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Abstract

Background/Objectives: Hypercholesterolemia is characterized by alterations in lipid me-
tabolism, oxidative stress, and inflammatory status. Nuts have been shown to mitigate
these alterations; however, limited evidence is available regarding their effects in the Chil-
ean population using a native nut species. This study aimed to assess the impact of a six-
month Chilean-adapted Mediterranean diet supplemented with Gevuina avellana Molina,
compared with a low-fat regimen, on oxidative stress and inflammatory markers in pe-
ripheral blood mononuclear cells (PBMCs) from adults with hypercholesterolemia. Meth-
ods: A randomized controlled trial was conducted with a 6-month nutritional interven-
tion. Of 106 hypercholesterolemic adults randomized, 81 completed the study, allocated
to two groups: one following a Chilean diet supplemented with Chilean hazelnuts (n =47)
and the other a low-fat diet (n = 34) (ClinicalTrials.gov: NCT07087704). Oxidative stress
markers and inflammatory markers in PBMCs were assessed as secondary outcomes. In
PBMCs, reactive oxygen species (ROS) production and the enzymatic activities of super-
oxide dismutase (SOD), catalase (CAT), and glutathione reductase (GRd) were analysed,
along with oxidative damage markers (malondialdehyde, carbonyls, and nitrotyrosine)
and gene expression (SOD, CAT, GRd, IL-10, and TNF-a). Results: Both dietary interven-
tions were associated with similar improvements in PBMC redox status, characterized by
reduced oxidative damage and enhanced antioxidant defence capacity. Malondialdehyde
and carbonyl levels decreased in both groups following the dietary intervention. In addi-
tion, antioxidant enzyme activities increased, with SOD showing a concomitant increase
in gene expression level, whereas CAT gene expression decreased despite enhanced en-
zymatic activity. No significant differences between groups were observed for the as-
sessed oxidative stress, antioxidant, or inflammatory markers. Conclusions: A Chilean
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diet supplemented with Chilean hazelnuts and a low-fat diet produced similar improve-
ments in PBMC redox status in hypercholesterolemic adults. These findings suggest that
improving dietary fat quality and increasing antioxidant-rich food intake may contribute
to favourable changes in cellular redox homeostasis, although the specific contribution of
Chilean hazelnuts requires further investigation.

Keywords: hypercholesterolemia; oxidative stress; Gevuina avellana; peripheral blood
mononuclear cells; antioxidant enzymes; dietary intervention

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death in Chile and world-
wide, with ischemic heart disease and stroke being the most prevalent [1]. These condi-
tions are closely linked to atherosclerosis, where hypercholesterolemia, particularly ele-
vated low-density lipoprotein cholesterol (LDL-C), represents a major modifiable cardio-
vascular risk factor [2]. According to the 20162017 Chilean National Health Survey, 27.7%
of the adult population presented high total cholesterol (TC > 200 mg/dL), and 5.2% had
elevated LDL-C levels (>160 mg/dL) [3]. Hypercholesterolemia arises from a combination
of genetic predisposition and modifiable lifestyle factors, particularly dietary factors,
physical inactivity, and excess body weight [4]. Sustained LDL-C elevation promotes ath-
erosclerotic plaque progression, increasing the risk of myocardial infarction, stroke, and
peripheral artery disease [5]. Although statins represent the main pharmacological option,
their use may be limited by adverse effects and suboptimal long-term adherence, under-
scoring the importance of dietary strategies as a first-line intervention [6].

A key recommendation for patients with hypercholesterolemia is lifestyle modifica-
tion, including healthy diets as an essential strategy for reducing cardiovascular risk factors
[7]. A commonly recommended approach is a low-fat diet, which restricts fat intake to 20—
30% of total daily calories, emphasizing the consumption of fruits, vegetables, whole grains,
seafood, and low-fat dairy while moderating portion sizes and promoting balanced energy
intake according to individual requirements [8,9]. An alternative dietary pattern is the Med-
iterranean diet (MedDiet), which includes fruits, vegetables, whole grains, nuts, olive oil,
fish, and moderate wine consumption. This dietary pattern is recognized for its lipid-low-
ering, anti-inflammatory, antioxidant, and cardioprotective effects, largely attributed to its
high content of unsaturated fatty acids and bioactive polyphenols [10-12].

Nuts, rich in monounsaturated fatty acids (MUFA), antioxidants, vitamins, and min-
erals, have been associated with a reduced cardiovascular risk [13,14]. Among them, the
Chilean hazelnut (Gevuina avellana Molina) stands out as the southernmost representative
of the Proteaceae family, possessing an exceptional nutritional profile. It is predominantly
composed of MUFA rather than saturated fatty acids (SFA) and contains tocopherols, phy-
tosterols, vitamin E, essential minerals such as selenium, phenolic antioxidants, dietary
fibre, and bioactive phytochemicals [14,15]. These characteristics give the Chilean hazel-
nut a nutritional profile similar to that of other tree nuts, such as almonds, walnuts, and
European hazelnuts, which have been associated with cardiovascular benefits in epidemi-
ological and intervention studies [13].

