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Abstract

Iron overload induces oxidative stress, lipid peroxidation, and inflammatory responses, 
collectively contributing to cellular and tissue injury. Although synthetic iron chelators 
are widely used in clinical practice, their associated adverse effects and treatment-related 
costs highlight the need to investigate naturally derived compounds as potential alternative 
therapeutic agents. This study comprehensively evaluated the iron-chelating, antioxi-
dant, and anti-inflammatory properties of hazelnut samples encompassing Giresun-quality 
(Beşikdüzü, Vakfıkebir, and Çarşıbaşı), Levant-quality (Araklı, Arsin, and Yomra), and 
Pikola-type varieties, alongside extracts derived from defatted hazelnut pulp. Following 
qualitative and quantitative phytochemical characterization, antioxidant capacity was as-
sessed using DPPH, CUPRAC, FRAP, and TOAC assays, while iron-binding capacity was 
evaluated under simulated gastric (pH 2) and intestinal (pH 6) conditions using atomic 
absorption spectroscopy and the ferrozine assay. To investigate hepatic protection, the 
iron-chelating potential of the extracts was examined in Hep3B cells exposed to iron over-
load. Extract C (80% ethanolic extract of ground hazelnuts) exhibited the most pronounced 
iron-chelating activity, achieving iron-binding efficiencies of 77–88% under simulated gas-
trointestinal conditions and 90% in the ferrozine assay, while decreasing intracellular iron 
accumulation in Hep3B cells by approximately 83–84%. Furthermore, Extract C effectively 
mitigated iron-induced oxidative stress, as evidenced by reduced malondialdehyde (MDA) 
levels and the restoration of glutathione (GSH), superoxide dismutase (SOD), and cata-
lase (CAT). In lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages, the extracts 
additionally suppressed nitrite accumulation and decreased prostaglandin E2  (PGE2 ), 
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) levels. Our findings highlight the 
potential of hazelnut-based extracts as therapeutic candidates for the management of iron 
overload owing to their iron-chelating, antioxidant, and anti-inflammatory properties.
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1. Introduction
Metals are essential to biological systems, serving as structural components and partic-

ipating in a wide range of biochemical processes. Among these, iron plays a pivotal role in 
maintaining physiological homeostasis through its involvement in oxygen transport, DNA 
synthesis and repair, cellular metabolism, and numerous enzymatic reactions [1,2]. The 
total iron content in a normal adult is approximately 3–4 g; most is in hemoglobin, with 
the remaining part stored in transferrin, ferritin, and hemosiderin [3]. Iron absorption and 
systemic distribution are tightly controlled by the hepcidin–ferroportin regulatory axis, 
which plays a central role in maintaining iron homeostasis. Dysregulation of this pathway 
can disrupt iron balance, potentially leading to pathological conditions associated with iron 
deficiency or overload [4,5].

Iron deficiency and iron deficiency anemia (IDA) are the most common micronutrient 
disturbances worldwide, affecting more than a quarter of the population. They contribute 
considerably to reduced quality of life in the form of fatigue, cognitive impairment, loss of 
productivity, and worsening of comorbidities [6]. The World Health Organization (WHO) 
recommends food-based interventions such as intake of iron-rich foods, fortification with 
absorption promoters, and reduction in inhibitors as a primary preventive measure [7]. In 
clinical practice, oral iron salts (ferrous sulfate, ferrous fumarate, ferrous gluconate) are 
used as first-line therapy; however, parenteral preparations must be used in malabsorption, 
non-compliance, or severe anemia [8,9]. Disturbance of iron homeostasis, however, is not 
only a matter of deficiency; excessive intake and accumulation can also lead to serious 
health conditions. Excessive iron burden triggers oxidative stress, lipid peroxidation, and 
cellular injury, resulting in toxicity [10–12].

Acute iron poisoning occurs predominantly in children younger than six years of 
age, in whom the ingestion of even a small number of iron-containing tablets can result in 
clinically significant toxicity [13]. In adults, it usually occurs because of suicide attempts, 
while in pregnancy, excessive supplementation and transfusion-dependent hematological 
diseases increase the risk [14]. The severity of acute iron toxicity is primarily determined 
by the dose of ingested elemental iron, with doses below 20 mg/kg generally considered 
nontoxic, doses of 20–40 mg/kg associated with mild to moderate toxicity, and doses of 
60 mg/kg or higher posing a substantial risk of severe poisoning [15]. Pathophysiolog-
ically, iron toxicity exerts direct corrosive effects on the gastrointestinal tract and causes 
metabolic damage at the cellular level. Hemorrhagic necrosis of the mucosa, vomiting, 
diarrhea, hypovolemia, and perforation may occur, while mitochondrial oxidative phospho-
rylation is impaired, ATP synthesis decreases, reactive oxygen species (ROS) increase, and 
multi-organ damage develops [14]. Chronic conditions such as hereditary hemochro-
matosis and multiple transfusions are characterized by progressive parenchymal iron
accumulation [3,16].

The aim of iron toxicity treatment is to reduce absorption, bind circulating iron, and 
decrease tissue load [17]. Chelation therapy commonly involves parenteral desferrioxamine 
(DFO) and oral agents such as deferiprone (DFP) and deferasirox (DFX) [16]. Nevertheless, 
the clinical use of these agents is associated with several limitations, including the risk of 
serious adverse effects, high treatment costs, potential depletion of essential minerals due 
to nonselective chelation, and the need for regular clinical monitoring [18–21]. Phlebotomy 
is effective especially in hereditary hemochromatosis, but it cannot be applied in patients 
prone to anemia or dependent on transfusions, and it carries the risk of intolerance due to 
blood volume changes [3,16].

Achieving optimal therapeutic outcomes with iron chelation therapy requires regu-
lar monitoring of treatment efficacy and potential adverse effects. However, the clinical 
application of existing iron chelation therapies is associated with several limitations. The 

https://doi.org/10.3390/antiox15111396

https://doi.org/10.3390/antiox15111396


Antioxidants 2026, 15, 1396 3 of 34

clinical application of certain iron chelators is limited by the need for parenteral adminis-
tration under medical supervision, which may reduce treatment accessibility and patient 
convenience. Furthermore, concerns regarding the safety and tolerability of available oral 
chelation therapies highlight the need for alternative treatment strategies. Furthermore, the 
rapid and effective elimination of toxic metals from both the bloodstream and soft tissues 
remains a significant therapeutic challenge. Taken together, these challenges emphasize the 
need for novel therapeutic approaches that combine efficacy, safety, affordability, and oral 
administration in the management of iron toxicity.

At this point, natural compounds stand out for their chelating capacity as well as 
antioxidant properties. Compounds such as phytic acid and polyphenols have been shown to 
inhibit iron absorption [22–24]. Hazelnuts contain a diverse range of bioactive compounds, 
some of which may contribute to their potential iron-chelating properties. Hazelnut (Corylus 
avellana L.), one of Turkey’s strategic agricultural products, is particularly noteworthy in 
this context. Turkey accounts for 64% of global hazelnut production [25]. Hazelnuts are not 
only nutritionally rich but also pharmaceutically valuable due to their content of bioactive 
compounds with potential chelating properties.

Hazelnuts contain an oleic acid–rich lipid fraction, vitamins such as tocopherols, folic 
acid, and ascorbic acid, amino acids including arginine and leucine, and minerals such as 
K, Mg, Ca, Zn, and Fe [26]. In addition, hazelnuts are a strong source of phytic acid and 
various phenolic compounds, which can form insoluble complexes with multivalent cations 
like iron, thereby reducing absorption [27]. Beyond phytic acid, hazelnut polyphenols 
including quercetin, chlorogenic acid, catechin, epicatechin, and tannins exhibit strong 
antioxidant activity and are also capable of binding Fe (II) and Cu (II) ions [28,29]. Thus, 
hazelnut constituents have the dual ability to both reduce iron absorption and suppress 
iron-induced oxidative stress.

Recent in vitro and in vivo studies have shown that phytic acid chelates iron, reduces 
lipid peroxidation and free radical production, and exerts hepatoprotective effects in animal 
models exposed to high doses of iron [30–32]. Similarly, the tocopherol and phenolic content 
of hazelnut extract have been reported to provide protective effects against oxidative DNA 
damage [33]. These findings suggest that hazelnuts should be considered not only as a 
food but also as a natural source of chelators and antioxidants.

In this study, hazelnut and defatted hazelnut pulp samples from different regions were 
mainly evaluated for their iron-binding capacity. Different extraction methods, including 
water and hydroalcoholic extraction, were applied to obtain various extracts from whole 
and ground hazelnuts. The chemical composition of the extracts was analyzed by focusing 
on phenolic compounds and flavonoids. The iron-binding activity of the extracts was de-
termined using the ferrozine method and a simulated gastrointestinal model representing 
stomach and intestinal conditions. In addition, antioxidant activity was evaluated using 
common in vitro assays such as FRAP, DPPH, TOAC, and CUPRAC. The intracellular iron-
binding activity and protective effects against oxidative stress were also tested in Hep3B 
cells. Finally, the anti-inflammatory effects were evaluated in LPS-stimulated RAW264.7 
cells by measuring nitrite and cytokine levels. Overall, these findings provide a comprehen-
sive evaluation of hazelnut extracts, highlighting their potential as natural agents for iron 
chelation and related biological effects.

2. Materials and Methods
2.1. Collection of Hazelnuts and Hazelnut By-Products/Plant Materials

Fresh in-shell hazelnuts (Giresun, Levant quality, and Pikola type) were obtained di-
rectly from local producers in August 2021. The Giresun and Levant varieties were supplied 
by Trabzon Tarım A.Ş. (Trabzon, Türkiye). Samples were identified by Prof. Dr. Erdem 
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Yeşilada. Hazelnut specimens collected from Araklı (Herbarium No. 2021-021), Arsin 
(Herbarium No. 2021-022), Yomra (Herbarium No. 2021-023), Beşikdüzü (Herbarium No. 
2021-024), Vakfıkebir (Herbarium No. 2021-025), and Çarşıbaşı (Herbarium No. 2021-026) 
in Trabzon, Türkiye were prepared as voucher specimens and deposited in the Herbarium 
of the Faculty of Pharmacy, Yeditepe University. In addition, defatted hazelnut pulp was 
obtained from a regional hazelnut oil producer as a by-product of hazelnut oil extraction. 
Since Pikola-type hazelnuts and defatted hazelnut pulp originated from materials collected 
at different locations across the Black Sea Region rather than from a specific collection site, 
voucher specimens were not prepared, and no herbarium numbers were assigned to these 
samples. Therefore, these samples can be considered botanically representative of the Black 
Sea Region.

