality, indicating that the MD promotes the growth of ben-
eficial microbial species while reducing the abundance of pro-inflammatory pathogens [16].
However, gaps remain in understanding how specific components of the MD, such as
EVOO, modulate microbial communities, particularly in the context of chronic inflamma-
tory conditions.
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The objective of this research was to assess the influence of adherence to a Mediter-
ranean diet on anthropometric, biochemical, and inflammatory variables, as well as the
putative role of gut microbiota composition on such outcomes in participants with chronic
inflammation. Additionally, this study aimed to explore the potential health benefits of
antioxidant-rich food groups, such as extra virgin olive oil, in relation to inflammatory
and metabolic conditions, with a particular focus on their interactive association with gut
microorganisms.

2. Materials and Methods
2.1. Study Design

This study is part of the “METAINFLAMMATION” project (ref. Y2020/BIO-6600) that
is a prospective and controlled study aimed at investigating the interaction concerning
chronic inflammation and nutrition. Recruitment of participants took place between Jan-
uary 2022 and June 2023 at the Internal Medicine Service of Puerta de Hierro Majadahonda
University Hospital in Madrid, Spain. Participants were included after providing informed
consent, and the study adhered to the principles of the Declaration of Helsinki. Approval
for the study protocol was granted by the Research Ethics Committee of Puerta de Hierro
Majadahonda University Hospital (no. PI 164-21). Data collection strictly followed ethical
guidelines and validated hospital protocols.

2.2. Participants, Inclusion, and Exclusion Criteria

This study enrolled a total of 188 adults, encompassing both men and women and
all Caucasian and Hispanic descents. These participants presented a pathophysiological
long-lasting chronic inflammation underlying a viral infection and followed the guidelines
of the National Institute for Health and Care Excellence (NICE) and the National Institute
for Health and Care Research (NIHR) [17,18]. This chronic inflammation was defined for
this investigation as a prolonged inflammatory response due to immune dysregulation
following the acute phase of the viral infection. Participants met the following inclusion
criteria: age > 18 years, BMI > 17.01 kg/m2 and 51.35 kg/m2, and a diagnosis of long-
COVID-19, confirmed by the medical staff of the Internal Medicine service of the Puerta de
Hierro Majadahonda University Hospital (Madrid, Spain). These patients were initially
diagnosed with COVID-19 through a combination of chest X-ray imaging and PCR testing
to confirm the presence of the SARS-CoV-2 virus. Upon recovery from the acute phase of
infection, they were later diagnosed with long COVID by the internist doctor, based on the
persistence of mild COVID-19-like symptoms over an extended period. The treatments
administered to patients were mainly symptomatic according to their long-COVID-19
presentation. For pain management, some individuals received analgesics, while inhalers
were prescribed to those with some respiratory symptoms. Fatigue and general malaise
were addressed through physical rehabilitation, facilitated by physiotherapy in certain
cases, along with the use of acute pain relievers. Each therapeutic approach was carefully
tailored to the patient’s unique clinical profile, ensuring that interventions were appropriate
for their individual needs, according to the hospital protocols, but no one emerged as
relevant, while corticoids only were administered in acute prescriptions and never in the
previous four weeks in the recruited patients. In addition, they provided fecal samples,
which were sequenced by a specialized external laboratory. The exclusion criteria included
the presence of severe psychiatric disorders, the use of weight-modifying agents, pregnancy,
or lactation, and the consumption of probiotics or antibiotics at least 3 weeks before the
fecal sample collection, as well as the rejection to participate, as described elsewhere [19].

2.3. Anthropometrics Measurements

Anthropometric measurements, including body weight, height, waist circumference,
and body composition using bioimpedance analysis, were conducted by qualified dietitians
and clinical staff using validated methods and equipment, as describe elsewhere [19] Body
weight was measured using a bioimpedance scale (TANITA SC-330; Tanita Corporation,
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Tokyo, Japan), which also provided body composition estimates. Waist circumference
was assessed with a standard tape measure following established protocols performed
by trained dietitians [20]. Body Mass Index (BMI) was calculated as the ratio of body
weight to height squared (kg/m2), applying the international criteria set by the World
Health Organization (WHO) (BMI < 24.9 kg/m2 for normal weight, BMI 25–29.9 kg/m2 for
overweight, and BMI ≥ 30 kg/m2 for obesity) [21]. Body composition data derived from
the TANITA SC-330 device (Tanita Corporation), as described elsewhere [19].

2.4. Lifestyle Variables

The baseline questionnaire of the METAINFLAMMATION cohort collected informa-
tion on a wide array of characteristics previously validated including sociodemographic,
lifestyle-related including age, sex, family history, smoking status, physical activity, preva-
lence of chronic diseases, napping, snacking habits, and dietary intake. Adherence to the
Mediterranean dietary pattern was assessed using a well-known validated questionnaire
for Spanish population [22,23]. The Supplementary Table S3 shows a detailed description
of the questions and criteria to calculate the 14-MEDAS score [24].

2.5. Biochemical Data

Blood samples were collected under fasting conditions via venipuncture. These sam-
ples were analyzed for leukocytes, lymphocytes, neutrophils, hemoglobin, mean corpuscu-
lar volume, platelets, erythrocyte sedimentation rate (ESR), and erythrocyte distribution
width (RDW) using an SYSMEX XN-20 automated hematology analyzer (Roche, Basel,
Switzerland) [19]. The neutrophil/lymphocyte ratio was calculated directly from the mea-
sured values. Routine biochemical markers such as glucose, total cholesterol, glycated
hemoglobin, uric acid, vitamin D, ferritin, gamma glutamyl transpeptidase (GGT), vita-
min B12, folic acid, high-density lipoprotein (HDL), triglycerides, glutamic-oxaloacetic
transaminase (GOT), and glutamic-pyruvic transaminase (GPT) were measured according
to validated hospital protocols using a quality-controlled autoanalyzer (Atellica™ Solution,
Siemens Healthineers, Erlangen, Germany) and established criteria. Prognosis-related vari-
ables, proinflammatory factors, and markers such as C-reactive protein (CRP), fibrinogen,
insulin, lactate dehydrogenase (LDH), D-dimer, interleukin-6 (IL-6), and prothrombin ac-
tivity were also assessed following standardized procedures, primarily utilizing ELISA kits
(Sigma-Aldrich ELISA Kit, St. Louis, MO, USA) as per the suppliers’ instructions [19,25].

2.6. Metagenomic Analysis

Fecal samples were collected using OMNIgene® · GUT kits (DNA Genotek, Ottawa,
ON, Canada), following the manufacturer’s instructions. Bacterial DNA extraction was
carried out with the QI-Aamp® DNA kit (Qiagen, Hilden, Germany) as per the protocol pro-
vided. The V3-V4 hypervariable regions of the 16S rRNA gene were amplified using paired-
end DNA sequencing on the MiSeq System (Illumina, San Diego, CA, USA) at Novogene
Sequencing-Europe (Cambridge, UK). The PCR reactions utilized the following primers:
16S Amplicon PCR Forward Primer (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GCCTACGGGNGGCWGCAG-3′) and 16S Amplicon PCR Reverse Primer (5′-GTCTCGTGG
GCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′). Amplicon
preparation was conducted using the 16S Metagenomic Sequencing Library Preparation
Protocol (Illumina, San Diego, CA, USA), which includes overhang adapter sequences
compatible with Illumina index and sequencing adapters. Amplicon size was confirmed by
electrophoresis (LabChip GX; PerkinElmer, Waltham, MA, USA). The DNA libraries for 16S
rRNA amplicon sequencing were prepared using the Nextera XT DNA Library Preparation
Kit (Illumina, San Diego, CA, USA) following the manufacturer’s protocol. Sequencing
of the 16S rRNA libraries was performed on the Illumina MiSeq benchtop sequencer in
paired-end mode with 2 × 300 cycles using the MiSeq Reagent v3 600-cycle kit (Illumina,
San Diego, CA, USA). Quality control included filtering of low-quality reads and removal
of chimeric sequences post-alignment using the Quantitative Insights into Microbial Ecol-



Antioxidants 2024, 13, 1358 5 of 21

ogy program (QIIME2) [26,27]. The resulting clean reads were clustered into amplicon
sequence variants (ASVs) using DADA2 and annotated with the SILVA v.132 16S rRNA
gene database. Relative abundance of each ASV and alpha diversity were calculated using
the Phyloseq R package [19,28,29]. Beta diversity was assessed using weighted UniFrac
distances and visualized through principal coordinate analysis (PCoA). PERMANOVA was
employed to compare similarity of bacterial communities among groups using the “vegan”
package in R (version 2.5-7).