Evidence suggests that hazelnut consumption has beneficial effects on lipid profiles,
oxidative stress, and inflammation without causing adverse effects. Various dietary inter-
ventions in hypercholesterolemic individuals have demonstrated significant reductions
in LDL-C, triglycerides (TG), TC, and inflammatory markers, along with increases in high-
density lipoprotein cholesterol (HDL-C) and antioxidants such as vitamin E [14,16,17].
Additionally, increases in the activity of antioxidant enzymes such as catalase (CAT) and
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superoxide dismutase (SOD), as well as modulation of PPARY, a key regulator of inflam-
matory responses, have been observed [18]. A meta-analysis confirmed improvements in
cardiometabolic and antioxidant factors without negatively affecting body weight, con-
cluding that hazelnut-rich diets may provide sustained cardiometabolic benefits [19].
However, despite the recognized cardiometabolic properties of nuts, evidence regarding
the effects of Chilean hazelnut consumption on cellular oxidative stress and inflammatory
responses in humans remains limited, particularly at the level of peripheral blood mono-
nuclear cells (PBMCs). Previous findings from this randomized trial demonstrated that
both the Chilean hazelnut-supplemented diet and the low-fat diet improved the lipid pro-
file and plasma antioxidant status in hypercholesterolemic adults [20]. However, whether
these systemic improvements are accompanied by changes in cellular redox homeostasis
and inflammatory signalling in circulating immune cells remains unclear. The present
study extends those findings by specifically evaluating oxidative stress and cytokine re-
sponses in PBMCs.

The aim of this study was to examine the effects of a six-month dietary intervention
comparing a Chilean diet supplemented with Chilean hazelnuts with a low-fat diet on
oxidative stress and inflammatory markers in PBMCs from adults with hypercholesterol-
emia. PBMCs are increasingly used in nutritional research as accessible biomarkers of
metabolic and inflammatory responses, as they reflect changes in immune and redox-re-
lated pathways associated with cardiometabolic disorders [21,22].

2. Materials and Methods
2.1. Subjects and Study Design

This study is a randomized controlled trial involving a six-month nutritional interven-
tion carried out in the Region of Concepcion (Chile). Two groups were formed: the experi-
mental group, which followed a Chilean-adapted MedDiet supplemented with Chilean ha-
zelnuts, and the control group, which adhered to a low-fat diet. The control group was se-
lected as an active comparator following standard low-fat dietary recommendations for
dyslipidaemia management according to Chilean Ministry of Health (MINSAL) guidelines.
This pragmatic design was chosen for ethical reasons, as all participants required dietary
treatment, and to compare two clinically relevant dietary strategies rather than isolate the
effect of a single dietary component. The sample size was calculated based on changes in
serum total cholesterol, using the parameters reported by Tey et al. studies [23,24], whose
parallel-arm randomized trials, each lasting 84 days and including approximately 35 partic-
ipants per group, used daily hazelnut doses ranging from 30 to 60 g. The calculation as-
sumed the detection of a between-group difference of 0.32 mmol/L or greater in total serum
cholesterol, with a standard deviation (SD) of 0.70 and a baseline-to-follow-up correlation
of 0.80. Considering an anticipated dropout rate of 20%, approximately 50 participants per
group (total n =100) were estimated to be required. PBMC-derived oxidative stress and in-
flammatory markers were pre-specified as secondary mechanistic outcomes before the anal-
yses were conducted; however, they were not included in the original sample size calcula-
tion. The study was therefore primarily powered for lipid outcomes, while PBMC analyses
were intended to provide complementary mechanistic insight into redox and inflammatory
modulation associated with the dietary intervention.

Block randomization was performed by an independent statistician to ensure sex bal-
ance across groups. Given the open-label nature of the dietary intervention, the nutritionists
overseeing participant enrolment were aware of group assignments. The personnel per-
forming biochemical analyses and the statistician conducting the analyses were blinded to
group allocation to ensure unbiased assessment of outcomes. No patients or public repre-
sentatives participated in the planning, implementation, or dissemination of this research.
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Eligible participants were adults between 18 and 60 years of age presenting with el-
evated total blood cholesterol (TC > 200 mg/dL). Exclusion criteria included individuals
under medical treatment for hypercholesterolemia, those with systemic diseases such as
diabetes or hypertension, or previously diagnosed hepatic or renal disease, identified by
a previous self-reported physician diagnosis and/or current use of disease-specific medi-
cation; pregnant or breastfeeding individuals, those with an immediate family member
already enrolled in the study, individuals with nut allergies, and those with electronic
implants, such as pacemakers. Prior to enrolment, all participants received a full explana-
tion of the study procedures and gave their written informed consent voluntarily. The
protocol adhered to the ethical principles of the Declaration of Helsinki and received ap-
proval from the Comité Etico Cientifico Servicio Salud Concepcién (CEC-SSC: 21-09-48,
Concepcion, Chile). The trial was registered at ClinicalTrials.gov under the identifier
NCT07087704 on 8 July 2025. No modifications were made to the original study protocol
after the trial had begun.

For biochemical analysis, unless otherwise specified, all chemical reagents, activa-
tors, and solvents were purchased from Sigma-Aldrich Quimica Ltd. (Santiago, Chile).

2.2. Nutritional Intervention

Individual energy requirements were calculated using the FAO/WHO/UNU [25] pre-
dictive equation for resting metabolic rate, corrected for physical activity level. Both die-
tary plans were normocaloric, since the trial was not designed to induce weight loss, and
were tailored to each participant’s food preferences, daily schedule, cultural background,
and economic circumstances.

Participants in the control group adhered to a low-fat dietary pattern in which fat
contributed less than 30% of total energy intake, protein approximately 15%, and carbo-
hydrates between 45% and 55%, consistent with dyslipidaemia management guidelines
issued by MINSAL [2]. The experimental group followed a Chilean-adapted Mediterra-
nean dietary pattern based on Mediterranean principles but incorporating local Chilean
foods, supplemented with 30 g/day of G. avellana. The total dietary pattern of the experi-
mental group was designed to provide approximately 40% of energy from fat, 13% from
protein, and 40—45% from carbohydrates. Both interventions complied with established
limits for dietary cholesterol (<300 mg/day), sodium (<2.4 g/day), and added sugars (<10%
of total energy intake).