All samples were stored at +4 °C until further analyses. Prior to extraction, shells were 
removed and either whole hazelnut samples composed of kernel and testa or grounded 
samples were subjected to the extraction procedure. In addition, defatted hazelnut pulp 
was directly extracted according to the described method in Section 2.2.

2.2. Extraction Methods
For the hydroalcoholic extract (Extract A1), 30 g of each whole hazelnut (kernel 

with testa) variety was extracted with 150 mL of 80% ethanol using a sonicator for
2 h. After sonication, it was filtered through a single layer of filter paper, and the fil-
trates were concentrated using a rotary evaporator under reduced pressure at 40 °C
(330 to 70 mbar, 40 rpm). The concentrated extracts were stored at −20 °C overnight and
subsequently lyophilized.

The whole hazelnut samples, which were subjected to hydroalcoholic extraction, were 
first air-dried. Then, these samples were ground and re-extracted with pre-heated distilled 
water (80–83 °C) (Extract A2) using the same procedure as described before. In addition, 
defatted hazelnut pulp was subjected to the same procedure.

To obtain aqueous extracts of whole hazelnut variety (kernel with testa) named as 
Extract B, 30 g of hazelnut was extracted with 150 mL of water (80–83 °C) using a sonicator 
for 2 h. Then, it was filtered and lyophilized.

An additional hydroalcoholic extract, named Extract C, was prepared as Extract A1. 
However, in this extraction, ground hazelnut samples and defatted hazelnut pulp were 
used rather than whole hazelnuts. After filtration and evaporation, the rest was lyophilized. 
Figure 1 provides a summary of the extraction methods.

Figure 1. Summary of extraction methods.

2.3. HPTLC-Based Qualitative Phytochemical Analysis
Each lyophilized aqueous hazelnut extract (Extract A2 and B) was dissolved in distilled 

water, filtered through a 0.45 μm PTFE syringe filter to prepare a final concentration of
50 mg/mL. Similarly, hydroalcoholic extracts (Extract A1 and C) were dissolved in methanol 
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to obtain a concentration of 50 mg/mL. These samples were used for chemical profiling by 
high-performance thin-layer chromatography (HPTLC).

Standard compounds used for HPTLC analyses included phytic acid, gallic acid, proto-
catechuic acid, chlorogenic acid, neochlorogenic acid, quercetin, quercitrin, rutin, catechin, 
epicatechin, epigallocatechin gallate, epicatechin gallate, and procyanidin B2. Each standard 
was prepared individually in methanol at 1 mg/mL or 200 μg/mL. All standard solutions 
were stored at 4 °C and diluted prior to use.

For the HPTLC analysis of phytic acid, standard solution (5 and 8 μL) and each sample 
test solution (2 μL) were applied onto cellulose HPTLC plates (20 cm × 10 cm, Merck, 
Darmstadt, Germany) using a semi-automatic Linomat 5 applicator (Camag, Muttenz, 
Switzerland) equipped with a 100 μL Hamilton syringe. A mixture of 1-propanol:acetic 
acid:formic acid:water (16:4:18:2, v/v/v/v) was utilized as the developing solvent system 
for the separation of phytic acid in sample solutions [34].

Regarding flavonoids, a standard mixture containing rutin, quercetin, and quercitrin 
was applied to HPTLC silica gel 60 F254  glass plates under the same conditions. Samples 
were applied in duplicate at volumes of 5 and 10 μL, respectively. To achieve the chromato-
graphic separation, an ethyl acetate:formic acid:water (40:4:4, v/v/v) solvent system was 
employed [35].

For the analysis of phenolic acids, gallic acid, protocatechuic acid, chlorogenic acid, 
and neochlorogenic acid were applied both individually (2 μL) and as a standard mixture
(5 and 10 μL). Furthermore, each sample test solution (10 μL) was applied onto HPTLC 
silica gel 60 F254  glass plates (20 cm × 10 cm, Merck, Darmstadt, Germany). A mixture of 
ethyl acetate:dichloromethane:formic acid:acetic acid:water (100:25:10:10:11, v/v/v/v/v) was 
used as the developing solvent system for the separation of these phenolic compounds [36].

Lastly, for catechin derivatives and procyanidin B2, standard solutions of catechin, 
epicatechin, epicatechin gallate, epigallocatechin gallate, and procyanidin B2 were applied 
both individually (2 μL) and as a standard mixture (2, 5, and 8 μL). Additionally, each 
sample test solution (10 μL) was applied onto HPTLC silica gel 60 F254  glass plates. To 
obtain the chromatographic separation, the upper phase of an ethyl acetate:formic acid:water 
(10:1:4, v/v/v) mixture was utilized [37]. Plates were developed up to a distance of 70 mm 
from their lower edge in saturated twin-trough chambers (20 cm × 10 cm, Camag) with 
related developing solvent system. After development, the plates were dried using cold air 
and then derivatized as follows:
(a) For phytic acid investigation, plates were dipped into a methanolic solution containing 

8 mM ammonium heptamolybdate, 0.1 M HCl, and 0.5 M HClO4 . Following immersion, 
the plates were exposed to 366 nm UV light for 5 min [34].

(b) For phenolic acids and flavonoids, plates were heated on a TLC heater (Camag) at 
100 °C for 3 min and then dipped into natural products (NP) and polyethylene glycol 
(PEG) 400 derivatization reagents, respectively [36].

(c) For catechin derivatives and procyanidin B2, plates were dipped in 4-dimethyla-
minocinnamaldehyde (DMACA) reagent. To prepare DMACA reagent, 0.0600 g of 
DMACA was accurately weighed and dissolved in 13 mL of HCl, and the solution was 
subsequently diluted to a final volume of 200 mL with MeOH [38].
Finally, the plates were documented at 366 nm for the visualization of the investigated 

phenolic compounds and under white light for phytic acid and proanthocyanidins. All 
instruments were operated via winCATS software (Camag, Version 1.4.8.2031).
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2.4. Quantitative Analysis (In Vitro Methods)
2.4.1. Phytic Acid Quantification

Phytic acid content was determined using a commercial kit (Megazyme, K-PHYT, Bray, 
Ireland), based on the colorimetric molybdenum blue method, where released phosphate 
forms a measurable complex [39]. Extracts were treated with 0.66 M HCl and incubated 
overnight at room temperature under constant rotation. After centrifugation and neutral-
ization with NaOH, total and free phosphorus levels were determined following the kit 
protocol. Absorbance was measured at 655 nm using a UV-Vis spectrophotometer (Agilent 
8453, Agilent Technologies, Santa Clara, CA, USA). All samples were analyzed in triplicate 
to ensure reproducibility. Phytic acid content was expressed as g phytic acid per 100 g
dry extract.

2.4.2. Total Phenolic Content (TPC) Assay
TPC was measured using the Folin–Ciocalteu method. Gallic acid was used as the 

calibration standard. In a 96-well plate, 20 μL of sample or standard, 100 μL of diluted 
Folin–Ciocalteu reagent, and 75 μL of 20% Na2 CO3  were added. After 30 min of incubation 
in the dark at room temperature, absorbance was read at 690 nm. Results were expressed 
as mg gallic acid equivalent (GAE)/g extract [40]. Each extract was tested in at least three 
independent wells.

2.4.3. Total Flavonoid Content (TFC) Assay
TFC was determined colorimetrically using quercetin as the reference compound. In a 

96-well plate, sample or standard, ethanol, sodium acetate, and AlCl3  were sequentially 
added. After incubation at room temperature for 30 min in the dark, absorbance was 
recorded at 405 nm [41]. Results were expressed as mg quercetin equivalent (QE)/g extract. 
All measurements were performed in triplicate and averaged.

2.4.4. Total Condensed Tannins (Proanthocyanidins; PA) Assay
Proanthocyanidin content was measured using the vanillin-HCl method with catechin 

hydrate as standard. In a 12-well plate, 250 μL of 1% vanillin solution, 250 μL of methanol-
HCl, and 100 μL of sample or standard were added and incubated at 30 °C for 20 min. 
Afterwards, 300 μL of the reaction mixture was transferred to a 96-well plate, and absorbance 
was measured at 492 nm [42]. The results were expressed as mg catechin equivalent (CE)/g 
extract. Proper controls and blank solutions were included in each assay.

2.4.5. Quantification of Oxalic Acid Content
Oxalic acid was extracted by boiling 0.5 g of sample with 0.25 N HCl and quantified 

using a colorimetric method based on indole-sulfuric acid reaction. The resulting pink-
purple complex was formed by reacting oxalic acid with freshly prepared indole reagent, 
followed by incubation at 90 °C for 45 min. Absorbance was measured at 525 nm. Standard 
curves were prepared using known concentrations of oxalic acid. All procedures were 
carried out under identical conditions to minimize variability [43].

2.4.6. Total Protein Determination
Protein content in the extracts was assessed by the Lowry method using BSA (Bovine 

Serum Albumin) as the standard [44]. In a 96-well plate, 50 μL of sample or standard was 
mixed with 50 μL of freshly prepared copper reagent. After 10 min of incubation at 25 °C, 
150 μL of diluted Folin–Ciocalteu phenol reagent was added and the plate was incubated 
at 50 °C for another 10 min. Absorbance was read at 660 nm, and protein concentration was 
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calculated using a standard curve [45]. All experiments were conducted in triplicate for 
statistical accuracy.