2.7. Statistical Analyses

Participants were stratified according to mean adherence to MD criteria using a
validated questionnaire for a Spanish population (MEDAS14), being “lower adherence
MD” (for those with values below or equal to 7) or “higher adherence MD” (for those
with values above 7) for convenient statistical analyses. The selection of the cut-off was
based on previous studies [23,24,30,31]. Variables were expressed as means and stan-
dard deviations for quantitative variables and the number of cases and percentage for
qualitative variables. Student’s t tests were implemented to compare the means of the
continuous variables at the beginning of the study, and the categorical variables were
statistically analyzed using the chi-square (χ2) test. Correlation analyses were performed
using Spearman and bivariate scatter plots for the representation. Potential interactions
were investigated with general linear regression models that introduced the corresponding
interaction terms into the models and using Stata 12. (StataCorp LLC, College Station,
TX, USA). All analyses were performed adjusting by sex and age. The classification in
antioxidant and prooxidant foods for the comparison by groups of adherence was per-
formed according to the current scientific literature [32,33]. Consumption of EVOO was
categorized by “low” and “high” using 3 servings/day as cut-off. A p value of <0.05
was considered statistically significant. Linear discriminant analysis (LDA) effect size
(LEfSe) (http://huttenhower.sph.harvard.edu/galaxy/, accessed on 5 June 2024) was used
to compare groups and visualize the results using taxonomic bar charts. Comprehensive
differential abundance analyses were conducted using the MicrobiomeAnalyst web-based
platform (https://www.microbiomeanalyst.ca/, accessed on 2 June 2024) [34]. Gene abun-
dance data were analyzed by marker data profiling (MDP), filtering by a minimum count
of 4, 20% prevalence in samples, and a low variance filter (maximum percentage of samples
to remove) of 20%, based on inter-quantile range. Data were normalized using the centered-
log ratio (CLR) using the zCompositions package for RStudio [35,36]. Alpha diversity
profiling between groups with low and high inflammation scores was evaluated using
the Shannon index. Beta diversity was assessed using Bray–Curtis distances and repre-
sented using principal coordinates analysis (PCoA) and the PERMANOVA test. Differential
abundance was assessed using EdgeR as described (https://www.microbiomeanalyst.ca/,
accessed on 2 June 2024) [34].

3. Results
3.1. Comparison of Anthropometrics, Biochemical, and Inflammatory Outcomes According to the
Adherence to Mediterranean Diet

The stratification of the population, using 7 points as the cut-off from the MD ad-
herence questionnaire, resulted in 54 participants with “lower adherence MD” (less than
7 points) and 134 participants with “high adherence MD” (higher than 7 points). The
comparisons of anthropometric measurements and body composition according to MD
adherence are shown in Table 1. Participants with high adherence to MD showed lower
values in most of the anthropometric and body composition variables, with a marginally
statistical difference. As expected, participants with high MD adherence had significantly
higher adherence scores (Table 1).

http://huttenhower.sph.harvard.edu/galaxy/
https://www.microbiomeanalyst.ca/
https://www.microbiomeanalyst.ca/
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Table 1. Comparison of anthropometric measurements, body composition, and typical characteristics
between post-viral long-hauler patients categorized by adherence to Mediterranean diet (more than
7 points and lower than 7) in METAINFLAMATION cohort.

Variables
Low Adherence MD

(≤7 Points)
(n = 54)

High Adherence MD
(>7 Points)
(n = 134)

p Value *

Gender (female) 47 (87.0) 107 (79.8) 0.03

Age (y) 49 ± 0.9 52 ± 0.8 0.02

Body Mass Index (kg/m2) 30.2 ± 0.9 28.4 ± 0.5 0.08

Waist (cm) 102 ± 2.0 98 ± 1.3 0.08

Waist/height ratio 0.6 ± 0.01 0.5 ± 0.01 0.06

Fat free mass (kg) 46.1 ± 1.0 46.6 ± 0.7 0.72

Fat mass (kg) 37.9 ± 1.3 35.4 ± 0.8 0.11

Visceral fat (AU) 9.5 ± 0.6 9.5 ± 0.4 0.97

Bone mass (kg) 2.4 ± 0.05 2.4 ± 0.03 0.77

Systolic pressure (mmHg) 121.3 ± 2.1 125.8 ± 1.5 0.10

Diastolic pressure (mmHg) 79.2 ± 1.5 76.9 ± 0.9 0.21

Physical activity (METs-min/w) 1114 ± 256 1399 ± 324 0.31

Mediterranean adherence 5.4 ± 0.1 9.8 ± 0.07 <0.001

Data was presented as mean ± standard deviation and p values. The significance threshold was set at p < 0.05 *,
t-test was used to compare the mean of continuous variables and chi-square (χ2) to compare categorical variables.
Lower adherence to Mediterranean diet refers to less than 7 points in the questionnaire and high adherence refers
to more than 7 points. p value column is the comparison of variables’ mean between two categories of adherence
using t-test or Mann–Whitney test, according to the distribution of the data. AU: arbitrary units; MET, metabolic
equivalent task. p value lower than 0.05 in bold type.

In addition, Table S1 compared the prevalence of metabolic diseases in this cohort and
sociodemographic and lifestyle variables between participants with low adherence and
high adherence to the MD. Participants with high MD adherence had significantly lower
prevalence of obesity (p = 0.04). Although not statistically significant, there was a trend
towards a lower prevalence of diabetes mellitus in the high adherence group (p = 0.06).
University education level was significantly higher in participants with higher adherence
to MD, finding also more paid employees in this group. No significant differences were
found between groups in the prevalence of hypertension, dyslipidemia, sadness, smoking
status, or snacking habits.

Table 2 reports the comparison of biochemical and inflammatory outcomes based on
the adherence to the MD. These findings highlight several biochemical benefits in the group
with higher adherence to the MD. Indeed, participants with higher adherence showed lower
total cholesterol and LDL-cholesterol levels compared to those with low MD adherence,
suggesting improved lipid profile. In addition, volunteers with higher adherence presented
lower glucose and insulin levels. Additionally, liver function markers were significantly
better, with lower GOT levels observed in the higher adherence group. Moreover, LDH
levels were lower in the high adherence group, which may reflect reduced tissue damage
and oxidative stress. Although there were no significant differences in C-reactive protein
and IL-6, high MD adherence was associated with higher folic acid levels and improved
coagulation profiles, as evidenced by lower activated partial thromboplastin time (aPPT)
and D-dimer levels. Noteworthy, recognized redox markers such as folic acid, glucose,
LDL-cholesterol, LDH were significantly improved in the group with higher MD adherence.
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Table 2. Comparison of biochemical and inflammatory outcomes according to the adherence to
Mediterranean diet in METAINFLAMATION cohort.