The Chilean-adapted Mediterranean diet emphasized high consumption of fruits and
vegetables (e.g., tomatoes, leafy greens, legumes, onions, and seasonal fruits), whole
grains (e.g., whole wheat bread and oats), and legumes (e.g., lentils and beans), together
with moderate intake of fish and white meat (poultry). The main added fat source was
extra virgin olive oil, complemented by nuts and seeds, particularly Chilean hazelnuts.
Intake of red and processed meats, refined sugars, and ultra-processed foods was limited.
These dietary characteristics are consistent with the main features of the Mediterranean
dietary pattern and its adaptation to the Chilean food context [26,27]. The experimental
diet contained a higher content of MUFA and polyunsaturated fatty acids (PUFA), dietary
fibre, micronutrients such as potassium and magnesium, as well as polyphenols derived
from both plant-based foods and Chilean hazelnuts [20].

A qualified nutritionist assessed and quantified participants” food intake through two
24 h dietary recalls conducted on non-consecutive days. Additionally, each participant at-
tended three individual nutrition counselling sessions and participated in three group ses-
sions throughout the intervention. Follow-up counselling was supported by printed mate-
rials (e.g., menus, portion guides, and practical tips). In the experimental group, 30 g/day of
G. avellana was provided monthly in pre-portioned packages. All Chilean hazelnuts were
purchased from the same local supplier, who sourced the nuts from different harvesters.
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Adherence was monitored through distribution logs and self-report. Both groups received
identical counselling intensity and educational support, although no food products were
provided to the control group. Possible adverse effects associated with the dietary interven-
tions were monitored over the 6-month intervention period through both structured and
informal evaluations conducted during the monthly counselling sessions. No serious ad-
verse events were expected due to the non-pharmacological nature of the intervention, and
safety was monitored throughout the study during follow-up visits.

2.3. PBMCs Purification

Blood samples were collected in vacutainer tubes containing EDTA (ethylenedia-
minetetraacetic acid) as an anticoagulant at baseline (day 0) and after six months of ad-
herence to the assigned diet. Participants were instructed to fast for eight hours before
sample collection, refrain from consuming liquids for two hours before sampling, and
avoid intense physical activity for 48 h before blood collection. PBMC fractions were pu-
rified from whole blood following and adapting the method described by Boyum [28],
using Ficoll-Paque Plus reagent (Cytiva, Santiago, Chile). Briefly, the blood—Ficoll gradi-
ent was centrifuged at 900x g (2200 rpm) for 30 min at room temperature with slow accel-
eration and deceleration. The PBMC fraction was collected, washed with PBS, and centri-
fuged again at 900x g (2200 rpm) for 10 min at 4 °C. PBMCs were divided into three ali-
quots: one sample was lysed with distilled water for enzymatic activities and malondial-
dehyde (MDA) levels, another sample was preserved with RIPA buffer for dot blot anal-
ysis (protein carbonyl and nitrotyrosine determination), and the other was used for RNA
extraction. In addition, an aliquot was resuspended in PBS for reactive oxygen species
(ROS) production. Lysed cells were stored at =80 °C until use. An aliquot of whole blood
was analysed using an automatic flow cytometer system to determine lymphocyte, eosin-
ophil, basophil, and monocyte counts to obtain the total number of PBMCs in each sample.

2.4. ROS Production

ROS production in PBMCs was evaluated using three activators: Zymosan A (ZA),
lipopolysaccharide (LPS), and phorbol myristate acetate (PMA), with 2,7-dichlorofluores-
cein diacetate (DCFH-DA) as the indicator. Stock solutions were prepared as follows:
DCFH-DA (30 pL/mL) in ethanol and Hank’s medium, ZA (1 mg/mL) in PBS, LPS (100
pg/mL) in PBS, and PMA (10 ng/mL) in DMSO. Each well of a black 96-well microplate
received 50 pL of PBMC suspension, 50 pL of the activator, and DCFH-DA. Fluorescence
(Ex: 485 nm; Em: 540 nm) was measured for one hour at 37 °C using a BioTek Synergy 2
Multi-Detection Microplate Reader (Biotek Instruments, Winooski, VT, USA) [29]. As
DCFH-DA fluorescence is sensitive to a range of oxidant species and is not specific for
H20z, the results are referred to as ROS production rather than H20: production.

2.5. Malondialdehyde (MDA) Assay

MDA was quantified using a colorimetric assay. A standard curve of MDA was pre-
pared, and samples were incubated with 1-methyl-2-phenylindole (10.3 mM) dissolved in
acetonitrile:methanol (3:1) and HCI (12 N) at 45 °C for three hours. After centrifugation at
15,000x g for 10 min, the supernatant was transferred to a 96-well plate, and absorbance
was read at 586 nm using a BioTek Synergy 2 Multi-Detection Microplate Reader (BioTek
Instruments, Winooski, VT, USA) [29].

2.6. Protein Carbonyl and Nitrotyrosine Determination

Carbonyl and nitrotyrosine levels were measured using OxiSelect™ Protein Carbonyl
and Nitrotyrosine Immunoblot Kits (Cell Biolabs, INC, LabTechnologies, Santiago, Chile)
following the manufacturers’ protocols. Protein concentration was determined using the
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Pierce BCA Protein Assay Kit (ThermoFisher, Life Technologies, Santiago, Chile). Samples
(10 pg for carbonyls and 150 g for nitrotyrosine) were loaded onto PVDF membranes using
the Dot Blot Hybridisation Manifold System (Life Technologies, Santiago, Chile). Chemilu-
minescence detection using luminol (SuperSignalTM West Pico PLUS Chemiluminescent
Substrate, ThermoFisher, Life Technologies, Santiago, Chile) was performed using a C-
DiGit® Blot Scanner (LI-COR Biosciences, Lincoln, OR, USA). Images were analysed using
Image Studio™ Lite software v6.0 (LI-COR Biosciences, Lincoln, OR, USA).