2.5. In Vitro Evaluation of Antioxidant Activity
2.5.1. Ferric Reducing Antioxidant Power (FRAP) Assay

This method evaluates the electron-donating ability of antioxidants by reducing ferric 
(Fe3+ ) to ferrous (Fe2+ ) ions, providing insight into reductive antioxidant potential. The 
FRAP assay was performed using a reagent prepared from acetate buffer, TPTZ (2,4,6-
tripyridyl-s-triazine) in HCl, and FeCl3 ·6H2 O. After mixing extract or standard with dH2 O 
and FRAP reagent in a 96-well plate, the mixture was incubated at 37 °C for 30 min. Ab-
sorbance was measured at 595 nm using a spectrophotometer (Thermo Fisher Scientific™, 
Waltham, MA, USA). Results were expressed as mM FeSO4  equivalents per gram of ex-
tract [46].

2.5.2. DPPH (2,2-Diphenyl-1-picrylhydrazyl) Radical-Scavenging Activity Assay
The assay is based on the ability of antioxidants to quench stable DPPH free radicals, 

resulting in a measurable decrease in absorbance. The antioxidant capacity was also assessed 
by the DPPH radical scavenging method. BHT was used as a reference standard [47]. In a 
96-well plate, 50 μL of extract or standard was mixed with 250 μL of DPPH solution. After 
incubation for 50 min at 25 °C in the dark, absorbance was measured at 517 nm. Results 
were expressed as % inhibition and IC50  values (mg/mL).

2.5.3. Cupric Ion Reducing Antioxidant Capacity (CUPRAC) Assay
This assay evaluates the reduction of Cu2+  to Cu+  by antioxidants, which forms 

a colored complex with neocuproine, allowing quantitative measurement of reducing 
power. CUPRAC reagent was prepared using CuSO4 , neocuproine, and ammonium ac-
etate. In a 96-well plate, CuSO4 , neocuproine and ammonium acetate were mixed with 
43 μL of extract or standard, and dH2 O [48]. After incubation at 50 °C for 20 min, ab-
sorbance was measured at 450 nm. Results were expressed as mg ascorbic acid equivalent
(AAE)/g extract.

2.5.4. Total Antioxidant Capacity (TOAC) Assay
The method estimates the total antioxidant content based on the reduction of Mo 

(VI) to Mo(V), reflecting the cumulative antioxidant effect of all redox-active compounds 
in the extract. TOAC was assessed based on the phosphomolybdate method. Extracts 
were incubated with 300 μL of reagent containing sulfuric acid, sodium phosphate, and 
ammonium molybdate in a 96-well plate [46]. After incubation at 95 °C for 90 min, the 
plate was cooled, and absorbance was measured at 695 nm. Ascorbic acid was used as a 
standard, and results were expressed as mg AAE/g extract.

2.6. In Vitro Evaluation of Iron-Binding Properties
2.6.1. Assessment of Iron-Binding Capacity Under Simulated Gastric and 
Intestinal Conditions

Iron absorption primarily occurs in the duodenum and proximal jejunum, where iron 
is absorbed mainly in its ferrous (Fe2+ ) form. This process is regulated by iron-binding 
proteins such as ferritin and transferrin, which maintain systemic iron homeostasis [49,50]. 
Therefore, the iron-binding capacity of hazelnut extracts was evaluated under simulated 
gastric (pH 2) and intestinal (pH 6) conditions to investigate their potential effects on iron 
bioavailability. Sorenson phosphate buffers were prepared using 0.667 M NaH2 PO4  and 
0.667 M Na2 HPO4  and adjusted to the desired pH with HCl. Iron (II) sulfate heptahydrate 
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(FeSO4 ·7H2 O) was added to each buffer. Briefly, 150 mg of extract was incubated with 
10 mL of buffer at 37 °C and 125 rpm for 2 h [51,52]. Control groups consisted of buffer 
solutions with and without iron. After incubation, samples were filtered and the filtrates 
were collected for analysis. For iron quantification, filtrate was digested with concentrated 
HNO3  using a Multiwave GO Plus microwave digestion system (Anton Paar, Graz, Austria). 
Iron concentrations were determined by flame atomic absorption spectrophotometry (Zeenit 
700, Analytik Jena, Jena, Germany) using external calibration with iron standards prepared 
from a 1000 μg/mL stock solution [53].

2.6.2. Ferrozine-Based Metal Chelation Assay
A 2 mM FeCl2 ·4H2 O solution was prepared in methanol, and ferrozine solution was 

prepared in distilled water [54]. EDTA disodium was used as a standard at concentra-
tions of 0.125–2 mg/mL. For hydroalcoholic extracts, samples were mixed with FeCl2  and 
methanol; for aqueous extracts, distilled water was used. After 5 min of incubation at 25 °C, 
ferrozine reagent was added and the mixture was incubated for 10 min at room temperature. 
Absorbance was measured at 570 nm in a 96-well plate, and results were expressed as 
percent metal chelation.

2.6.3. Cell Culture Studies
To further evaluate the in vitro antioxidant and anti-inflammatory activities of the 

hazelnut extracts, cell culture studies were conducted using Extract C, which demonstrated 
the highest iron-binding capacity in preliminary assays. Two different cell lines were 
selected for these studies: RAW264.7 murine macrophages were employed to investigate 
the anti-inflammatory effects, while Hep3B human hepatocyte carcinoma cells were used 
to assess the protective effects against oxidative stress.

2.7. Evaluation of the Protective Effect Against LPS-Induced Inflammation
2.7.1. Cell Viability in the RAW264.7 Cell Line

The RAW264.7 murine macrophage cell line was obtained from the American Type 
Culture Collection (ATCC, TIB-71, Manassas, VA, USA) and cultured in high-glucose 
DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 
(10,000 U/mL and 10,000 μg/mL, respectively) [55]. Cells were maintained at 37 °C 
in a humidified incubator with 5% CO2 . The cytotoxicity of hazelnut Extract C was 
evaluated using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
assay. Cells were seeded in 96-well plates (5 × 104  cells/well) and incubated for
24 h, followed by exposure to the extract at the maximum non-cytotoxic concentration of
1 mg/mL for an additional 24 h. After incubation with MTT solution for 2 h, formazan 
crystals were dissolved in isopropanol, and absorbance was measured at 570 nm (Thermo 
Fisher Scientific™, USA) [56]. Cell viability was calculated relative to untreated controls, 
and concentrations reducing viability below 70% were considered cytotoxic. The safe dose 
was used in subsequent anti-inflammatory and analgesic studies. The percentage of cell 
viability was calculated using the following equation:

Cell viability% = (AbsTreatment group )/(AbsControl group ) × 100%

2.7.2. Determination of Nitrite and Inflammatory Cytokines
The anti-inflammatory activity of the extracts was evaluated in LPS-stimulated 

RAW264.7 macrophages by measuring nitrite (NO), TNF-α, IL-6, and PGE2  levels. 
RAW264.7 cells were seeded into 96-well plates at a density of 5 × 104  cells/well and 
incubated for 24 h at 37 °C in a humidified atmosphere containing 5% CO2  [57]. Cells 
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were pretreated with different concentrations of the extracts for 2 h and then stimulated 
with lipopolysaccharide (LPS, 1 μg/mL, Escherichia coli 0111:B4) for an additional 22 h. 
Indomethacin (100 μM) and L-NAME (100 μM) were included as positive controls [58]. 
Following incubation, culture supernatants were collected for the determination of inflam-
matory mediators. Nitrite production, as an indicator of nitric oxide (NO) generation, was 
determined using the Griess reaction, and absorbance was measured at 540 nm. Nitrite 
concentrations were calculated from a sodium nitrite standard curve. TNF-α and IL-6 levels 
were quantified using commercial ELISA kits (Invitrogen, Bender MedSystems GmbH, 
Vienna, Austria; catalog nos. BMS622 and BMS625, respectively) according to the manufac-
turer’s instructions [56,58], while PGE2  levels were measured using a commercial ELISA 
kit (Abcam, ab287802, Cambridge, UK) following the manufacturer’s protocol [59].

2.8. Evaluation of the Protective Effect of Extracts Against Oxidative Stress
The protective effect of the extracts against iron-induced liver damage was assessed 

using the Hep3B human hepatocyte cell line. Hep3B cells (ATCC, HB-8064, VA, USA) 
were cultured in high-glucose DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin (10,000 U/mL and 10,000 μg/mL, respectively) at 37 °C in a humidified 
incubator with 5% CO2 .

2.8.1. Effects of Hazelnut C Extracts and Iron (II) Sulfate Heptahydrate on Cell Viability
The effects of hazelnut extracts on Hep3B cells were evaluated using the MTT col-

orimetric assay. Cells were seeded in 48-well plates at a density of 3 × 104  cells/well and 
incubated for 24 h at 37 °C with 5% CO2  to allow cell adhesion [60]. Extracts were dis-
solved in DMSO, diluted in culture medium to a final concentration of 1 mg/mL, and 
applied to the cells. Iron (II) sulfate heptahydrate was tested in a concentration range of 
2.5–50 mM to assess cytotoxicity. After 24 h of incubation, the MTT assay was performed as
described above.

2.8.2. Determination of Malondialdehyde (MDA) Level
MDA, a marker of lipid peroxidation, was quantified using the thiobarbituric acid 

(TBA) assay. Hep3B cells were seeded in T-75 flasks and incubated at 37 °C until reaching 
90% confluence. Cells were pretreated with 80% ethanolic hazelnut extracts for 2 h, followed 
by exposure to 15 mM FeSO4 ·7H2 O for 22 h to induce oxidative stress. After exposure, cells 
were harvested, homogenized in PBS, and centrifuged for 15 min at 4 °C. The supernatant 
was mixed with TBA reagent, incubated at 90 °C for 30 min, cooled, and absorbance was 
read at 532 nm [61,62]. MDA levels were expressed as nmol/g protein.