Variables
Low Adherence MD

(≤7 Points)
(n = 54)

High Adherence MD
(>7 Points)
(n = 134)

p Value *

Uric acid (mg/dL) 4.8 ± 0.1 5.1 ± 0.1 0.12

Total cholesterol (mg/dL) 203 ± 3 189 ± 4 0.01

Triglycerides (mg/dL) 107 ± 7.6 103 ± 4.7 0.67

LDL-cholesterol (mg/dL) 121 ± 3 110 ± 4 0.04

HDL-cholesterol (mg/dL) 58.7 ± 2.1 60.2 ± 1.4 0.59

Glycated hemoglobin 5.4 ± 0.08 5.3 ± 0.03 0.48

Glucose (mg/dL) 111.3 ± 4.1 99.0 ± 3.8 0.03

Insulin (µU/mL) 11.7 ± 1.1 8.0 ± 0.8 0.03

GOT (U/L) 23.7 ± 0.7 19.9 ± 0.7 <0.001

GPT (U/L) 25.4 ± 1.2 22.7 ± 1.1 0.21

GGT (U/L) 26.5 ±1.9 25.2 ± 2.1 0.71

Vitamin D (nmol/L) 66.9 ± 6.3 76.7± 5.2 0.28

Lactate dehydrogenase (U/L) 177.2 ± 2.7 168.2 ± 3.6 0.04

C-reactive protein (mg/L) 2.6 ± 0.4 2.7 ± 0.3 0.91

IL-6 (pg/mL) 2.4 ± 0.5 2.5 ± 0.2 0.75

Ferritin (ng/mL) 90.3 ± 13.6 94.7 ± 6.1 0.72

Fibrinogen (mg/dL) 382.6 ± 9.9 335.2 ± 6.0 0.86

Vitamin B12 (pg/mL) 531.4 ± 34.1 502.7 ± 20.0 0.45

Folic acid (ng/mL) 6.4 ± 0.5 7.8 ± 0.3 0.02

Leukocytes (×103/µL) 6.0 ± 0.2 6.2 ± 0.1 0.48

Neutrophils (×103/µL) 3.5 ± 0.2 3.6 ± 0.1 0.48

Lymphocytes (×103/µL) 1.9 ± 0.08 1.9 ± 0.05 0.56

Neutrophils/lymphocyte ratio 1.84 ± 0.08 1.89 ± 0.07 0.78

Platelets (×103/µL) 266.5 ± 7.7 264.3 ± 5.6 0.82

Hemoglobin (g/dL) 14.4 ± 0.1 14.4 ± 0.09 0.65

RDW (%) 13.4 ± 0.07 13.2 ± 0.1 0.44

ESR (mm/h) 10.2 ± 0.9 11.2 ± 0.5 0.38

Prothrombin activity (%) 105.6 ± 1.3 100.4 ± 3.2 0.08

aP thromboplastin time (s) 37.1 ± 3.8 30.4 ± 0.3 0.04

D-dimer (ng/mL) 379 ± 25.5 332.8 ± 35.1 0.04

Data are presented as mean ± standard deviation and p values. The significance threshold was set at p < 0.05
*. Lower adherence to Mediterranean diet refers to less than 7 points in the questionnaire and high adherence
refers to more than 7 points. p value column is the comparison of groups according to the adherence; ESR,
erythrocyte sedimentation rate; GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase;
GGT, gamma-glutamyl transferase; IL-6, interleukin-6; RDW, red cell blood distribution width. p value lower than
0.05 in bold type.

3.2. Comparison of Food Consumption According to the Adherence to Mediterranean Diet

The Supplementary Table S2 shows a comparison of the reported frequency of con-
sumption of several foods’ groups collected by the short validated FFQ, between groups
of low and high adherence to the MD. The results indicated significant differences in the
consumption of some foods between both groups. Participants with high adherence to the
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MD consumed white fish and fatty fish more frequently than those with low adherence.
A higher consumption of vegetables, fruits and nuts was also observed in the high adher-
ence group, while the consumption of lean meat and fatty meat did not show significant
differences between the groups. In the case of whole and semi-skimmed dairy products,
no significant differences were observed in the frequency of consumption between the
groups. In addition, those with high adherence consumed legumes more frequently, with
the majority reporting intake of 1–2 times per week or more. Olive oil usage was notably
higher in the high adherence group, reflecting the significant role in the Mediterranean
pattern. Although the use of other oils was present in both groups, it was significantly
less frequent among those with high adherence. The consumption of refined grains was
also higher among those with higher adherence, while whole grains were more frequently
consumed by this group as well. No significant differences were observed in eggs con-
sumption between groups. However, pastry and sugar consumption were significantly
lower in the high adherence group, indicating a lower intake of sugary and processed
foods. Alcohol consumption did not differ significantly between the groups, though a trend
towards higher water intake was noted in the high adherence group.

The Figure 1a shows the reported responses to the validated questionnaire of adher-
ence to the MD for each group. Figure 1b,c shows the differences in the total mean of
servings per day of food consumption between individuals with low adherence and high
adherence to the MD. Figure 1a presents a bar plot illustrating the responses to each ques-
tion in the MD adherence questionnaire, categorized by the level of adherence, showing that
participants with higher adherence to the MD (red bars) reported more positive responses
to each question. Specifically, for antioxidant-rich foods, participants with high adherence
to the MD presented significantly higher consumption in white and fatty fish, vegetables,
fruits, nuts, legumes, olive oil and whole grains (Figure 1b,c) [33]. In contrast, participants
with low adherence to MD presented significantly higher values in the consumption of lean
and fatty meat, other oils (different to olive oil), pastries and sugar (Figure 1b,c). Indeed,
the total mean of servings per day for antioxidant intake was also significantly higher in the
high adherence group (p < 0.001). In contrast, the mean of servings per day for pro-oxidant
foods was significantly higher in participants with lower adherence to MD (p < 0.001).
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Figure 1. (a) Bar plot representing the N of positive response for each question in the Mediterranean
Diet adherence questionnaire for both groups of comparison: low adherence (7 points, in blue) and
high adherence (<7 points, in red). (b) Mean servings per day of antioxidant foods consumption
according to adherence to the Mediterranean diet. (c) Mean servings per day of pro-oxidant foods
consumption according to adherence to the Mediterranean diet. Yellow bars represent low adherence
group (≤7 points) and green bars represent high adherence group (>7 points). Comparison was
performed between low and high adherence groups, using Wilcoxon test * means p < 0.05, ** means
p < 0.01 and *** means p < 0.001.

3.3. Analysis of Gut Microbiota Diversity and Composition According to the Adherence to
Mediterranean Diet

The analysis of gut microbiota community profiling according to the adherence to
MD is shown in Figure 2a. No significant differences were found between groups of
comparison in alpha diversity assessed by Shannon index (p = 0.26). However, the analysis
of beta diversity revealed significant differences between groups of adherence (p = 0.005).
A comparative analysis of the taxonomic structure of the gut microbiota between these two
groups of adherences was performed. Figure 2b shows a linear discriminant analysis of the
differential abundance analysis performed to identify genus significantly different between
groups of adherences. LEfSE analysis revealed that subjects with low adherence presented
an overrepresentation of Bifidobacterium, Ruminococcus, Collinsella, and Oscillibacter genera.
In contrast, participants with high adherence to MD showed an overrepresentation of
Akkermansia genus. In addition, a comparative analysis of the abundance of Oscillibacter
according to the adherence to MD was performed using EdgeR method (Figure 2c).
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Figure 2. (a) Analysis of alpha and beta diversity by groups of adherence to Mediterranean diet. Box
plot representing alpha diversity analysis evaluated by Shannon index according to low adherence
to Mediterranean diet (orange box) and high adherence (blue box), compared using Wilcoxon test.
Principal coordinate analysis for beta diversity calculated using Bray Curtis index and PERMANOVA.
Red circles represent participants with low adherence to Mediterranean diet and blue circles rep-
resents participants with high adherence. (b) Analysis of the microbial structure based on linear
discriminant analysis. Blue bars mean bacterial genus overrepresented in participants with low adher-
ence to Mediterranean diet. Red bars mean bacterial genus overrepresented in participants with high
adherence to Mediterranean diet. (c) Comparative analysis using EdgeR of Oscillibacter abundance
according to groups of adherence to Mediterranean diet. Orange boxes represent participants with
low adherence and blue boxes represent participants with high adherence. Yellow dot represents the
mean value in each group of comparison. All p values were corrected by FDR.

3.4. Analysis of Associations and the Interplay Between LDH and Oscillibacter According to the
Adherence to Mediterranean Diet and the Consumption of Extra Virgin Olive Oil

The analysis of the association between Oscillibacter abundance and adherence to
Mediterranean diet resulted in a negative correlation (rho = −0.15, p = 0.04) (Figure 3a).
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Figure 3. (a) Spearman correlation analysis between Mediterranean Diet score and Oscillibacter abun-
dance (rho = −0.15, p = 0.04). The scatter plot illustrates the relationship between the Mediterranean
Diet score (y-axis) and the abundance of Oscillibacter (x-axis) in participants. (b) Spearman correla-
tion graph between Oscillibacter abundance and extra virgin olive oil consumption. The correlation
coefficient (rho = −0.12, p = 0.04) indicates a significant inverse relationship, where higher Oscillibacter
abundance is associated with lower consumption of extra virgin olive oil. (c) Spearman correlation
analysis between LDH and Oscillibacter abundance (rho = −0.18, p = 0.01). The scatter plot illustrates
the relationship between the Oscillibacter (x-axis) and LDH (y-axis) in participants of this cohort.
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Figure 3b shows the negative association between Oscillibacter abundance and fre-
quency of consumption of EVOO (rho = −0.12, p = 0.04). The association between LDH
and Oscillibacter is shown in Figure 3c (rho = −0.18, p = 0.01).