2.7. Enzyme Activities

The enzymatic activities of CAT, SOD, and glutathione reductase (GRd) in PBMCs
were determined using a BioTek Synergy 2 Multi-Detection Microplate Reader (BioTek
Instruments, Winooski, VT, USA) at 37 °C. CAT activity was assessed using a modified
Aebi method (260 nm) [30], GRd activity was measured using a modified Goldberg
method (339 nm) [31], and SOD activity was determined by an adaptation of the method
described by Flohe (550 nm) [32].

2.8. PBMCs RNA Extraction and Real-Time gPCR Assay

Gene expression of CAT, SOD, GRd, interleukin-10 (IL-10), and tumour necrosis fac-
tor-alpha (TNF-a) was evaluated using RT-qPCR with a fluorescent reporter, using -Ac-
tin as the reference gene. Total RNA was extracted from PBMCs using trizol (TRI Rea-
gent®, Sigma-Aldrich Quimica Ltd., Santiago, Chile). RNA concentration was determined
fluorometrically using a Qubit fluorometer, and RNA integrity was assessed by capillary
electrophoresis using a Qsep1-Plus system (BiOptic Inc., New Taipei City, Taiwan). One
microgram of total RNA was reverse-transcribed using the High-Capacity cDNA Reverse
Transcription Kit in a final volume of 20 uL according to the manufacturer’s instructions.
Reverse transcription (RT) and qPCR were conducted according to the manufacturer’s
protocols, utilizing PowerTrack™ SYBR™ Green Master Mix (ThermoFisher, Life Tech-
nologies, Santiago, Chile) and a 7500 Fast Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA). The primers used for gene expression analysis were purchased from
Fermelo Biotec (Santiago, Chile). Primers used and PCR conditions are listed in Table 1.
All gPCR reactions were performed in technical triplicate. Amplification efficiencies were
determined from standard curves generated using serial dilutions of cDNA and ranged
from 90% to 105% for all evaluated assays, with comparable efficiencies between the target
genes and (-Actin. Relative gene expression was calculated using the comparative Ct
method (2-24¢), with -Actin used for normalization and the corresponding baseline con-
dition as the calibrator. $-Actin Ct values were examined across baseline and post-inter-
vention samples and between dietary groups and showed no relevant variation under the
experimental conditions, supporting its use as the reference gene [33]. RT-qPCR analyses
were performed in 75 participants (43 in the experimental group and 32 in the control
group), as some samples yielded insufficient RNA for successful amplification.

Table 1. Primers and conditions used in RT-qPCRs.

Gene Primer Conditions
Fw: 5-TTTGGCTACTTTGAGGTCAC-3' 95°C 120s
CAT Rv: 5-TCCCCATTTGCATTAACCAG-3’ 95°C 5s
60°C 30s
Fw: 5-TCAGGAGACCATTGCATCATT-3' 95°C 120s
SOD Rv: 5-CGCTTTCCTGTCTTTGTACTTTCTTC-3' 95°C 5s
60°C 30s
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Fw: 5-TTCCCGTGCAACCAGTTTG-3’ 95°C 120s
GRd Rv: 5-TTCACCTCGCACTTCTCGAA-3' 95°C 5s
60°C 30s
Fw: 5-~AGAACCTGAAGACCCTCAGGC-3' 95°C 120s
IL-10 Rv: 5'-CCACGGCCTTGCTCTTGTT-3' 95°C 5s
60°C 30s
Fw: 5'-CCCAGGCAGTCAGATCATCTTCTCGGAA-3’ 95°C 120s
TNF-a  Rv:5-CTGGTTATCTCTCAGCTCCACGCCATT-3’ 95°C 55
60°C 30s
Fw: 5'-ATTGCCGACAGGATGCAGAA-3' 95°C 120s
B-Actin  Rv :5'-GCTGATCCACATCTGCTGGAA-3’ 95°C 5s
60°C 30s

Abbreviations: CAT, catalase; SOD, superoxide dismutase; GRd, glutathione reductase; IL-10, inter-
leukin-10; TNF-a, tumour necrosis factor-alpha; Fw, forward; Rv, reverse.

2.9. Statistical Analysis

Data were analysed using IBM SPSS Statistics v.29.0.1.0 IBM Corp., Armonk, NY,
USA) and expressed as mean + standard deviation (SD). Normality was assessed using
the Shapiro-Wilk test. Variables that did not follow a normal distribution were log-trans-
formed prior to analysis. For ease of interpretation, untransformed data are presented in
figures and tables. The effects of time, group, and the time x group interaction were eval-
uated using repeated-measures ANCOVA, with time as the within-subject factor and
group as the between-subject factor, adjusted for age and sex. Pairwise comparisons were
based on estimated marginal means with Bonferroni adjustment for multiple compari-
sons. Treatment effects were expressed as ratios of geometric mean changes (experimental
vs. control) with 95% confidence intervals, obtained by back-transforming the group co-
efficient from linear regression models of log-transformed changes adjusted for age and
sex. Ratios below 1 indicate a greater reduction (or smaller increase) in the experimental
group. A two-sided p-value < 0.05 was considered statistically significant. Analyses were
conducted on a complete-case basis, including only participants who completed the inter-
vention. Missing outcome data were not imputed. A sensitivity analysis was performed
using linear mixed models on log-transformed data, adjusted for age and sex, with an
unstructured covariance matrix, including all randomized participants and all available
observations under the missing-at-random assumption.