2.8.3. Glutathione (GSH) Determination
Cellular glutathione levels were determined using Ellman’s reagent (DTNB), which 

reacts with thiol groups to form a yellow-colored product measurable at 412 nm. Super-
natants from the MDA assay were used directly. Samples or GSH standards were mixed 
with Tris-EDTA buffer (pH = 8.2) and freshly prepared DTNB in a 96-well plate. After
5 min of incubation at room temperature, absorbance was recorded at 412 nm. GSH levels 
were calculated from a standard curve and expressed as μmol/g protein [63,64].

2.8.4. Determination of Catalase (CAT) Activity
Catalase activity was quantified using the carbonatocobaltate (III) complex formation 

method described by Hadwan [65]. Briefly, 50 μL of cell lysate was incubated with 10 mM 
hydrogen peroxide (H2 O2 ) at 37 °C for 2 min to allow enzymatic decomposition of H2 O2 . 
The reaction was terminated by the addition of working solution containing phosphate 
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buffer (pH 7.4), sodium bicarbonate, and cobalt (II) nitrate hexahydrate. The reaction 
mixtures were incubated in the dark for 10 min to enable formation of the carbonatocobal-
tate (III) complex. Subsequently, 250 μL aliquots were transferred to 96-well microplates, 
and absorbance was measured spectrophotometrically at 440 nm [64]. CAT activity was 
normalized to total protein content and expressed as U/mg protein. All measurements 
were performed in triplicate.

2.8.5. Determination of Superoxide Dismutase (SOD) Activity
Superoxide dismutase activity was determined according to a modified Marklund and 

Marklund method based on the inhibition of pyrogallol autooxidation [66]. Cell lysates 
were added to 150 μL of reaction mixture containing Tris–HCl buffer (pH 8.2) and EDTA 
in 96-well microplates. The reaction was initiated by the addition of 2 mM pyrogallol, 
and changes in absorbance were monitored at 420 nm for 450 s using a microplate reader. 
Absorbance values were recorded at 30 s intervals, yielding 15 sequential measurements. 
The initial reading obtained immediately after pyrogallol addition was considered as time 
zero. One unit of SOD activity was defined as the amount of enzyme required to inhibit 50% 
of pyrogallol autooxidation under assay conditions. Results were expressed as U/mL [67], 
and all experiments were conducted in triplicate.

2.8.6. Protein Determination (Lowry Method)
Protein concentrations of hazelnut extracts were determined according to the Lowry 

method [44], as described above, using a BSA standard curve, and were used to normalize 
MDA, GSH, SOD, and CAT results.

2.8.7. Assessment of Intracellular Iron Accumulation
To evaluate the effect of the extracts on intracellular iron accumulation, total iron content 

in Hep3B cells was measured using the ferrozine-based colorimetric method described by 
Riemer et al. (2004) [68]. Cells were cultured to 90% confluence, pretreated with hazelnut 
Extract C for 2 h, and then incubated with 15 mM iron sulfate heptahydrate (FeSO4 ·7H2 O) 
for 22 h. After exposure, cells were washed with cold PBS containing 1 mM deferoxamine, 
homogenized in PBS, frozen overnight, and re-homogenized. Lysates were centrifuged, 
and the supernatant was treated with iron release reagent (HCl/KMnO4 ), incubated at 
60 °C, and then reacted with an iron detection reagent containing ferrozine. Absorbance 
was measured at 550 nm in a 96-well plate. Iron concentrations were calculated using 
FeSO4 ·7H2 O standard solutions and normalized to protein content determined by the 
Lowry method. Results were expressed as μmol iron per gram of protein.

2.9. Statistical Analysis
All experiments were performed in triplicate, and the results are presented as 

mean ± standard deviation (SD). Statistical analyses were conducted using GraphPad 
Prism software (version 8.0.1; GraphPad Software, San Diego, CA, USA). Differences 
among groups were analyzed using one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparison test.

Pearson correlation analysis was performed to evaluate the relationships among phy-
tochemical composition, antioxidant properties, iron-related activities, inflammatory me-
diators, and oxidative stress parameters. Correlation coefficients (r) and corresponding p 
values were calculated, and statistically significant correlations (p < 0.05) were visualized 
using a heatmap.
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3. Results
3.1. Extraction Yield

The extraction yields obtained from different hazelnut types are presented compara-
tively in Supplementary Table S1. The results demonstrated that extraction yields varied 
depending on both the extraction method and the hazelnut variety.

3.2. Qualitative and Quantitative Analysis by HPTLC
3.2.1. Phytic Acid Content Analysis

The HPTLC chromatograms of the hazelnut extracts revealed that the phytic acid 
standard exhibited two distinct bands corresponding to the intact molecule and its phos-
phate groups (Supplementary Figure S1). Although phytic acid itself was not directly 
detected in the extracts, bands corresponding to phosphate groups were observed in all 
tested samples (Extract A1, A2, B, and C), showing similar retention behavior to the phos-
phate region of the standard. Differences in band intensity suggested variations in the 
amounts of phosphate groups among hazelnut varieties and collection regions. This finding 
is important for iron-binding capacity, since phytic acid contains phosphate groups and 
chelates iron ions mainly through these functional groups. Therefore, the detection of 
phosphate groups suggests that phytic acid-related compounds may play a role in iron 
metabolism and iron-binding activity.

3.2.2. Flavonoid Content Analysis
The HPTLC flavonoid profiles of the hazelnut extracts are given in Supplementary 

Figure S2. Mainly found flavonoids in hazelnut as quercetin and quercetin derivatives such 
as rutin (quercetin-3-O-rutinoside), quercitrin (quercetin-3-O-rhamnoside) [69–71] was 
analyzed in this study. According to the literature review, testa of the hazelnut mainly 
contains flavonoids compared to its kernel. In parallel, the results showed that quercitrin 
was predominantly found in Extract A1, which was obtained from the hydroalcoholic extract 
of hazelnut testa, compared to the other extracts. Furthermore, quercitrin was not detected 
in Extract A2, as expected, since these extracts were obtained from pre-extracted hazelnuts 
(Extract A1). Although Extracts A1 and B were prepared from whole hazelnuts, the higher 
abundance of quercitrin in Extract A1 can be attributed to the solvent used during extraction. 
While 80% ethanol was used in Extract A1, water was used in Extract B. Although both 
Extract A1 and C were obtained by hydroalcoholic extraction, dominant quercitrin content 
in Extract A1 can refer to the samples not being ground, allowing the solvent to come into 
direct contact with the testa surface.

Considering the iron-binding sites of quercetin, the quercitrin–iron chelation may 
occur between the 5-hydroxy-4-oxo group in the A and C rings and the catechol moiety in 
the B ring [72]. In terms of Extract A1, it may exhibit a stronger chelating effect compared 
to other extracts.

3.2.3. Phenolic Acid Content Analysis
In terms of phenolic content, gallic acid, protocatechuic acid, chlorogenic acid, and 

neochlorogenic acid, which have previously been reported in hazelnut samples [71,73] 
were investigated in Extracts A1, B, and C (Supplementary Figure S3). Moreover, due 
to the affinity of polar compounds during the initial extraction step in the preparation of 
hydroalcoholic extracts (A1), samples subjected to pre-extraction were not evaluated by 
HPTLC analysis, except for defatted hazelnut pulp (A2). Navy blue zones belonging to 
protocatechuic acid and gallic acid were determined dominantly in Extract A1. Regarding 
Extract B, all samples were found to contain protocatechuic acid whereas gallic acid was 
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determined in some samples. Except from defatted hazelnut pulp (C), protocatechuic acid 
and gallic acid were mainly observed in Extract A1 and this could be because of testa which 
was more subjected to hydroalcoholic solvent. On the contrary, light blue zones could be 
a sign of chlorogenic acid presence in Extract C. Finally, extracts contained mainly gallic 
acid and protocatechuic acid may have potential to form chelates with iron ions because of 
bearing catechol or galloyl groups [74].

3.2.4. Catechin Derivatives and Procyanidin B2 Analysis
All extracts except those from re-extracted samples (A2) were analyzed to investigate 

catechin derivatives and procyanidin B2 (Supplementary Figure S4). In Extract A1, catechin 
derivatives and proanthocyanidins as procyanidin B2 were dominantly found. In addition, 
these compounds were found to be more intense in testa as in Extract A1 compared to 
grounded hazelnut as in Extract C. In particular, catechol groups in these compounds might 
tend to form iron chelates [75].

3.2.5. Phytic Acid Content of Hazelnut Extracts
Extract A2 exhibited the highest phytic acid content among the tested extracts, with the 

defatted hazelnut pulp sample consistently showing the greatest levels across all hazelnut 
types. Extract B showed moderate phytic acid levels, whereas Extracts A1 and C generally 
presented lower values (Table 1). Among the varieties, comparatively higher phytic acid 
contents were observed in Pikola and Çarşıbaşı samples.

Table 1. Comparative phytochemical and biochemical characterization of different hazelnut extracts.