Correlations heatmap were performed based on the adherence to the MD to assess
the associations between food frequency consumption, biochemical markers, and gut
microbiota composition. Similarly, Figure 3b shows the negative correlation found between
Oscillibacter abundance and olive oil consumption (rho = −0.12, p = 0.04).

An interaction model was performed to assess the relationship between consumption
of EVOO, gut Oscillibacter and LDH. A significant interaction was observed between the
abundance of Oscillibacter, the adherence to MD and LDH levels. The interaction plot
(Figure 4a) reveals a trend where patients with a high abundance of Oscillibacter, together
with a low adherence to MD, exhibit elevated LDH values. In other words, the presence
of elevated levels of Oscillibacter appears to modulate the levels of LDH, according to the
dietary adherence (R2 = 0.21; p = 0.03).
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In addition, an analysis with the consumption of EVOO was performed in order to
deep in the antioxidant compounds of the MD. The Figure 4b shows the significant interac-
tion between Oscillibacter abundance, LDH levels and consumption of EVOO (categorized
as more or less than 3 servings/day). The interaction plot illustrates the trend wherein
patients exhibiting elevated abundance of Oscillibacter and low consumption of EVOO,
presented higher predicted values of LDH (R2 = 0.14; p = 0.02).

4. Discussion

The main objective of this research was to evaluate the adherence of MD impact on
anthropometric, biochemical, inflammatory outcomes, and gut microbiota composition in
patients with long-hauler chronic inflammation. Additionally, this study aimed to assess
the interplay between gut bacteria and a biomarker of oxidative stress (LDH) with an
antioxidant food group (EVOO), typically presented in the Mediterranean pattern.

The dietary pattern analyzed in this study, marked by a higher intake of fruits, veg-
etables, nuts, fish, and olive oil, is consistent with the diet’s core principles and the well-
established health benefits. These foods are rich sources of antioxidants, polyphenols,
and omega-3 fatty acids, which collectively contribute to the MD’s anti-inflammatory and
cardioprotective effects [33,37,38]. The lower intake of refined grains, sugars, and other
oils in the high adherence group further supports the MD diet’s role in reducing systemic
inflammation and improving metabolic health [39]. Indeed, previous studies have demon-
strated that individuals with metabolic syndrome who adhered closely to the MD exhibited
more favorable anthropometric measurements, improved blood biochemical profiles, and
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better oxidative and inflammatory markers compared to those with metabolic syndrome
who had lower adherence to the MD [40]. These findings underline the beneficial impact of
the MD on chronic diseases and are in agreement with previous investigations [41,42].

On the other hand, some studies have shown that gut microbiota in severe COVID-19
cases was significantly altered compared to healthy controls, highlighting the potential
implications for immune response and inflammation [43,44]. Additionally, Grosso et al.
(2017) reviewed the effects of the MD, describing the anti-inflammatory benefits and its
potential to lower inflammatory markers through increased adherence [45]. However, to our
knowledge, no studies have specifically investigated the effects of the MD on patients with
persistent COVID-19 and chronic inflammation, particularly with an integrated analysis
of metagenomic, anthropometric, biochemical, and inflammatory outcomes data and the
antioxidant components of the MD. By integrating dietary intake data with microbiome
analyses, this study sought to elucidate novel mechanisms through which EVOO and
the MD may mitigate inflammation and improve gut health in long-hauler patients by
highlighting the role of the MD—a diet rich in antioxidants and bioactive compounds—in
modulating key health biomarkers.

The analysis performed in this investigation revealed differences between individuals
with low and high adherence to the MD in key health indicators. Although the BMI
difference between groups was not statistically significant, the trend towards a lower BMI
in the high adherence group supports the existing literature indicating potential benefits
of MD on weight management [46–48]. The observed trends in waist circumference and
waist/height ratio suggested a beneficial impact of MD on central adiposity, although not
reaching statistical significance. Overall, there was a general trend indicating that adherence
to the MD was associated with improvements in certain anthropometric measures, such as
waist circumference and waist/height ratio, which may reflect a positive impact on central
obesity and overall body composition, in accordance with existing data [49,50].

On the other hand, biochemical markers showed significant improvements in partici-
pants with high adherence to the MD, with reductions in total cholesterol, LDL-cholesterol,
glucose, insulin levels, GOT, folic acid, apTT, and LDH.

Total cholesterol showed a significant reduction in participants with adherence to MD.
In this context, the scientific literature reported that MD can improve levels of cholesterol,
specifically high-density lipoproteins (HDLs), contributing to the cardioprotective role
of the Mediterranean pattern. In this investigation, participants with higher adherence
showed higher levels of HDL-cholesterol, although without significant difference. However,
LDL-cholesterol presented a significant reduction in participants with high adherence. In
this sense, the study of Hernáez et al. found that the adherence to the MD, particularly when
enriched with virgin olive oil, decreased LDL atherogenicity in high cardiovascular risk
individuals [51]. In this line, Meslier et al. showed that people with obesity who followed a
MD reduced their blood cholesterol and caused multiple changes in their microbiome and
metabolome, improving metabolic health [52].

Inflammation and disruptions in lipid metabolism are related to the development of
atherosclerosis [53]. LDL oxidation has been identified as a key atherogenic modification
within the vascular endothelia. Recent research has expanded this view, indicating that
LDL particles undergo various modifications affecting their size, density, and chemical
properties. Oxidation represents a terminal stage in this modification process, contributing
to LDL’s atherogenic potential. Significantly, oxidized LDL (oxLDL) has been recognized
for a complex role in inflammation, displaying pro-inflammatory properties. Elevated
oxLDL levels are known to activate macrophages, which can aggravate inflammatory
responses, especially in the context of chronic inflammatory conditions such as persistent
COVID-19. Given the persistent inflammatory state seen in these individuals, controlling
LDL oxidation is vital for mitigating inflammatory processes [54].

In addition, glucose levels showed a significant reduction in participants with high
MD adherence. Elevated glucose levels are known to be prooxidative, contributing to
increased oxidative stress and exacerbating inflammatory conditions [55]. In the context of
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persistent chronic inflammation, high glucose levels can further intensify oxidative damage
and inflammation [56]. By contrast, a lower glucose profile, as seen in those with high
adherence to the MD, may mitigate these adverse effects. This finding evidenced that MD’s
adherence impact on reducing glucose levels could therefore play a crucial role in lowering
oxidative stress and inflammation.

Moreover, insulin levels showed a significant reduction in the high adherence group.
Elevated circulating insulin levels are a hallmark of insulin resistance, which is closely
linked to increased oxidative stress and inflammation [57]. Specifically, hyperinsulinemia
can exacerbate oxidative damage by promoting the production of ROS and enhancing the
inflammatory response through signaling pathways, including the activation of nuclear
factor kappa B (NF-kB) and the inflammasome [58].

Thus, in this sense, MD, characterized by a low glycemic index and high content of
anti-inflammatory and antioxidant foods, contributes to decreased insulin levels, improved
insulin sensitivity, and reduced activation of the inflammatory pathways, thereby miti-
gating systemic inflammation [59]. This is particularly relevant for patients with chronic
inflammatory conditions, as reduced insulin levels can help alleviate the oxidative and
inflammatory sequelae associated with these conditions.

GOT showed a significant decrease in participants with high adherence to MD. Ele-
vated GOT levels are often indicative of increased oxidative damage and inflammation
within the liver and other tissues, reflecting a state of chronic inflammation or metabolic
dysregulation [60]. In this context, persistent elevation of GOT is often associated with
ongoing liver inflammation and increased oxidative stress, both of which are exacerbated
by chronic inflammatory conditions [61].