3. Results

A total of 235 patients were initially contacted for participation in the study. Of these,
129 were excluded for not meeting the inclusion criteria, including 114 based on TC meas-
ured in capillary blood and 15 based on TC measured in venous blood. Consequently, 106
subjects were enrolled and randomized in the study in Concepciéon, Chile. Enrolment oc-
curred between February and March 2022, with the six-month follow-up period conclud-
ing in September 2022. No significant baseline differences were observed between the ex-
perimental and control groups in anthropometric variables, including body weight, body
fat percentage, body mass index (BMI), and waist circumference [20]. During the study
period, 25 participants discontinued the study. At the end of the intervention, the experi-
mental group consisted of 47 participants, while the control group included 34 partici-
pants. In the experimental group, 5 participants were lost to follow-up because they
stopped responding to telephone calls. In the control group, 11 participants stopped re-
sponding to telephone calls, 5 decided not to complete the study for personal reasons, and
1 was unable to complete the final assessment because of a prolonged trip abroad. No
withdrawals were related to adverse effects or intolerance to the dietary interventions. A
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CONSORT flow diagram summarizing participant recruitment, allocation, follow-up, and
analysis is provided in Figure 1.

| Enrolment | | Assessed for eligibility (n=235) |
Excluded (n=129)
* Not meeting inclusion criteria, considering total
» cholesterol measured in capillary blood (n=114)
* Not meeting inclusion criteria, considering total
v cholesterol measured in venous blood (n=15)
| Allocation | | Randomized (n=106) |

I
v v

’ Low-fat diet intervention (n=54) | High-fat Chilean diet intervention supplemented

Lost to follow-up (n=11)
Withdrew (n=8)
Traveling (n=1)

with Gevuina avellana Molina (n=52)

Iy

4% Lost to follow-up (n=5)
| Follow-up and analysis

Y

A 4

Low-fat diet intervention (n=34)

| High-fat Chilean diet intervention supplemented
with Gevuina avellana Molina (n=47)

Figure 1. CONSORT flow diagram of participant recruitment and retention. Diagram showing the
flow of participants from initial screening and eligibility assessment to enrollment, randomization,

follow-up, and final analysis in the randomized controlled trial.

The experimental group had an average age of 39.5 + 12.2 years and consisted of
53.1% women and 46.8% men, while the control group had an average age of 38.8 +12.2
years, 67.6% women and 32.4% men. At baseline, participant characteristics indicated the
presence of overweight in both groups (BMI: 28.2 + 4.9 kg/m? control group vs. 27.5 + 4.8
kg/m? experimental group, p =0.514), hypercholesterolemia (241 + 36 mg/dL control group
vs. 247 + 32 mg/dL experimental group, p = 0.439), normal glucose levels (86.8 + 8.6 mg/dL
control group vs. 86.0 + 8.2 mg/dL experimental group, p = 0.690), and mildly elevated
triglyceride levels (164 + 67 mg/dL control group vs. 161 + 74 mg/dL experimental group,
p = 0.847). At baseline, dietary fat adequacy relative to the prescribed targets was 136.9 +
6.3% in the control group and 123.5 + 5.1% in the experimental group. No statistically
significant differences were observed between groups at baseline, supporting compara-
bility between the groups at the start of the study. The two groups followed an identical
timetable of individual and group dietary counselling sessions, as described in the Section
2. No additional structured interventions were administered alongside the dietary proto-
cols. Neither group reported adverse effects or unexpected clinical events during the six-
month follow-up.

At the end of the intervention, caloric adequacy was 78.0 + 3.5% in the control group
and 98.0 +2.2% in the experimental group. Fat adequacy was 90.3 +4.9% and 114.5 + 3.2%,
protein adequacy was 78.3 £ 3.6% and 92.2 + 2.7%, and carbohydrate adequacy was 76.2 +
3.6% and 86.7 + 2.1% in the control and experimental groups, respectively. Dietary intake
data by major food groups are reported in detail in Ramos-Pardo et al. [20]. In the experi-
mental group, all participants reported consuming the full daily portion of G. avellana pro-
vided throughout the intervention.

Figure 2A-C shows ROS production in PBMCs using different activators before and
after the interventions. A significant time x group interaction was observed in PBMCs
activated with LPS (ratio 0.76, 95% CI 0.59-0.97; TG, p = 0.029). ROS production decreased
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significantly after the intervention in the experimental group, whereas the reduction ob-
served in the control group did not reach statistical significance. For PBMCs stimulated
with ZA, a significant effect of time (T, p < 0.001) was observed, with reduced ROS pro-
duction after the intervention in both groups. ROS production decreased by 42.4% in the
control group and by 55.2% in the experimental group, with a significant time x group
interaction (ratio 0.68, 95% CI 0.52-0.89; TxG, p = 0.006). In contrast, in PBMCs stimulated
with PMA, ROS production increased significantly in both groups after the intervention
(50.0% in the control group and 29.6% in the experimental group). Although a significant
overall time effect was observed (T, p < 0.001), no significant time x group interaction was
detected (ratio 0.92, 95% CI 0.59-1.43; T=G, p = 0.708).
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Figure 2. ROS production in PBMCs activated with (A) ZA (1 mg/mL), (B) LPS (100 ug/mL), and
(C) PMA (10 ng/mL), and oxidative and nitrosative damage markers in PBMCs (D) MDA, (E) pro-
tein carbonyls, and (F) nitrotyrosine, before and after the intervention. Data are presented as mean
+ SD, with n =47 in the experimental group and n = 34 in the control group. Statistical comparisons
were performed on log-transformed data using repeated-measures ANCOVA, with time as the
within-subject factor and group as the between-subject factor, adjusted for age and sex. Pairwise
comparisons were based on estimated marginal means with Bonferroni adjustment for multiple
comparisons. * p <0.05 compared with baseline within the same group. # p <0.05 between the control