Samples Phytic Acid TPC TFC Oxalic Acid Total Protein

A
1 

Ex
tr

ac
t

Araklı 0.19 ± 0.011 364.04 ± 10.35 344.80 ± 22.63 38.33 ± 2.19 152.95 ± 2.25
Arsin 0.12 ± 0.022 269.04 ± 16.41 52.80 ± 2.29 31.67 ± 0.43 139.45 ± 1.89

Beşikdüzü 0.12 ± 0.013 493.32 ± 13.89 2045.80 ± 38.18 95.12 ± 3.12 286.95 ± 1.94
Çarşıbaşı 0.43 ± 0.010 532.07 ± 64.90 1449.80 ± 29.70 77.33 ± 1.34 291.29 ± 0.72

Pikola 0.11 ± 0.003 409.39 ± 22.48 389.80 ± 4.24 55.67 ± 0.93 229.71 ± 1.84
Vakfıkebir 0.06 ± 0.013 408.50 ± 4.04 1349.80 ± 21.21 86.31 ± 1.41 260.20 ± 3.72

Yomra 0.09 ± 0.030 282.96 ± 64.90 635.80 ± 4.24 27.67 ± 0.63 177.78 ± 0.73

A
2 

Ex
tr

ac
t

Pulp * 2.63 ± 0.035 62.25 ± 0.25 13.80 ± 1.41 24.33 ± 0.35 120.95 ± 1.82
Araklı 0.79 ± 0.027 42.96 ± 0.25 30.80 ± 5.66 29.33 ± 1.53 68.45 ± 0.67
Arsin 0.64 ± 0.011 48.50 ± 1.52 ND 18.39 ± 1.64 50.72 ± 1.58

Beşikdüzü 1.42 ± 0.005 50.64 ± 1.51 76.80 ± 5.66 42.33 ± 3.41 136.26 ± 0.72
Çarşıbaşı 1.71 ± 0.008 42.96 ± 0.75 19.80 ± 1.41 45.06 ± 1.58 153.95 ± 1.87

Pikola 1.53 ± 0.014 51.00 ± 1.51 62.80 ± 5.66 23.43 ± 0.25 88.73 ± 0.93
Vakfıkebir 1.69 ± 0.040 51.54 ± 0.25 47.80 ± 9.90 43.33 ± 1.49 127.28 ± 0.39

Yomra 1.37 ± 0.031 44.39 ± 0.76 23.80 ± 1.41 16.67 ± 1.53 73.75 ± 1.48

B 
Ex

tr
ac

t

Araklı 0.36 ± 0.030 89.93 ± 2.02 32.80 ± 0.18 63.23 ± 1.32 60.21 ± 1.92
Arsin 0.30 ± 0.005 85.29 ± 2.52 10.80 ± 2.82 69.33 ± 2.31 39.22 ± 3.88

Beşikdüzü 0.38 ± 0.011 134.75 ± 1.77 55.80 ± 1.41 110.00 ± 3.49 130.20 ± 1.72
Çarşıbaşı 0.38 ± 0.009 302.43 ± 30.81 139.80 ± 7.07 96.05 ± 2.42 144.95 ± 0.71

Pikola 0.81 ± 0.022 64.21 ± 4.04 5.80 ± 1.41 82.67 ± 1.94 80.95 ± 0.88
Vakfıkebir 0.24 ± 0.002 211.00 ± 2.52 84.80 ± 8.49 97.00 ± 3.95 111.2 ± 3.81

Yomra 0.19 ± 0.009 90.29 ± 0.50 24.80 ± 2.87 56.67 ± 1.29 64.45 ± 2.19
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Table 1. Cont.

Samples Phytic Acid TPC TFC Oxalic Acid Total Protein

C
 E

xt
ra

ct

Pulp * 0.06 ± 0.001 341.89 ± 95.71 9.80 ± 4.24 18.33 ± 1.84 73.65 ± 0.72
Araklı 0.02 ± 0.002 472.96 ± 6.31 ND 35.33 ± 2.19 39.25 ± 1.93
Arsin 0.02 ± 0.001 430.11 ± 85.11 11.80 ± 4.24 30.33 ± 1.94 33.49 ± 2.01

Beşikdüzü 0.05 ± 0.003 577.61 ± 30.05 21.80 ± 1.41 58.92 ± 0.73 88.70 ± 0.81
Çarşıbaşı 0.07 ± 0.001 599.75 ± 5.03 43.80 ± 1.41 56.00 ± 0.47 101.95 ± 1.72

Pikola 0.07 ± 0.002 432.07 ± 14.65 28.80 ± 2.83 30.52 ± 1.84 65.45 ± 2.84
Vakfıkebir 0.02 ± 0.010 432.79 ± 45.46 27.80 ± 1.41 58.67 ± 1.72 85.74 ± 3.59

Yomra 0.06 ± 0.010 854.93 ± 64.90 7.80 ± 1.41 37.09 ± 1.84 55.47 ± 1.82
Extract A1 is the 80% ethanolic extract of whole hazelnuts, Extract A2 is the 100% water extract 
of the ground hazelnut residue remaining from Extract A1, Extract B is the 100% water extract of 
whole hazelnuts, and Extract C is the 80% ethanolic extract of ground hazelnuts. All extracts were 
tested at a concentration of 1 mg/mL. ND: Non-detectable. * As the pulp was available only as a 
ground by-product, only extracts A2 and C were prepared from the pulp. Values are expressed as 
mean ± SD. Phytic acid content is given as g phytic acid/100 g dry extract. Total phenolic content 
(TPC) is expressed as mg GAE/g extract. Total flavonoid content (TFC) is expressed as mg QE/g 
extract. Oxalic acid content is expressed as mg oxalic acid/g extract. Total protein content is expressed
as μg/mL.

3.2.6. Total Phenolic, Flavonoid, and Proanthocyanidin Contents
Among the extraction methods evaluated, Extract C consistently exhibited the high-

est total phenolic content, with the Yomra sample yielding the greatest concentration
(854.93 mg GAE/g dry extract), followed by Çarşıbaşı (599.75 mg GAE/g) and Beşik-
düzü (577.61 mg GAE/g). Extract A1 also demonstrated notably high phenolic levels, 
particularly in Çarşıbaşı (532.07 mg GAE/g) and Beşikdüzü (493.32 mg GAE/g), whereas 
Extract B produced moderate values, and Extract A2 resulted in the lowest phenolic
yields (Table 1). These results suggest that hydroalcoholic extraction, especially from 
ground samples, enhances the recovery of phenolic constituents.

With respect to total flavonoid content, Extract A1 presented the highest concentrations, 
notably in Beşikdüzü and Çarşıbaşı. Interestingly, whole hazelnut extracts (Extracts A1 
and B) provided greater flavonoid yields than ground counterparts (Extracts A2 and C), 
implying that structural integrity of the sample may play a critical role in the retention of 
flavonoid compounds (Table 1).

Regarding condensed tannins (proanthocyanidins), Extract A1 again yielded the 
most pronounced results, with Beşikdüzü (2045.80 mg catechin hydrate/g), Çarşıbaşı
(1449.80 mg/g), and Vakfıkebir (1349.80 mg/g) being particularly prominent. Extract 
B displayed intermediate tannin levels, while Extracts A2 and C exhibited substantially
lower values.

3.2.7. Oxalic Acid Quantification
Quantitative analysis further revealed that the oxalic acid content (mg/g extract) 

differed markedly among hazelnut samples, with the Beşikdüzü variety consistently ex-
hibiting the highest concentrations across nearly all extraction types, as demonstrated
in Table 1.

3.2.8. Determination of Total Protein in Extracts
Proteins play a pivotal role in iron metabolism, particularly through the activity of 

iron-binding proteins such as ferritin and transferrin, which are essential for the transport, 
storage, and utilization of iron within the body. Proteins present in hazelnut extracts may 
interact with iron, thereby exhibiting iron-binding properties that could contribute to the 
attenuation of iron toxicity. The relatively high protein content of hazelnuts may enhance 
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their capacity to interact with iron and, in combination with established iron-chelating 
agents, potentially provide a more effective therapeutic strategy. Total protein content of 
the extracts varied considerably depending on the solvent system and the hazelnut variety. 
Among the extraction methods, Extract A1 yielded the highest levels of protein, as shown in 
Table 1. Moreover, Çarşıbaşı, Beşikdüzü, and Vakfıkebir consistently demonstrated elevated 
protein concentrations across all extract types.

3.3. Antioxidant Activity of Hazelnut Extracts
The ferric reducing antioxidant power (FRAP) values of hazelnut extracts are presented 

in Table 2. The results showed that ferric reducing capacity varied considerably depending 
on extraction method and variety origin. Among the extract types, Extract A1 generally 
exhibited the highest ferric reducing activity across most varieties, with values ranging 
from 81.60 to 94.71 mM FeSO4  equivalents/g extract. The strongest activity was observed in 
the Beşikdüzü variety, followed by Çarşıbaşı and Vakfıkebir. Extract B also demonstrated 
considerable reducing capacity, particularly in Çarşıbaşı and Vakfıkebir varieties, although 
its activity remained lower than that of Extract A1. Extract C exhibited moderate ferric 
reducing activity across most varieties, while Extract A2 generally showed the lowest FRAP 
values. However, in the defatted hazelnut pulp sample, Extract C demonstrated the highest 
reducing activity compared with the other extract types. Overall, the findings indicate that 
ferric reducing antioxidant capacity is influenced by both extraction method and variety 
origin, with the 80% ethanolic extract of whole hazelnuts (Extract A1) generally providing 
the highest reducing activity.

The DPPH radical scavenging activities of hazelnut extracts varied markedly depending 
on both the extraction type and hazelnut origin (Table 2). Among all extract groups, Extract 
A2 consistently exhibited the highest antioxidant activity across all samples, indicating 
its superior efficiency in recovering radical scavenging compounds. Extract A1 showed 
considerably lower inhibition levels compared to other extract types. In contrast, Extract 
B and Extract C demonstrated moderate antioxidant activity with substantial variation 
depending on the hazelnut origin. The defatted hazelnut pulp extract displayed moderate 
radical scavenging activity compared to other samples. Overall, the findings indicate that 
extraction type plays a critical role in determining antioxidant capacity, with Extract A2 
providing the most effective radical scavenging activity among the tested extracts.

When the copper-reducing antioxidant capacity of the extracts was evaluated (Table 2), 
Extract A1 generally exhibited the highest antioxidant capacity. In particular, hazelnut 
samples from Beşikdüzü (281.11 mg AAE/g) and Vakfikebir (288.30 mg AAE/g) showed 
the highest values. High antioxidant capacity was also observed in samples from Çarşıbaşı 
(276.15 mg AAE/g) and Yomra (189.74 mg AAE/g). Among the other extracts, Extract B 
demonstrated a moderate level of antioxidant capacity, with the highest values recorded 
for Çarşıbaşı (202.77 mg AAE/g) and Vakfikebir (194.39 mg AAE/g). In contrast, analyses 
performed with Extracts A2 and C revealed relatively lower antioxidant capacities.