In addition, participants with high adherence to MD presented significantly higher
levels of folic acid. Folic acid is a vital B vitamin and plays a crucial role in one-carbon
metabolism, which is essential for DNA synthesis, repair, and methylation, necessary to
maintain cellular homeostasis and mitigate oxidative stress [62]. Deficiencies in folic acid
are associated with increased homocysteine levels, which can lead to elevated oxidative
stress and inflammation, further exacerbating cardiovascular risk and metabolic disorders.
The MD, rich in folate-containing foods such as leafy greens, legumes, and whole grains,
increases folic acid levels, thereby potentially reducing oxidative damage and metabolic
health [63]. Similarly, the reduction in aPTT indicates improvements in coagulation status
and vascular health. Prolonged aPTT can be indicative of coagulation disorders or increased
risk of bleeding, while normalization or reduction in aPTT suggests better regulation of the
coagulation cascade [64].

Among the observed biomarkers, the reduction in LDH levels in participants with
high adherence to the MD was particularly significant. The MD, with a high content of
antioxidant-rich foods, can help decrease cellular damage and consequently lower LDH
levels [65]. LDH is an enzyme involved in the conversion of lactate to pyruvate and
vice versa, and elevated levels are often used as an indirect marker of tissue damage and
oxidative stress [6]. High circulating levels of LDH can indicate increased cellular injury and
heightened oxidative stress, as it is released into the bloodstream following cellular damage
and inflammation. In the context of persistent chronic inflammation and oxidative stress,
which are prevalent, the reduction in LDH levels among those adhering to the MD reflects
an improvement in oxidative balance and a reduction in systemic inflammation. Lower
LDH levels in this cohort suggest a decreased burden of oxidative damage and a potential
improvement in cellular health. This is particularly relevant given the elevated oxidative
stress and tissue damage often observed in patients with persistent COVID-19 [66].

On the other hand, the analysis of gut microbiota composition revealed significant
differences in beta diversity between high and low MD adherence groups, with high
adherence associated with a more favorable gut microbial profile, including increased
abundance of Akkermansia, a genus linked to improved gut barrier function and reduced
inflammation [67]. Current evidence suggests that the MD’s rich fiber and polyphenol
content can positively modulate gut microbiota, promoting the growth of beneficial bac-
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teria while suppressing pathogenic species [68]. Among the microbiota taxa of interest,
Oscillibacter has emerged as a noteworthy genus with potential implications for dietary
interventions and inflammatory conditions [69,70]. This genus is known for the potential to
produce short-chain fatty acids (SCFAs) such as butyrate, which have been shown to exert
anti-inflammatory effects and improve gut barrier function [71]. Although there is limited
research linking Oscillibacter with adherence to the MD, emerging studies provide insight
into how dietary components might influence this microbial genus. The MD, characterized
by its high fiber content and bioactive compounds, has the potential to impact Oscillibacter
populations, which are known for their role in fiber fermentation and the production of
SCFAs beneficial for intestinal health. Dietary fiber could promote conditions favorable
to the growth of Oscillibacter, although the specific effects of the MD were not directly ad-
dressed in their study [71]. Additionally, Oscillibacter has been linked to various metabolic
and health effects. It has been suggested that this genus may play a role in modulating
inflammation and metabolic health and might be associated with inflammatory states [72].
Although their study did not focus on the MD, these findings imply that the interaction
between Oscillibacter and dietary patterns like the MD could influence the bacteria’s impact
on inflammation. The MD, known for its anti-inflammatory properties, might therefore
interact with Oscillibacter in ways that could affect systemic inflammation and overall
health. Further research is needed to clarify these relationships and their implications for
dietary interventions.

Several investigations have indicated that SCFAs, including those produced by Oscil-
libacter, participate in the regulation of immune responses and reduction of inflammation.
These microbiota-derived metabolites help to maintain the integrity of the gut lining,
modulate T-cell function, and inhibit the production of pro-inflammatory cytokines [73].
Therefore, an increase in Oscillibacter because of MD adherence could contribute to a reduc-
tion in inflammatory markers and improve clinical outcomes in patients with persistent
inflammatory conditions, such as long-hauler patients.

A major finding of this research was the interactive associations between LDH levels
and the abundance of the gut microbiota genus Oscillibacter. The Oscillospiraceae family
and Oscillibacter genus have been associated with leanness and reduced inflammation,
suggesting a beneficial role in metabolic health [74]. This analysis found that individuals
with high MD adherence had a more favorable gut microbiota composition, including
higher levels of Oscillibacter, which inversely correlated with lower LDH levels. This
suggests a potential link between diet, gut health, and systemic inflammation, where the
MD fosters a gut environment that supports beneficial bacteria like Oscillibacter, which in
turn may contribute to lower oxidative stress markers such as LDH.

Precision nutrition strategies could leverage these insights by incorporating dietary
components known to promote beneficial bacteria abundance and food groups rich in
polyphenols and antioxidant properties from the MD. By targeting gut microbiota modu-
lation through personalized MD interventions, it may be possible to enhance antioxidant
defenses and reduce systemic inflammation, as indicated by biomarkers like LDH, which
are potent for precision nutrition.

Olive oil, particularly extra virgin olive oil, is a key component of the MD and is
well-documented for its rich content of monounsaturated fats and bioactive compounds,
including polyphenols like oleocanthal and hydroxytyrosol [14]. These compounds are
potent antioxidants and have been shown to exert anti-inflammatory, cardioprotective, and
neuroprotective effects. Comparative studies have demonstrated that olive oil’s antioxidant
properties significantly reduce oxidative stress markers, including LDH, and improve lipid
profiles, as seen with reductions in total cholesterol and LDL-cholesterol [75,76]. Further-
more, EVOO’s ability to enhance the bioavailability of fat-soluble vitamins and polyphenols
from other MD components further amplifies the health benefits, making it a key element
in precision nutrition strategies aimed at reducing oxidative stress and inflammation [77].
Several studies have demonstrated that polyphenols from EVOO can modify the gut micro-
biome by enhancing microbial diversity and promoting beneficial bacterial growth [78,79].
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While these studies did not specifically focus on Oscillibacter, the general finding that EVOO
influences gut microbiota composition suggests that it could affect Oscillibacter abundance.
The interaction between EVOO consumption, LDH levels, and gut microbiota composition,
including Oscillibacter, highlights a complex interplay where diet influences systemic health
through multiple pathways. This integrated view aligns with current research suggesting
that dietary antioxidant components can modulate gut microbiota composition, enhance
gut barrier function, and reduce systemic inflammation [80,81].

Furthermore, the interaction between Oscillibacter and EVOO consumption has im-
plications for systemic inflammation. The presence of EVOO in the diet has been linked
to lower levels of inflammatory markers, potentially moderated by its effects on the gut
microbiota. For example, a study by Wongwarawipat et al. (2017) [82] found that EVOO
consumption was associated with reduced inflammation and improved metabolic markers,
which could be partly mediated by changes in gut microbiota composition, including
Oscillibacter. This study provides a thorough examination of the relationship between
Oscillibacter, adherence to the MD, and oxidative stress markers like LDH, evidencing that
LDH outcomes affect Oscillibacter but depend on MD adherence and EVOO consumption.

In addition, the analysis incorporated specific Mediterranean antioxidant food groups
(EVOO) and enhances the analysis by evaluating the effects of a key MD component on gut
microbiota and inflammation. Thus, these findings provide novel insights into the potential
of the MD to reduce inflammatory markers specifically in patients with long-COVID-19, a
population that has scarcely investigated concerning dietary patterns. Furthermore, our
findings introduce a previously unexplored role of Oscillibacter as a modulating factor in
the relationship between dietary adherence and inflammatory outcomes. This highlights
the potential for microbiota-mediated mechanisms to influence chronic inflammation in
post-viral conditions, offering a new perspective in the field of personalized nutritional in-
terventions and microbiome research. Nevertheless, some limitations should be considered.
The sample size may also limit the generalizability of the findings; thus, expanding the
cohort to include a larger and more diverse population would enhance the robustness and
applicability of the results. Additionally, the current study’s dietary assessment does not
encompass all components of the MD. Future studies should incorporate a more compre-
hensive evaluation of MD elements to fully understand their influence on gut microbiota
and inflammation, including frequency of consumption but also quantity.