and experimental groups at the same time point.
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Oxidative damage biomarkers are presented in Figure 2D-F. PBMC MDA levels
showed a significant reduction after the intervention in both groups (T, p <0.001), decreas-
ing by 55.2% in the control group and by 64.7% in the experimental group. The reduction
was significantly greater in the experimental group, as indicated by a significant time x
group interaction (ratio 0.62, 95% CI 0.43-0.89; TxG, p = 0.010). Protein carbonyl concen-
trations also decreased significantly after the intervention in both groups (T, p < 0.001).
Carbonyl levels were reduced by 55.7% in the control group and by 58.2% in the experi-
mental group, with no significant time x group interaction (ratio 1.04, 95% CI 0.56-1.92;
TxG, p = 0.903). In contrast, nitrotyrosine levels decreased significantly in the control
group (15.2%) (T, p = 0.042), whereas no significant changes were observed in the experi-
mental group, with no significant time x group interaction (ratio 1.28, 95% CI 0.92-1.78;
TxG, p=0.141).

Antioxidant enzymatic activities are shown in Table 2. SOD activity increased signif-
icantly after the intervention in both groups (T, p < 0.001), with values rising by 72.7% in
the control group and by 82.4% in the experimental group. However, no significant time
x group interaction was observed (ratio 1.12, 95% CI 0.62-2.01; TxG, p = 0.702). Similarly,
CAT activity increased markedly following the intervention in both groups (T, p < 0.001),
increasing by 170% in the control group and by 142% in the experimental group. No sig-
nificant time x group interaction was observed (ratio 0.77, 95% CI 0.56-1.06; TxG, p =
0.110). In contrast, GRd activity did not show significant changes over time, differences
between groups, or a significant time x group interaction (ratio 1.04, 95% CI 0.76-1.42;
TxG, p=0.795).

Table 2. Enzyme activities and gene expression in PBMCs before and after the intervention.

Initial Final T G TxG
Enzyme activity
Control 0.066 +0.041 0.114 +0.067 *
SOD (pkat/10° cell <0.001 0.664 0.702
(Pkat/l0?cells) - orimental  0.074 +0.052 0135 +0.142 *
Control 157.1+932 4247 +2265*
9
CAT(RNO7cells) g o erimental 1918842 464723172+ 001 0261 0.110
Control 695+303 70.8+37.8
GRd (mkat/10° cells) o0 0441 0592 0.795

Experimental  71.3 £36.7 79.7 £46.0

Gene expression

1 100.0+294 1394 +62.6*
*
*
TNF-at (%) Control 100.0+17.1 88.2+13.7 0742 0630 0.860

Experimental 96.5 +10.8 84.1+7.8

Data are presented as mean + SD, with n = 47 in the experimental group and n = 34 in the control

group for enzymatic activities, and n = 43 and n = 32, respectively, for gene expression analyses.
Statistical comparisons were performed on log-transformed data using repeated-measures AN-
COVA, with time as the within-subject factor and group as the between-subject factor, adjusted for
age and sex. Pairwise comparisons were based on estimated marginal means with Bonferroni ad-
justment for multiple comparisons. * p <0.05 compared with baseline within the same group. T, time

effect; G, group effect; TxG, time x group interaction.
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At the expression level of these antioxidant enzymes (Table 2), statistically significant
differences were found in both groups for the expression of SOD (T, p <0.001), CAT (T, p
<0.001), and GRd (T, p < 0.001). SOD expression increased by 39.4% in the control group
and by 28.2% in the experimental group, whereas CAT expression decreased by 38.6% and
42.3%, respectively. GRd expression increased by 49.9% in the control group and by 38.8%
in the experimental group. No significant differences were observed between groups. The
gene expression of IL-10 and TNF-a showed no significant differences.

4. Discussion

According to clinical guidelines from MINSAL, the first action for managing hyper-
cholesterolemia is a change in lifestyle habits, including a diet based on low-fat intake [2].
However, our findings suggest that a Chilean-adapted Mediterranean dietary pattern
supplemented with Chilean hazelnuts produced substantial improvements in PBMC oxi-
dative stress markers and antioxidant defences, with greater reductions in ZA- and LPS-
stimulated ROS production and in MDA levels in the experimental group. These cellular
effects are consistent with our previously reported findings from the same intervention,
in which both dietary approaches improved the lipid profile, antioxidant status, and in-
flammatory biomarkers in plasma of hypercholesterolemic adults [20].