As shown in Table 2, a dose-dependent increase was observed in all extracts. When 
the total antioxidant capacity of the extracts was evaluated, Extract A1 generally exhib-
ited the highest overall antioxidant capacity. In particular, samples from Besikdüzü
(197.18 mg AAE/g) and Carşıbaşı (159.12 mg AAE/g) showed the highest values. In 
addition, Yomra (104.94 mg AAE/g) and Pikola (83.92 mg AAE/g) also demonstrated 
high antioxidant capacity. Among the other extract types, Extract B displayed moderate 
antioxidant capacity, with Çarşıbaşı (99.22 mg AAE/g) and Beşikdüzü (52.18 mg AAE/g) 
standing out. In analyses performed with Extract C, Vakfıkebir (64.22 mg AAE/g) and 
Pikola (58.41 mg AAE/g) showed moderate levels, whereas no detectable antioxidant ca-
pacity (ND) was observed in pomace and some hazelnut samples. Results obtained with 
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Extract A2 were generally low, exhibiting lower antioxidant capacity compared with the 
other extraction methods.

Table 2. Antioxidant properties of different hazelnut extracts.

Samples FRAP DPPH CUPRAC TOAC

A
1 

Ex
tr

ac
t

Araklı 81.60 ± 1.45 10.27 ± 1.00 117.06 ± 0.95 35.65 ± 3.89
Arsin 87.65 ± 0.06 9.30 ± 0.38 129.42 ± 1.00 34.43 ± 5.05

Beşikdüzü 94.71 ± 0.09 9.74 ± 0.75 281.11 ± 1.20 197.18 ± 13.28
Çarşıbaşı 94.30 ± 0.01 14.97 ± 0.38 276.15 ± 4.53 159.12 ± 7.64

Pikola 86.05 ± 0.02 15.68 ± 0.13 137.17 ± 7.77 83.92 ± 2.31
Vakfıkebir 93.77 ± 0.09 9.30 ± 0.13 288.30 ± 0.70 83.10 ± 6.92

Yomra 90.42 ± 0.08 15.68 ± 0.49 189.74 ± 2.74 104.94 ± 2.31

A
2 

Ex
tr

ac
t

Pulp * 42.18 ± 0.64 81.05 ± 0.38 18.54 ± 0.65 1.16 ± 2.45
Araklı ND 87.42 ± 1.13 12.13 ± 0.15 ND
Arsin 3.23 ± 2.68 92.12 ± 1.75 7.45 ± 2.19 ND

Beşikdüzü 9.17 ± 2.36 90.97 ± 0.38 21.50 ± 0.45 5.45 ± 1.58
Çarşıbaşı 5.73 ± 0.85 90.08 ± 0.88 18.33 ± 0.25 ND

Pikola 17.77 ± 1.29 84.23 ± 1.38 20.85 ± 15.56 4.94 ± 5.19
Vakfıkebir 13.45 ± 0.72 90.35 ± 1.75 7.17 ± 0.10 4.53 ± 2.30

Yomra 2.63 ± 0.16 90.35 ± 1.98 6.29 ± 0.45 5.45 ± 2.74

B 
Ex

tr
ac

t

Araklı 64.34 ± 0.36 12.40 ± 0.75 51.92 ± 5.13 12.59 ± 0.43
Arsin 60.87 ± 3.79 65.01 ± 1.02 29.77 ± 1.29 ND

Beşikdüzü 82.27 ± 0.39 10.36 ± 1.63 102.38 ± 0.50 52.18 ± 0.72
Çarşıbaşı 91.35 ± 0.04 15.68 ± 1.69 202.77 ± 1.34 99.22 ± 0.58

Pikola 48.71 ± 2.76 67.58 ± 0.63 20.80 ± 2.34 46.78 ± 0.29
Vakfıkebir 87.40 ± 0.17 9.57 ± 0.50 194.39 ± 2.64 77.59 ± 1.15

Yomra 71.59 ± 0.39 25.95 ± 3.13 40.16 ± 2.04 42.59 ± 1.01

C
 E

xt
ra

ct

Pulp * 63.68 ± 1.76 51.82 ± 0.38 43.89 ± 2.94 ND
Araklı 14.45 ± 0.70 77.86 ± 0.63 14.56 ± 1.89 ND
Arsin 38.59 ± 0.36 79.72 ± 1.06 18.30 ± 2.29 ND

Beşikdüzü 50.15 ± 1.11 66.43 ± 0.75 17.77 ± 5.13 47.49 ± 3.60
Çarşıbaşı 62.59 ± 1.60 54.92 ± 3.01 33.96 ± 0.15 56.27 ± 3.31

Pikola 58.30 ± 1.16 50.75 ± 0.13 38.26 ± 12.30 58.41 ± 1.73
Vakfıkebir 53.10 ± 2.52 10.63 ± 2.01 28.08 ± 0.25 64.22 ± 1.01

Yomra 43.02 ± 2.48 75.73 ± 4.63 18.79 ± 2.29 54.12 ± 1.44
Extract A1 is the 80% ethanolic extract of whole hazelnuts, Extract A2 is the 100% water extract of the 
ground hazelnut residue remaining from Extract A1, Extract B is the 100% water extract of whole 
hazelnuts, and Extract C is the 80% ethanolic extract of ground hazelnuts. All extracts were tested 
at a concentration of 1 mg/mL. ND: Non-detectable. * As the pulp was available only as a ground 
by-product, only extracts A2 and C were prepared from the pulp. Values are presented as mean ±
SD. Ferric reducing antioxidant power (FRAP) was expressed as mM FeSO4  equivalents/g extract. 
DPPH radical scavenging activity was expressed as percentage inhibition of DPPH radicals. Cupric 
reducing antioxidant capacity (CUPRAC) and total antioxidant capacity (TOAC) were expressed as 
mg ascorbic acid equivalent (AAE)/g extract.

3.4. Iron-Binding Capacity of Extracts Under Simulated Gastric and Intestinal Conditions
The iron-binding capacity of hazelnut extracts was evaluated under simulated gastric 

(pH 2) and intestinal (pH 6) conditions using atomic absorption spectroscopy. Prior to 
experimentation, the intrinsic iron content of the extracts was confirmed in an iron-free 
medium to ensure analytical reliability. Control solutions containing 40 μg Fe/g, prepared 
from iron (II) sulfate heptahydrate in Sorensen phosphate buffer, served as reference 
standards. The measured values of 40.56 ± 0.82 μg Fe/g at pH 2 and 40.32 ± 0.57 μg 
Fe/g at pH 6 were in close agreement with theoretical expectations, further validating the 
accuracy and reproducibility of the method. As reported in Supplementary Table S3, iron 
concentrations across the extracts ranged from 2.31 to 6.23 μg Fe/g, with experimental 
outcomes aligning well with calculated values.
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The iron-chelating effects of the extracts are presented in Supplementary Table S4. 
The iron binding capacity of different hazelnut extracts was investigated under simulated 
gastric (pH 2) and duodenal (pH 6) conditions using 10 mg iron (II) sulfate heptahydrate 
(FeSO4 ·7H2 O) as the iron source. The iron control groups showed iron concentrations of 
40.56 ± 0.82 μg Fe/g at pH 2 and 40.32 ± 0.57 μg Fe/g at pH 6. Comparable iron levels 
were also obtained in Sorenson phosphate buffer (SPB) (40.49 ± 0.74 μg Fe/g at pH 2 and
41.08 ± 0.63 μg Fe/g at pH 6), indicating the reproducibility and stability of the experimental 
conditions. The reference iron chelator deferoxamine (150 mg) significantly reduced iron 
levels to 5.29 ± 0.91 μg Fe/g at pH 2 and 3.92 ± 0.63 μg Fe/g at pH 6, corresponding to 
approximately 87% and 90% reduction in iron concentration, respectively, compared to 
control. Similarly, Deferasirox demonstrated strong iron chelation efficiency, decreasing 
iron levels to 4.78 ± 0.10 μg Fe/g at pH 2 and 2.57 ± 0.35 μg Fe/g at pH 6, corresponding to 
reductions of approximately 88% and 94%, respectively.

Among the tested formulations, Extract C consistently demonstrated the highest iron-
binding efficiency under both gastric (pH 2) and duodenal (pH 6) conditions, outper-
forming Extracts A1 and A2 (Figure 2). Extract B also exhibited notable iron binding 
effects, particularly under duodenal conditions (Figure 3). Conversely, Extracts A1 and 
A2 exhibited lower inhibition percentages and weaker iron-chelating capacity compared 
to Extracts B and C, despite still achieving a significant reduction in iron levels relative 
to the control. Beşikdüzü C extract exhibited the most pronounced chelating effect, with 
residual iron concentrations of 9.35 ± 0.83 μg Fe/g at pH 2 and 4.79 ± 0.76 μg Fe/g at pH 6 
(Figure 3). These correspond to reductions of approximately 77% and 88%, respectively, 
thereby highlighting the strong affinity of this extract for iron under both acidic and near-
neutral conditions. Collectively, these findings indicate that the Beşikdüzü C extract exhibits 
substantial iron-chelating activity.

Figure 2. Comparison of iron-chelating activity (%) of hazelnut extracts (150 mg) under simulated 
gastric (pH 2) and duodenal (pH 6) conditions. (A) Extract A1 is the 80% ethanolic extract of whole 
hazelnuts, (B) Extract A2 is the 100% water extract of the ground hazelnut residue remaining from 
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Extract A1, (C) Extract B is the 100% water extract of whole hazelnuts, and (D) Extract C is the 80% 
ethanolic extract of ground hazelnuts. * As the pulp was available only as a ground by-product, 
only extracts A2 and C were prepared from the pulp. ** 10 mg of iron (II) sulfate heptahydrate 
was tested at different pH levels. The iron concentrations at pH = 2 and pH = 6 were measured as
40.56 ± 0.82 μg Fe/g and 40.32 ± 0.57 μg Fe/g, respectively. In Sorenson phosphate buffer, these 
values were recorded as 40.49 ± 0.74 μg Fe/g at pH = 2 and 41.08 ± 0.63 μg Fe/g at pH = 6. For the 
reference dose of 150 mg Deferoxamine, the values obtained were 5.29 ± 0.91 μg Fe/g at pH = 2 and 
3.92 ± 0.63 μg Fe/g at pH = 6. Similarly, Deferasirox showed values of 4.78 ± 0.10 μg Fe/g at pH = 2 
and 2.57 ± 0.35 μg Fe/g at pH= 6.