Another aspect of this study is that pulmonary function was assessed by protocolized
X-ray imaging and classical inflammatory measurements. Thus, inflammatory proxies
such as CRP and IL-6 were measured, as well as indirect markers such as ESR, LDH, and
fibrinogen, which can serve as valuable indicators of systemic inflammatory burden, which
often reflects or correlates with pulmonary inflammation [2]. In fact, elevated LDH has been
associated with tissue injuries and inflammation, including damage to lung tissue, while
fibrinogen plays a central role in both systemic inflammation and clotting processes, which
may also impact lung function in inflammatory conditions. Furthermore, it is important to
emphasize that these participants are no longer carriers of the virus, but they continue to
experience symptoms due to immune dysregulation, resulting in chronic inflammation. In
addition, all patients underwent a systematic X-ray examination since they were diagnosed
with coronavirus, which also ensured that the recruitment group was homogeneous, where
no critically ill subjects were encountered affecting the lungs.

While additional variables, such as cultural and religious factors, could have further
enriched, this study has incorporated key sociodemographic variables, including educa-
tional level and employment status, alongside the prevalence of chronic diseases (Table S1),
providing insights into potential influences on dietary adherence and a more contextualized
view of the study population. Additionally, in this study, a cut-off value of 7 was used to
stratify participants into low and high adherence to the Mediterranean diet. This cut-off
was selected based on previous studies utilizing the validated MEDAS14 questionnaire,
where a score of 7 has been shown to be a reliable threshold for differentiating adherence
levels in the Spanish population [23,24,30,31]. The use of this cut-off facilitates comparisons
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with other studies on Mediterranean diet adherence, although a different threshold can be
determined for future studies and exploring alternatives.

Finally, by incorporating these insights into precision nutrition frameworks, dietary
interventions can be designed to not only meet individual macronutrient, and micronutrient
needs but also to optimize gut health and systemic inflammation markers [83]. For example,
individuals with dysbiosis or elevated LDH levels might receive personalized dietary
advice emphasizing a higher intake of olive oil and specific polyphenol-rich foods known
to support beneficial gut bacteria and reduce oxidative stress.

These tailored dietary strategies not only enhance the MD’s health benefits but also
support broader precision nutrition goals of optimizing gut health as a pathway to im-
proving systemic inflammation, metabolic function, and immune response [84]. Future
research should focus on further elucidating the complex interactions between the MD, gut
microbiota, and host health, with an emphasis on identifying specific dietary components
that drive beneficial microbial shifts. In addition, future research should incorporate ad-
vanced omics technologies and integrative approaches to better understand how genetic,
epigenetic, and environmental factors influence dietary outcomes. Such insights will be
crucial for refining precision nutrition strategies and developing more effective, individual-
ized dietary interventions that leverage the MD’s rich array of antioxidant compounds and
functional foods.

5. Conclusions

This study demonstrates that long-hauler patients with high adherence to the Mediter-
ranean diet (MD) presented significant health benefits, showing better values in oxidative
stress biomarkers such as LDH and featuring a lower abundance of gut Oscillibacter. Addi-
tionally, patients with low MD adherence or low EVOO consumption, coupled with high
Oscillibacter abundance, presented lower LDH levels, suggesting a potential link between
dietary patterns, microbial composition, and inflammatory responses. These approaches
seek to contribute to the development of personalized dietary strategies that can effectively
manage inflammation and enhance health outcomes for long-hauler patients.
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32. Gülçin, İ. Antioxidant Activity of Food Constituents: An Overview. Arch. Toxicol. 2012, 86, 345–391. [CrossRef]
33. Barbouti, A.; Goulas, V. Dietary Antioxidants in the Mediterranean Diet. Antioxidants 2021, 10, 1213. [CrossRef]
34. Dhariwal, A.; Chong, J.; Habib, S.; King, I.L.; Agellon, L.B.; Xia, J. MicrobiomeAnalyst: A Web-Based Tool for Comprehensive

Statistical, Visual and Meta-Analysis of Microbiome Data. Nucleic Acids Res. 2017, 45, W180–W188. [CrossRef]
35. Gloor, G.B.; Macklaim, J.M.; Pawlowsky-Glahn, V.; Egozcue, J.J. Microbiome Datasets Are Compositional: And This Is Not

Optional. Front. Microbiol. 2017, 8, 2224. [CrossRef]
36. Palarea-Albaladejo, J.; Martín-Fernández, J.A. ZCompositions—R Package for Multivariate Imputation of Left-Censored Data

under a Compositional Approach. Chemom. Intell. Lab. Syst. 2015, 143, 85–96. [CrossRef]
37. Godos, J.; Ferri, R.; Castellano, S.; Angelino, D.; Mena, P.; Del Rio, D.; Caraci, F.; Galvano, F.; Grosso, G. Specific Dietary

(Poly)Phenols Are Associated with Sleep Quality in a Cohort of Italian Adults. Nutrients 2020, 12, 1226. [CrossRef]
38. Ventriglio, A.; Sancassiani, F.; Contu, M.P.; Latorre, M.; Di Slavatore, M.; Fornaro, M.; Bhugra, D. Mediterranean Diet and Its

Benefits on Health and Mental Health: A Literature Review. Clin. Pract. Epidemiol. Ment. Health 2020, 16, 156–164. [CrossRef]
39. De Punder, K.; Pruimboom, L. The Dietary Intake of Wheat and Other Cereal Grains and Their Role in Inflammation. Nutrients

2013, 5, 771–787. [CrossRef]
40. Quetglas-Llabrés, M.M.; Monserrat-Mesquida, M.; Bouzas, C.; Gómez, C.; Mateos, D.; Ripoll-Vera, T.; Tur, J.A.; Sureda, A.

Inflammatory and Oxidative Stress Markers Related to Adherence to the Mediterranean Diet in Patients with Metabolic Syndrome.
Antioxidants 2022, 11, 901. [CrossRef]

41. Kalkuz, S.; Demircan, A. Effects of the Mediterranean Diet Adherence on Body Composition, Blood Parameters and Quality of
Life in Adults. Postgrad. Med. J. 2021, 97, 798–802. [CrossRef]

42. Sureda, A.; Bibiloni, M.; Julibert, A.; Bouzas, C.; Argelich, E.; Llompart, I.; Pons, A.; Tur, J. Adherence to the Mediterranean Diet
and Inflammatory Markers. Nutrients 2018, 10, 62. [CrossRef]

43. Bolte, L.A.; Vich Vila, A.; Imhann, F.; Collij, V.; Gacesa, R.; Peters, V.; Wijmenga, C.; Kurilshikov, A.; Campmans-Kuijpers, M.J.E.;
Fu, J.; et al. Long-Term Dietary Patterns Are Associated with Pro-Inflammatory and Anti-Inflammatory Features of the Gut
Microbiome. Gut 2021, 70, 1287–1298. [CrossRef]

44. Wang, B.; Zhang, L.; Wang, Y.; Dai, T.; Qin, Z.; Zhou, F.; Zhang, L. Alterations in Microbiota of Patients with COVID-19: Potential
Mechanisms and Therapeutic Interventions. Signal Transduct. Target. Ther. 2022, 7, 143. [CrossRef]

45. Grosso, G.; Marventano, S.; Yang, J.; Micek, A.; Pajak, A.; Scalfi, L.; Galvano, F.; Kales, S.N. A Comprehensive Meta-Analysis on
Evidence of Mediterranean Diet and Cardiovascular Disease: Are Individual Components Equal? Crit. Rev. Food Sci. Nutr. 2017,
57, 3218–3232. [CrossRef]

46. Estruch, R.; Ros, E. The Role of the Mediterranean Diet on Weight Loss and Obesity-Related Diseases. Rev. Endocr. Metab. Disord.
2020, 21, 315–327. [CrossRef]

47. Trichopoulou, A.; Naska, A.; Orfanos, P.; Trichopoulos, D. Mediterranean Diet in Relation to Body Mass Index and Waist-to-Hip
Ratio: The Greek European Prospective Investigation into Cancer and Nutrition Study. Am. J. Clin. Nutr. 2005, 82, 935–940.
[CrossRef]

48. Schröder, H.; Marrugat, J.; Vila, J.; Covas, M.I.; Elosua, R. Adherence to the Traditional Mediterranean Diet Is Inversely Associated
with Body Mass Index and Obesity in a Spanish Population. J. Nutr. 2004, 134, 3355–3361. [CrossRef]