The comparable improvements observed between the two dietary interventions
should also be interpreted in the context of the active comparator used in this trial. The low-
fat diet is a structured dietary intervention based on clinical recommendations for dyslipi-
daemia management. Therefore, both groups were exposed to dietary counselling and mod-
ifications expected to improve overall diet quality. The absence of significant time x group
interactions for most outcomes suggests that the addition of Chilean hazelnuts within a
Chilean-adapted Mediterranean dietary pattern did not confer a measurable additional ben-
efit over the low-fat dietary strategy for most PBMC redox and inflammatory markers, alt-
hough these findings should be interpreted cautiously given that the study was primarily
powered for lipid-related outcomes. However, these findings also suggest that improve-
ments in redox-related markers can be achieved without necessarily restricting total dietary
fat, provided that dietary fat quality and the overall dietary pattern are favourable. In this
context, the cardiometabolic benefits observed with the incorporation of Chilean hazelnuts
within a Chilean-adapted Mediterranean dietary pattern, and the associated contribution of
unsaturated fatty acids and bioactive compounds from nuts and the overall dietary pattern,
may represent a relevant alternative to fat-restricted dietary strategies. More broadly,
achieving comparable outcomes through a dietary pattern that offers greater food variety
and incorporates a native plant food with distinctive bioactive properties may provide a
more palatable and culturally adapted approach to healthy eating, while encouraging
greater consumption of whole plant foods and reducing less favourable dietary choices.
Nevertheless, the greater reductions in ZA- and LPS-stimulated ROS production and in
MDA levels in the experimental group may indicate a potential differential effect on specific
oxidative pathways that warrants further investigation.

ROS production in PBMCs serves as a defensive mechanism against pathogens, regu-
lated by various activation pathways [34,35]. However, excessive ROS production can in-
duce oxidative damage to essential macromolecules such as lipids, proteins, and DNA
[36,37]. In the context of cardiovascular diseases, oxidative stress contributes to the progres-
sion of atherosclerosis by promoting LDL oxidation and sustaining chronic inflammatory
responses [38,39]. In the present study, we observed a significant reduction in ROS produc-
tion in PBMCs activated with ZA in both groups, with a significant time x group interaction
indicating a greater reduction in the experimental group. Similarly, PBMCs stimulated with
LPS showed a significant time x group interaction, with a greater reduction in ROS produc-
tion in the experimental group, suggesting that the Chilean-adapted Mediterranean dietary
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pattern enriched with Chilean hazelnuts may have exerted a differential effect on ROS gen-
eration under LPS stimulation. Although the underlying mechanism was not directly as-
sessed in the present study, this effect could potentially involve modulation of Toll-like re-
ceptor (TLR)-4-dependent pathways. The phenolic compounds and oxylipins characterised
in G. avellana have demonstrated antioxidant activity and inhibitory effects on pro-inflam-
matory enzymes [15], which may contribute to the attenuation of LPS-induced ROS gener-
ation observed in the experimental group. The activation of PBMCs mediated by ZA occurs
through Dectin-1 and TLR2, triggering downstream signalling involving Syk and Src pro-
teins [40—43]. On the other hand, PBMC activation through LPS occurs via the TLR4 recep-
tor, which can promote NADPH oxidase activation and downstream ROS production [44—
46]. Both pathways are closely linked to pro-inflammatory and oxidative responses, and
TLR4-related signalling may therefore represent a potential pathway contributing to the dif-
ferential response observed after LPS stimulation.

In contrast, PMA activates PBMCs through protein kinase C (PKC) by mimicking di-
acylglycerol, thereby stimulating cytokine production and mitochondrial ROS generation
[47-49]. Interestingly, ROS production after PMA stimulation increased significantly in both
groups, with no significant time x group interaction, suggesting that the response to this
pharmacological stimulus was not modified by the type of diet. Overall, these results indi-
cate that both dietary interventions maintained immune cell activation capacity while re-
ducing ROS production in pathways more directly associated with inflammatory signalling.

Our study also reflects a decrease in the lipid oxidative damage marker, MDA, in
both groups. This compound is a major byproduct of PUFA oxidation and can form ad-
ducts with proteins, thereby promoting further oxidative modifications [50]. Despite the
experimental group having a higher intake of PUFAs, no increase in oxidative products
was observed. On the contrary, the experimental group showed an even greater numerical
reduction in MDA levels, suggesting that the higher unsaturated fat intake did not pro-
mote lipid oxidation under the conditions studied. These findings agree with the reduc-
tions observed in ROS production following ZA and LPS stimulation.

Similarly, protein carbonyl levels decreased significantly in both groups, supporting
the notion of reduced oxidative modification of proteins. This finding is particularly rele-
vant because lipid peroxidation products such as MDA can structurally modify ApoB-100
in LDL particles, contributing to the formation of oxidized LDL (ox-LDL) and the progres-
sion of atherosclerosis [51-53]. The simultaneous reduction in both MDA and protein car-
bonyls therefore reinforces the interpretation that oxidative damage was effectively attenu-
ated by both dietary interventions. In contrast, nitrotyrosine concentrations decreased only
in the control group, with no significant time x group interaction, suggesting that protein
nitration pathways may be less sensitive to dietary modulation or may require longer inter-
vention periods to exhibit consistent changes. Because nitrotyrosine formation may involve
the interaction of nitric oxide and superoxide, direct assessment of these reactive species in
future studies could help clarify the mechanisms underlying these findings.

In the present study, SOD and CAT enzymatic activities increased significantly in both
groups, whereas GRd activity remained unchanged. Consistent with these findings at the
plasma level, Ramos-Pardo et al. [20] reported a significant increase in plasma CAT activity
in both dietary groups. At the transcriptional level, SOD and GRd expression increased after
the intervention, while CAT expression decreased, indicating a partial dissociation between
mRNA expression and enzymatic activity. This pattern suggests that antioxidant enzyme
regulation may occur at multiple levels and that enhanced enzymatic activity is not neces-
sarily dependent on increased gene transcription. Although not experimentally evaluated
in the present study, post-transcriptional or post-translational regulatory mechanisms could
potentially contribute to this discrepancy and may influence enzyme abundance or activity
independently of changes in mRNA expression. Few studies have evaluated antioxidant
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enzymatic activity following nutritional interventions including hazelnuts; however,
Monserrat-Mesquida et al. [54] described an increase in SOD and CAT activity at the end of
their six-month MetDiet intervention with characteristics similar to our experimental de-
sign. Their subjects had CT > 200 mg/dL, meeting the hypercholesterolemia criteria defined
in our study. In contrast, the increase in GRd expression was not accompanied by changes
in its enzymatic activity, suggesting that the transcriptional response did not translate into
greater catalytic capacity. This may indicate that basal GRd activity was already sufficient
to maintain glutathione recycling under the studied conditions.