A clear pH-dependent trend was observed for several extracts, with higher iron-
chelating activity generally detected under duodenal conditions (pH 6) compared to gastric 
conditions (pH 2). This increase in chelation efficiency at near-neutral pH may be attributed 
to enhanced ionization and metal-binding capacity of bioactive constituents present in 
hazelnut extracts.

Figure 3. Reduction of iron levels by reference drugs and hazelnut extracts (Extract C) under different 
pH conditions: pH 2 and pH 6. Extract C represents the 80% ethanolic extract of ground hazelnuts. 
SPB: Sørensen phosphate buffer. Statistical significance was determined for each group compared 
with the Fe group (* p < 0.05). Fe: 10 mg iron (II) sulfate heptahydrate (FeSO4 ·7H2 O). Deferoxamine 
(DFO) and deferasirox (DFX) were used as reference iron chelators.

Ferrous Ion Chelating Activity
As presented in Supplementary Table S5, evaluation of Deferoxamine, deferasirox, 

and the hazelnut extracts across four different concentrations demonstrated a clear dose-
dependent increase in iron-binding activity. The reference chelators demonstrated the 
highest iron-binding capacity, with Deferoxamine and deferasirox exhibiting activities of 
97% and 82%, respectively. All hazelnut extracts showed measurable iron-binding activity; 
however, substantial differences were observed depending on extraction method and variety 
origin. Among the extract types, Extract C exhibited the strongest iron-binding capacity 
across all hazelnut samples. In the defatted hazelnut pulp sample, Extract C showed a 
markedly higher activity (81%) compared with Extract A2 (21%), indicating the superior 
efficacy of ethanol extraction from ground hazelnuts (Table 3).

https://doi.org/10.3390/antiox15111396

https://doi.org/10.3390/antiox15111396


Antioxidants 2026, 15, 1396 18 of 34

Table 3. Comparison of iron-binding activity (%) of different hazelnut extracts obtained from various 
hazelnut samples.

Hazelnut Type Extract A1 Extract A2 Extract B Extract C

Pulp * - 20.92 - 81.34
Araklı 15.03 3.02 ND 50.53
Arsin 9.44 5.82 10.20 36.03

Beşikdüzü 58.76 3.25 6.27 81.04
Çarşıbaşı 61.48 4.76 5.74 90.18

Pikola 65.33 7.18 7.40 84.89
Vakfıkebir 51.06 4.31 2.79 68.35

Yomra 7.85 13.90 16.39 38.67
Extract A1 is the 80% ethanolic extract of whole hazelnuts, Extract A2 is the 100% water extract of the 
ground hazelnut residue remaining from Extract A1, Extract B is the 100% water extract of whole 
hazelnuts, and Extract C is the 80% ethanolic extract of ground hazelnuts. All extracts were tested 
at a concentration of 1 mg/mL. ND: no detectable. * As the pulp was available only as a ground 
by-product, only extracts A2 and C were prepared from the pulp.

Variety-based analysis further revealed significant variability in iron-binding activity. 
Notably, the Çarşıbaşı variety exhibited the highest iron-binding activity with Extract C 
(90%), followed by Pikola (85%) and Beşikdüzü (81%). Vakfıkebir also demonstrated con-
siderable activity (68%), whereas Arsin and Yomra showed comparatively lower binding 
capacities, ranging from 36% to 39% (Figure 4). In contrast, Extract A1 and Extract B gener-
ally exhibited weaker iron-binding activity across most varieties, while Extract A2 showed 
moderate activity. Overall, iron-binding capacity was strongly influenced by extraction 
method and variety origin, with ethanol-based extraction of ground hazelnuts (Extract C) 
exhibiting the highest chelating activity among all tested extracts.

Figure 4. Iron-binding activity (%) of Extract C samples compared with the reference iron chelators 
deferoxamine (DFO) and deferasirox (DFX). Extract A1 is the 80% ethanolic extract of whole hazelnuts, 
Extract A2 is the 100% water extract of the ground hazelnut residue remaining from Extract A1, Extract 
B is the 100% water extract of whole hazelnuts, and Extract C is the 80% ethanolic extract of ground 
hazelnuts. All extracts were tested at a concentration of 1 mg/mL.
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3.5. Protective Effect of Extracts Against LPS-Induced Inflammation
3.5.1. Cytotoxicity Studies on RAW264.7 Cells

Following 24 h incubation of hazelnut extracts at concentrations of 0.125, 0.25, 0.5, and 
1 mg/mL with RAW264.7 cells, no cytotoxic effects were observed. All extracts maintained 
cell viability above 70% compared to the untreated control group, indicating acceptable 
biocompatibility (Supplementary Figure S5).

3.5.2. Evaluation of Anti-Inflammatory Activity
The anti-inflammatory potential of hazelnut extracts was evaluated via Griess assay 

by measuring nitrite levels (a stable NO metabolite) in RAW264.7 cells treated with LPS. 
In the control group, the nitrite concentration was measured as 1.57 ± 0.48 μM, whereas 
exposure to 1 μg/mL LPS markedly elevated nitrite levels to 52.55 ± 0.71 μM, confirming 
the pro-inflammatory effect of LPS stimulation. Indomethacin, used as the positive control, 
significantly attenuated this increase and reduced nitrite levels to 21.49 ± 0.66 μM.

The hazelnut extracts similarly decreased LPS-induced nitrite production in a dose-
dependent manner (Table 4), with the most pronounced reductions observed at 1 mg/mL 
concentrations. Indomethacin reduced nitrite levels by 59%. When compared to this 
reference, only the defatted hazelnut pulp C extract at 1 mg/mL demonstrated superior 
activity, achieving a 64% reduction, thereby surpassing the anti-inflammatory effect of 
indomethacin. In addition, the Vakfıkebir C extract reduced nitrite levels by 54%, while the 
Yomra C extract produced a reduction of 46% at the same concentration.

Table 4. Effects of hazelnut C extracts on RAW264.7 cell viability, nitrite levels and % nitrite inhibition.

Groups Cell Viability (%) Nitrite Level (𝛍M) Nitrite Inhibition (%)

C 128.02 ± 1.74 1.57 ± 0.48 -
LPS 100.00 ± 0.49 52.55 ± 0.71 -

IND 98.54 ± 2.11 21.49 ± 0.66 59.10 ± 1.06

Pulp 79.73 ± 2.16 18.87 ± 1.33 * 64.07 ± 2.94
Araklı 80.51 ± 1.06 35.84 ± 1.40 * 31.78 ± 3.02
Arsin 72.88 ± 2.17 32.52 ± 0.71 * 38.11 ± 1.51

Beşikdüzü 78.31 ± 1.23 31.50 ± 0.86 * 40.04 ± 2.22
Çarşıbaşı 94.76 ± 1.35 29.05 ± 0.52 * 44.71 ± 0.98

Pikola 72.94 ± 1.56 33.00 ± 0.81 * 37.19 ± 1.91
Vakfıkebir 79.76 ± 1.03 24.23 ± 1.82 * 53.87 ± 3.58

Yomra 83.43 ± 1.01 28.43 ± 0.39 * 45.89 ± 0.84
LPS: Lipopolysaccharide, Eschrechia coli 0111:B4; IND: Indomethacin. C: Medium control;
LPS: 1 μg/mL LPS-induced control group. Statistical significance was shown for each group against 
LPS (* p < 0.05). IND was applied at a concentration of 100 μM, while the extracts were administered
at 1 mg/mL.

3.5.3. PGE2 Evaluation of Analgesic Activity
PGE2, a principal metabolite of the arachidonic acid cascade, is widely recognized as 

a critical biomarker of analgesic activity. In the present study, LPS stimulation markedly 
increased PGE2  production to 304.94 ± 15.87 pg/mL, compared with 20.10 ± 2.15 pg/mL in 
the control group, confirming the pro-inflammatory response (Supplementary Table S6). 
Exposure to hazelnut extracts resulted in a significant attenuation of PGE2  levels, thereby 
suggesting their potential analgesic efficacy. The reference drug indomethacin produced 
the most pronounced effect, reducing PGE2  by approximately 89%. Among the extracts, the 
defatted hazelnut pulp C extract demonstrated the strongest inhibitory activity, lowering 
PGE2  concentrations to 114.18 ± 11.34 pg/mL, corresponding to a 62% reduction. Yomra 
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and Beşikdüzü extracts also exhibited substantial activity, achieving reductions of 53% and 
51%, respectively (Figure 5A).

Figure 5. Effects of hazelnut C extracts on inflammatory mediator levels. (A) PGE2 , (B) IL-6, and
(C) TNF-α levels in LPS-stimulated cells following exposure to hazelnut C extracts. LPS: Lipopolysac-
charide, Eschrechia coli 0111:B4; IND: Indomethacin. Control: Medium control; LPS: 1 μg/mL LPS-
induced control group. Statistical significance was shown for each group against LPS (* p < 0.05). 
IND was applied at a concentration of 100 μM, while the extracts were administered at 1 mg/mL.

3.5.4. Evaluation of IL-6 Inhibition
LPS stimulation markedly increased IL-6 production in macrophages (6110.91 ± 42.05 

pg/mL) compared to the control (587.73 ± 14.70 pg/mL), confirming the activation of a 
strong inflammatory response (Supplementary Table S6). All hazelnut extracts significantly 
suppressed this elevation. Indomethacin, used as a positive control, reduced IL-6 levels 
by 59%. Among the tested extracts, the defatted hazelnut pulp extract demonstrated the 
highest efficacy with a 50% reduction, followed by Yomra and Çarşıbaşı extracts, which 
decreased IL-6 levels by 47% and 44%, respectively (Figure 5B).