49. Agnoli, C.; Sieri, S.; Ricceri, F.; Giraudo, M.T.; Masala, G.; Assedi, M.; Panico, S.; Mattiello, A.; Tumino, R.; Giurdanella, M.C.; et al.
Adherence to a Mediterranean diet and long-term changes in weight and waist circumference in the EPIC-Italy cohort. Nutr.
Diabetes 2018, 8, 22. [CrossRef]

https://doi.org/10.3390/nu12102960
https://doi.org/10.1016/j.jtauto.2022.100157
https://doi.org/10.1101/074252
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.3390/nu16111777
https://doi.org/10.7759/cureus.45556
https://doi.org/10.1007/s00204-011-0774-2
https://doi.org/10.3390/antiox10081213
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.3389/fmicb.2017.02224
https://doi.org/10.1016/j.chemolab.2015.02.019
https://doi.org/10.3390/nu12051226
https://doi.org/10.2174/1745017902016010156
https://doi.org/10.3390/nu5030771
https://doi.org/10.3390/antiox11050901
https://doi.org/10.1136/postgradmedj-2020-138667
https://doi.org/10.3390/nu10010062
https://doi.org/10.1136/gutjnl-2020-322670
https://doi.org/10.1038/s41392-022-00986-0
https://doi.org/10.1080/10408398.2015.1107021
https://doi.org/10.1007/s11154-020-09579-0
https://doi.org/10.1093/ajcn/82.5.935
https://doi.org/10.1093/jn/134.12.3355
https://doi.org/10.1038/s41387-018-0023-3


Antioxidants 2024, 13, 1358 20 of 21

50. Bendall, C.L.; Mayr, H.L.; Opie, R.S.; Bes-Rastrollo, M.; Itsiopoulos, C.; Thomas, C.J. Central Obesity and the Mediterranean Diet:
A Systematic Review of Intervention Trials. Crit. Rev. Food Sci. Nutr. 2018, 58, 3070–3084. [CrossRef]

51. Hernáez, Á.; Castañer, O.; Elosua, R.; Pintó, X.; Estruch, R.; Salas-Salvadó, J.; Corella, D.; Arós, F.; Serra-Majem, L.; Fiol, M.; et al.
Mediterranean Diet Improves High-Density Lipoprotein Function in High-Cardiovascular-Risk Individuals. Circulation 2017, 135,
633–643. [CrossRef]

52. Meslier, V.; Laiola, M.; Roager, H.M.; De Filippis, F.; Roume, H.; Quinquis, B.; Giacco, R.; Mennella, I.; Ferracane, R.; Pons, N.;
et al. Mediterranean Diet Intervention in Overweight and Obese Subjects Lowers Plasma Cholesterol and Causes Changes in the
Gut Microbiome and Metabolome Independently of Energy Intake. Gut 2020, 69, 1258–1268. [CrossRef]

53. Malekmohammad, K.; Bezsonov, E.E.; Rafieian-Kopaei, M. Role of Lipid Accumulation and Inflammation in Atherosclerosis:
Focus on Molecular and Cellular Mechanisms. Front. Cardiovasc. Med. 2021, 8, 707529. [CrossRef] [PubMed]

54. Poznyak, A.V.; Nikiforov, N.G.; Markin, A.M.; Kashirskikh, D.A.; Myasoedova, V.A.; Gerasimova, E.V.; Orekhov, A.N. Overview
of OxLDL and Its Impact on Cardiovascular Health: Focus on Atherosclerosis. Front. Pharmacol. 2021, 11, 613780. [CrossRef]
[PubMed]

55. Black, H.S. A Synopsis of the Associations of Oxidative Stress, ROS, and Antioxidants with Diabetes Mellitus. Antioxidants 2022,
11, 2003. [CrossRef] [PubMed]

56. González, P.; Lozano, P.; Ros, G.; Solano, F. Hyperglycemia and Oxidative Stress: An Integral, Updated and Critical Overview of
Their Metabolic Interconnections. Int. J. Mol. Sci. 2023, 24, 9352. [CrossRef]

57. Chen, L.; Chen, R.; Wang, H.; Liang, F. Mechanisms Linking Inflammation to Insulin Resistance. Int. J. Endocrinol. 2015, 2015,
508409. [CrossRef]

58. Zheng, D.; Liwinski, T.; Elinav, E. Inflammasome Activation and Regulation: Toward a Better Understanding of Complex
Mechanisms. Cell Discov. 2020, 6, 36. [CrossRef]

59. Sacks, F.M.; Carey, V.J.; Anderson, C.A.M.; Miller, E.R.; Copeland, T.; Charleston, J.; Harshfield, B.J.; Laranjo, N.; McCarron, P.;
Swain, J.; et al. Effects of High vs Low Glycemic Index of Dietary Carbohydrate on Cardiovascular Disease Risk Factors and
Insulin Sensitivity. JAMA 2014, 312, 2531. [CrossRef]

60. Hernández Pérez, J.M.; Blanco, I.; Jesús Sánchez Medina, A.; Díaz Hernández, L.; Antonio Pérez Pérez, J. Serum Levels of
Glutamate-Pyruvate Transaminase, Glutamate-Oxaloacetate Transaminase and Gamma-Glutamyl Transferase in 1494 Patients
with Various Genotypes for the Alpha-1 Antitrypsin Gene. J. Clin. Med. 2020, 9, 3923. [CrossRef]

61. Chung, H.Y.; Kim, D.H.; Lee, E.K.; Chung, K.W.; Chung, S.; Lee, B.; Seo, A.Y.; Chung, J.H.; Jung, Y.S.; Im, E.; et al. Redefining
Chronic Inflammation in Aging and Age-Related Diseases: Proposal of the Senoinflammation Concept. Aging Dis. 2019, 10, 367.
[CrossRef]

62. Lyon, P.; Strippoli, V.; Fang, B.; Cimmino, L. B Vitamins and One-Carbon Metabolism: Implications in Human Health and Disease.
Nutrients 2020, 12, 2867. [CrossRef]

63. Kaye, A.D.; Jeha, G.M.; Pham, A.D.; Fuller, M.C.; Lerner, Z.I.; Sibley, G.T.; Cornett, E.M.; Urits, I.; Viswanath, O.; Kevil, C.G. Folic
Acid Supplementation in Patients with Elevated Homocysteine Levels. Adv. Ther. 2020, 37, 4149–4164. [CrossRef] [PubMed]

64. Santoro, R.; Molinari, A.; Leotta, M.; Martini, T. Isolated Prolongation of Activated Partial Thromboplastin Time: Not Just
Bleeding Risk! Medicina 2023, 59, 1169. [CrossRef] [PubMed]

65. Dinu, M.; Pagliai, G.; Casini, A.; Sofi, F. Mediterranean Diet and Multiple Health Outcomes: An Umbrella Review of Meta-
Analyses of Observational Studies and Randomised Trials. Eur. J. Clin. Nutr. 2018, 72, 30–43. [CrossRef] [PubMed]

66. Calder, P.C.; Bosco, N.; Bourdet-Sicard, R.; Capuron, L.; Delzenne, N.; Doré, J.; Franceschi, C.; Lehtinen, M.J.; Recker, T.; Salvioli,
S.; et al. Health Relevance of the Modification of Low Grade Inflammation in Ageing (Inflammageing) and the Role of Nutrition.
Ageing Res. Rev. 2017, 40, 95–119. [CrossRef] [PubMed]

67. Cani, P.D.; de Vos, W.M. Next-Generation Beneficial Microbes: The Case of Akkermansia Muciniphila. Front. Microbiol. 2017, 8,
01765. [CrossRef]

68. Ghosh, T.S.; Rampelli, S.; Jeffery, I.B.; Santoro, A.; Neto, M.; Capri, M.; Giampieri, E.; Jennings, A.; Candela, M.; Turroni, S.; et al.
Mediterranean Diet Intervention Alters the Gut Microbiome in Older People Reducing Frailty and Improving Health Status: The
NU-AGE 1-Year Dietary Intervention Across Five European Countries. Gut 2020, 69, 1218–1228. [CrossRef]

69. Marchal, I. Gut Microbes May Influence Cardiovascular Health. Nat. Biotechnol. 2024, 42, 699. [CrossRef]
70. Potrykus, M.; Czaja-Stolc, S.; Stankiewicz, M.; Kaska, Ł.; Małgorzewicz, S. Intestinal Microbiota as a Contributor to Chronic

Inflammation and Its Potential Modifications. Nutrients 2021, 13, 3839. [CrossRef]
71. Latorre-Pérez, A.; Hernández, M.; Iglesias, J.R.; Morán, J.; Pascual, J.; Porcar, M.; Vilanova, C.; Collado, L. The Spanish Gut

Microbiome Reveals Links Between Microorganisms and Mediterranean Diet. Sci. Rep. 2021, 11, 21602. [CrossRef]
72. Teodori, L.; Petrignani, I.; Giuliani, A.; Prattichizzo, F.; Gurău, F.; Matacchione, G.; Olivieri, F.; Coppari, S.; Albertini, M.C.