Regarding IL-10 and TNF-a markers, no significant differences in gene expression
were observed. The absence of changes in these inflammatory markers may indicate that
the dietary interventions had a greater effect on antioxidant defences than on the expres-
sion of these specific inflammatory cytokines. This is in line with previous nutritional in-
tervention studies showing that antioxidant-related biomarkers may respond more con-
sistently than inflammatory cytokines, particularly in populations without marked base-
line inflammation [55].

Overall, both dietary interventions were associated with favourable changes in redox-
related markers in PBMCs. Both interventions reduced oxidative damage biomarkers and
enhanced antioxidant enzyme activities, while changes in ROS generation varied according
to the activation stimulus. Notably, the experimental diet produced a greater reduction in
LPS-stimulated ROS production and in MDA levels, suggesting a potentially stronger mod-
ulatory effect on ROS generation under this specific inflammatory stimulus. These findings
suggest that dietary patterns enriched in unsaturated fats and plant-based foods, including
Chilean hazelnuts, may improve redox-related markers without detrimental effects on oxi-
dative status. Our findings further support the concept that dietary quality, rather than fat
restriction alone, may play a central role in the nutritional management of early-stage hy-
percholesterolemia. The absence of increased oxidative damage in the experimental group
is particularly relevant given the higher intake of unsaturated fatty acids. This observation
is consistent with previous evidence suggesting that nut consumption, especially hazelnuts,
exerts beneficial effects on oxidative stress and cardiometabolic health. In this context, the
meta-analysis by Brown, Ware and Tey [19] concluded that hazelnut consumption was as-
sociated with favourable antioxidant and lipid-related outcomes.

Among the strengths of this study is that it is the first, to our knowledge, to evaluate
the effects of a Chilean-adapted Mediterranean dietary intervention supplemented with
G. avellana on redox-related markers in PBMCs from hypercholesterolemic adults, high-
lighting the potential value of this native Chilean food within cardiometabolic nutrition
strategies. However, several limitations should be acknowledged. The study was primar-
ily powered for lipid-related outcomes rather than PBMC-derived mechanistic markers,
which may have limited the ability to detect subtle between-group differences in oxidative
and inflammatory parameters. Moreover, attrition differed between groups (37% in the
control group vs. 10% in the intervention group), and the main repeated-measures analy-
sis included only participants who completed the study (n = 81). However, a sensitivity
analysis using linear mixed models including all randomized participants yielded con-
sistent results, suggesting that differential attrition did not materially affect the conclu-
sions. In addition, dietary adherence was partially assessed through self-reported dietary
recalls, which may be subject to reporting bias. Finally, the chemical composition of the
Chilean hazelnuts was not analysed during the intervention period, and natural variabil-
ity in nutrient and bioactive compound composition cannot be excluded. Furthermore, a
key limitation is that the experimental group received a comprehensive dietary interven-
tion that differed from the control group in several components, including total fat con-
tent, fatty-acid composition, and consumption of fruits, vegetables, whole grains, leg-
umes, olive oil, and 30 g/day of G. avellana. Therefore, it is not possible to determine
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whether the observed effects were attributable specifically to G. avellana, to the Chilean-
adapted Mediterranean dietary pattern, or to their combination.

5. Conclusions

The high-fat Chilean-adapted MedDiet supplemented with Chilean hazelnuts pro-
duced beneficial effects on redox-related markers in PBMCs broadly comparable to those
observed with the low-fat diet recommended by MINSAL clinical guidelines. Both dietary
approaches reduced oxidative damage biomarkers and improved antioxidant defences,
while the MedDiet enriched with Chilean hazelnuts was associated with a greater reduction
in LPS-stimulated ROS production, suggesting a potential differential effect under specific
inflammatory stimulation conditions. However, given the multifactorial nature of the ex-
perimental intervention, it is not possible to determine whether these effects are attributable
specifically to Chilean hazelnut consumption, to the Chilean-adapted Mediterranean die-
tary pattern, or to their combination. These findings contribute to the growing body of evi-
dence supporting the role of foods rich in healthy fats, including MUFAs and PUFAs, in
favourably modulating oxidative status. Overall, our results support the feasibility of Chil-
ean-adapted Mediterranean dietary patterns enriched with unsaturated fats and native
plant foods as nutritional strategies for improving redox-related biomarkers in individuals
with hypercholesterolemia, without requiring strict restriction of total dietary fat.
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CAT Catalase
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H20s Hydrogen peroxide
HDL-C High-density lipoprotein cholesterol
IL-10 Interleukin-10
LDL-C Low-density lipoprotein cholesterol
LPS Lipopolysaccharide
MDA Malondialdehyde
MINSAL Chilean Ministry of Health
MUFA Monounsaturated fatty acids
PBMCs Peripheral blood mononuclear cells
PMA Phorbol 12-myristate 13-acetate
PUFA Polyunsaturated fatty acids
ROS Reactive oxygen species
RT-qPCR Reverse transcription quantitative polymerase chain reaction
SFA Saturated fatty acids
SOD Superoxide dismutase
TC Total cholesterol
TG Triglycerides
TLR Toll-like receptor
TNF-a Tumor necrosis factor-alpha
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