Inflamm-Aging MicroRNAs May Integrate Signals from Food and Gut Microbiota by Modulating Common Signalling Pathways.
Mech. Ageing Dev. 2019, 182, 111127. [CrossRef]

73. Yao, Y.; Cai, X.; Fei, W.; Ye, Y.; Zhao, M.; Zheng, C. The Role of Short-Chain Fatty Acids in Immunity, Inflammation and
Metabolism. Crit. Rev. Food Sci. Nutr. 2022, 62, 1–12. [CrossRef] [PubMed]

74. Konikoff, T.; Gophna, U. Oscillospira: A Central, Enigmatic Component of the Human Gut Microbiota. Trends Microbiol. 2016, 24,
523–524. [CrossRef] [PubMed]

https://doi.org/10.1080/10408398.2017.1351917
https://doi.org/10.1161/CIRCULATIONAHA.116.023712
https://doi.org/10.1136/gutjnl-2019-320438
https://doi.org/10.3389/fcvm.2021.707529
https://www.ncbi.nlm.nih.gov/pubmed/34552965
https://doi.org/10.3389/fphar.2020.613780
https://www.ncbi.nlm.nih.gov/pubmed/33510639
https://doi.org/10.3390/antiox11102003
https://www.ncbi.nlm.nih.gov/pubmed/36290725
https://doi.org/10.3390/ijms24119352
https://doi.org/10.1155/2015/508409
https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1001/jama.2014.16658
https://doi.org/10.3390/jcm9123923
https://doi.org/10.14336/AD.2018.0324
https://doi.org/10.3390/nu12092867
https://doi.org/10.1007/s12325-020-01474-z
https://www.ncbi.nlm.nih.gov/pubmed/32845472
https://doi.org/10.3390/medicina59061169
https://www.ncbi.nlm.nih.gov/pubmed/37374373
https://doi.org/10.1038/ejcn.2017.58
https://www.ncbi.nlm.nih.gov/pubmed/28488692
https://doi.org/10.1016/j.arr.2017.09.001
https://www.ncbi.nlm.nih.gov/pubmed/28899766
https://doi.org/10.3389/fmicb.2017.01765
https://doi.org/10.1136/gutjnl-2019-319654
https://doi.org/10.1038/s41587-024-02259-3
https://doi.org/10.3390/nu13113839
https://doi.org/10.1038/s41598-021-01002-1
https://doi.org/10.1016/j.mad.2019.111127
https://doi.org/10.1080/10408398.2020.1854675
https://www.ncbi.nlm.nih.gov/pubmed/33261516
https://doi.org/10.1016/j.tim.2016.02.015
https://www.ncbi.nlm.nih.gov/pubmed/26996766


Antioxidants 2024, 13, 1358 21 of 21

75. Covas, M.-I.; Nyyssönen, K.; Poulsen, H.E.; Kaikkonen, J.; Zunft, H.-J.F.; Kiesewetter, H.; Gaddi, A.; de la Torre, R.; Mursu,
J.; Bäumler, H.; et al. The Effect of Polyphenols in Olive Oil on Heart Disease Risk Factors. Ann. Intern. Med. 2006, 145, 333.
[CrossRef] [PubMed]

76. Schwingshackl, L.; Hoffmann, G. Mediterranean Dietary Pattern, Inflammation and Endothelial Function: A Systematic Review
and Meta-Analysis of Intervention Trials. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 929–939. [CrossRef] [PubMed]

77. Gaforio, J.J.; Visioli, F.; Alarcón-de-la-Lastra, C.; Castañer, O.; Delgado-Rodríguez, M.; Fitó, M.; Hernández, A.F.; Huertas, J.R.;
Martínez-González, M.A.; Menendez, J.A.; et al. Virgin Olive Oil and Health: Summary of the III International Conference on
Virgin Olive Oil and Health Consensus Report, JAEN (Spain) 2018. Nutrients 2019, 11, 2039. [CrossRef]

78. Plamada, D.; Vodnar, D.C. Polyphenols—Gut Microbiota Interrelationship: A Transition to a New Generation of Prebiotics.
Nutrients 2021, 14, 137. [CrossRef]

79. Kumar Singh, A.; Cabral, C.; Kumar, R.; Ganguly, R.; Kumar Rana, H.; Gupta, A.; Rosaria Lauro, M.; Carbone, C.; Reis, F.; Pandey,
A.K. Beneficial Effects of Dietary Polyphenols on Gut Microbiota and Strategies to Improve Delivery Efficiency. Nutrients 2019, 11,
2216. [CrossRef]

80. Riaz Rajoka, M.S.; Thirumdas, R.; Mehwish, H.M.; Umair, M.; Khurshid, M.; Hayat, H.F.; Phimolsiripol, Y.; Pallarés, N.; Martí-
Quijal, F.J.; Barba, F.J. Role of Food Antioxidants in Modulating Gut Microbial Communities: Novel Understandings in Intestinal
Oxidative Stress Damage and Their Impact on Host Health. Antioxidants 2021, 10, 1563. [CrossRef]

81. Beam, A.; Clinger, E.; Hao, L. Effect of Diet and Dietary Components on the Composition of the Gut Microbiota. Nutrients 2021,
13, 2795. [CrossRef]

82. Wongwarawipat, T.; Papageorgiou, N.; Bertsias, D.; Siasos, G.; Tousoulis, D. Olive Oil-Related Anti-Inflammatory Effects on
Atherosclerosis: Potential Clinical Implications. Endocr. Metab. Immune Disord. Drug Targets 2017, 18, 51–62. [CrossRef]

83. Demetrowitsch, T.J.; Schlicht, K.; Knappe, C.; Zimmermann, J.; Jensen-Kroll, J.; Pisarevskaja, A.; Brix, F.; Brandes, J.; Geisler, C.;
Marinos, G.; et al. Precision Nutrition in Chronic Inflammation. Front. Immunol. 2020, 11, 587895. [CrossRef]

84. Tuncay, C.; Ergoren, M.C. A Systematic Review of Precision Nutrition and Mediterranean Diet: A Personalized Nutrition
Approaches for Prevention and Management of Obesity Related Disorders. Clin. Nutr. ESPEN 2020, 38, 61–64. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.7326/0003-4819-145-5-200609050-00006
https://www.ncbi.nlm.nih.gov/pubmed/16954359
https://doi.org/10.1016/j.numecd.2014.03.003
https://www.ncbi.nlm.nih.gov/pubmed/24787907
https://doi.org/10.3390/nu11092039
https://doi.org/10.3390/nu14010137
https://doi.org/10.3390/nu11092216
https://doi.org/10.3390/antiox10101563
https://doi.org/10.3390/nu13082795
https://doi.org/10.2174/1871530317666171116103618
https://doi.org/10.3389/fimmu.2020.587895
https://doi.org/10.1016/j.clnesp.2020.04.005

	Introduction 
	Materials and Methods 
	Study Design 
	Participants, Inclusion, and Exclusion Criteria 
	Anthropometrics Measurements 
	Lifestyle Variables 
	Biochemical Data 
	Metagenomic Analysis 
	Statistical Analyses 

	Results 
	Comparison of Anthropometrics, Biochemical, and Inflammatory Outcomes According to the Adherence to Mediterranean Diet 
	Comparison of Food Consumption According to the Adherence to Mediterranean Diet 
	Analysis of Gut Microbiota Diversity and Composition According to the Adherence to Mediterranean Diet 
	Analysis of Associations and the Interplay Between LDH and Oscillibacter According to the Adherence to Mediterranean Diet and the Consumption of Extra Virgin Olive Oil 

	Discussion 
	Conclusions 
	References