3.5.5. Evaluation of TNF-α Levels
LPS stimulation markedly increased TNF-α production in macrophages (6631.63 ±

58.97 pg/mL) compared to the control group (587.73 ± 14.70 pg/mL), confirming an in-
flammatory response (Supplementary Table S6). All hazelnut extracts significantly reduced 
LPS-induced TNF-α levels. Indomethacin reduced TNF-α by 55%, while Beşikdüzü and 
defatted hazelnut pulp extracts showed comparable efficacy with reductions of 53% and 
52%, respectively (Figure 5C).
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3.6. Determination of Protective Properties Against Oxidative Stress in Hep3B Cell Line
3.6.1. Effect of Hazelnut Extracts on Cell Viability

The effect of hazelnut C extracts on Hep3B cell viability at 1 mg/mL concentration is 
shown in Figure 6A. Compared to the control group, cell viability of all extracts was above 
70%. As a result; it was observed that the extracts were not cytotoxic in Hep3B cell line
at 1 mg/mL.

Figure 6. (A) Effects of hazelnut C extracts (1 mg/mL) on the viability of Hep3B cells following 24 h 
exposure. (B) Concentration-dependent cytotoxic effects of iron (II) sulfate heptahydrate (2.5–50 mM) 
on Hep3B cell viability. The red line indicates 50% cell viability.

3.6.2. Iron (II) Sulfate Heptahydrate Cytotoxicity
Iron (II) sulfate heptahydrate (FeSO4 ·7H2 O) was employed to model oxidative stress-

induced cytotoxicity in Hep3B cells. As shown in Figure 6B, no significant cytotoxicity was 
observed between 2.5 and 10 mM; however, cell viability dropped to 50% at 15 mM, indicat-
ing substantial cytotoxicity. The IC50  was determined to be 15.03 ± 0.12 mM. Accordingly, a 
concentration of 15 mM iron (II) sulfate heptahydrate was selected as the reference dose 
for oxidative damage modeling in the Hep3B cell line, as it represents a reproducible and 
physiologically relevant level for inducing significant yet quantifiable cellular stress.

3.6.3. Determination of MDA Level
Iron (II) sulfate heptahydrate (FeSO4 ·7H2 O) (15 mM) was used to induce lipid perox-

idation in Hep3B cells. Iron exposure significantly elevated MDA levels, increasing from 
7.60 ± 0.28 nmol/g protein in the control group to 27.27 ± 0.86 nmol/g protein, indicating 
pronounced oxidative stress. All hazelnut extracts significantly reduced iron-induced MDA 
levels (p < 0.05), demonstrating protective effects against lipid peroxidation.

Among the tested extracts, Yomra exhibited the strongest inhibitory effect, reduc-
ing lipid peroxidation by approximately 72%, followed by defatted hazelnut pulp (63%), 
Vakfıkebir (62%), Araklı (59%), Çarşıbaşı (58%), and Pikola (58%). Beşikdüzü showed 
moderate inhibition (50%), whereas Arsin demonstrated the lowest protective effect (40%) 
against iron-induced lipid peroxidation. These findings further support the antioxidant 
potential of hazelnut extracts in mitigating iron-induced oxidative damage (Figure 7A).
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Figure 7. Effect of hazelnut C extracts on iron-induced oxidative stress markers in Hep3B cells.
(A) malondialdehyde (MDA) levels, (B) glutathione (GSH) levels, (C) catalase (CAT) activity, and
(D) superoxide dismutase (SOD) activity. Data are presented as mean ± SD (n = 3). Fe: Fe (II) Sulfate 
heptahydrate. Statistical significance was shown for each group against FeSO4 ·7H2 O (* p < 0.05).

3.6.4. Determination of GSH Level
As illustrated in Figure 7B, exposure to FeSO4 ·7H2 O significantly reduced intracellular 

GSH levels compared to the control group, with GSH concentrations decreasing from
472.59 ± 28.12 μmol/g protein to 191.78 ± 3.95 μmol/g protein, indicating depletion of 
cellular antioxidant capacity. However, exposure to hazelnut extracts significantly restored 
GSH levels in Hep3B cells (p < 0.05), demonstrating their antioxidant potential.

Among the tested samples, the Yomra extract produced the most pronounced in-
crease in GSH levels (486.39 μmol/g protein), corresponding to approximately 154% el-
evation compared to the Fe group and restoring GSH levels beyond the control value. 
Similarly, Araklı (482.82 μmol/g protein) and Arsin (411.83 μmol/g protein) markedly in-
creased intracellular GSH levels, showing 152% and 115% increases, respectively. Beşikdüzü
(390.90 μmol/g protein) and Çarşıbaşı (366.35 μmol/g protein) also significantly enhanced 
GSH levels (104% and 91% increases vs. Fe), whereas defatted hazelnut pulp (337.13 μmol/g 
protein), Pikola (307.50 μmol/g protein), and Vakfıkebir (276.20 μmol/g protein) exhibited 
moderate recovery, with increases of 76%, 60%, and 44%, respectively.

3.6.5. Determination of CAT Level
Iron exposure markedly reduced CAT activity in Hep3B cells (3.51 ± 0.14 U/mg pro-

tein) compared with the control group (7.63 ± 0.12 U/mg protein), corresponding to 
an approximately 54% decrease (Figure 7C). Exposure to hazelnut extracts attenuated 
the iron-induced suppression of CAT activity, with the most pronounced restoration ob-
served in Beşikdüzü, Pikola, and Vakfıkebir extracts. Pikola increased CAT activity to
5.85 ± 0.12 U/mg protein (67% increase vs. Fe), while Beşikdüzü and Vakfıkebir extracts 
restored CAT levels to 5.19 ± 0.16 and 5.23 ± 0.19 U/mg protein, corresponding to 48% 
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and 49% increases compared to iron-treated cells, respectively. Defatted hazelnut pulp 
extract moderately increased CAT activity to 4.92 ± 0.25 U/mg protein (40% increase vs. 
Fe). More limited improvements were observed in the Çarşıbaşı (4.02 ± 0.34 U/mg protein; 
15% increase) and Yomra (3.97 ± 0.15 U/mg protein; 13% increase) groups. In contrast, 
Araklı (3.76 ± 0.17 U/mg protein) and Arsin (3.79 ± 0.57 U/mg protein) extracts showed 
minimal recovery, producing only 7–8% increases relative to the Fe group.

3.6.6. Determination of SOD Level
Iron exposure reduced SOD activity in Hep3B cells compared with the control group, 

indicating impaired antioxidant defense (Figure 7D). Exposure to hazelnut extracts partially 
restored SOD activity to varying extents. The most pronounced recovery was observed 
in the Vakfıkebir and Beşikdüzü groups, followed by the defatted hazelnut pulp group. 
Araklı, Çarşıbaşı, and Pikola extracts showed moderate improvements, whereas Arsin and 
Yomra exhibited relatively limited effects on SOD activity.

3.6.7. Reduction in Intracellular Iron Accumulation by Hazelnut Extracts
Exposure to FeSO4 ·7H2 O caused a marked and statistically significant increase in 

intracellular iron levels compared with the untreated control group, confirming the suc-
cessful establishment of the iron overload model. While the control group exhibited basal 
intracellular iron levels of 140.84 ± 2.45 μmol/g protein, FeSO4 ·7H2 O exposure increased 
intracellular iron concentration approximately 20-fold to 2881.82 ± 6.12 μmol/g protein. 
Exposure to the reference iron-chelating agents, Deferoxamine and deferasirox, significantly 
reduced intracellular iron accumulation in a concentration-dependent manner. Deferoxam-
ine reduced intracellular iron levels progressively from 1048.99 ± 3.11 μmol/g protein at 
0.125 mg/mL to 276.57 ± 2.01 μmol/g protein at 1 mg/mL, corresponding to an approximate 
90% reduction relative to the FeSO4 ·7H2 O treated group. Similarly, deferasirox significantly 
attenuated intracellular iron levels from 1132.75 ± 1.38 μmol/g protein at 0.125 mg/mL to 
385.29 ± 1.93 μmol/g protein at 1 mg/mL (Figure 8).

Figure 8. Effects of reference iron chelators on the reduction in intracellular iron accumulation in 
Hep3B cells. C: Control group; Fe: FeSO4 ·7H2 O: iron (II) sulfate heptahydrate. DFO: Deferoxamine; 
DFX: Deferasirox. Statistical significance was shown for each group against FeSO4 ·7H2 O (* p < 0.05).

The iron-reducing capacities of hazelnut extracts prepared using different extraction 
methods are presented in Table 5. All tested extracts significantly decreased intracellular iron 
levels compared with the FeSO4 ·7H2 O-treated group (* p < 0.05). Extract C exhibited the 
strongest capacity to attenuate intracellular iron accumulation, reducing intracellular iron 
levels to 454.61–1191.49 μmol/g protein. In contrast, Extracts A1, A2, and B generally showed 
weaker effects, resulting in higher residual intracellular iron levels. Notably, among all tested 
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extracts, Extract C derived from the Beşikdüzü, Çarşıbaşı, and Vakfıkebir varieties exhibited 
the most pronounced reductions in intracellular iron levels, with residual iron concentrations 
ranging from 454.61 to 479.13 μmol/g protein. These values corresponded to approximately 
83–84% reductions in intracellular iron levels compared with the FeSO4 ·7H2 O-treated group 
and approached those of the untreated control group, representing the strongest attenuation 
among all tested varieties.

Table 5. Effects of hazelnut extracts on the reduction in intracellular iron accumulation in Hep3B cells.

Hazelnut Type Extract A1 Extract A2 Extract B Extract C
(𝛍mol/g Protein)

Pulp † - 1480.48 ± 2.19 * - 581.05 ± 3.34 *

Araklı 2114.96 ± 5.12 * 2122.04 ± 5.64 * 2055.48 ± 2.19 * 1191.49 ± 2.14 *
Arsin 2085.09 ± 4.19 * 2235.73 ± 7.13 * 2185.20 ± 3.09 * 976.19 ± 3.85 *

Beşikdüzü 910.73 ± 1.27 * 1490.35 ± 5.19 * 1360.48 ± 1.23 * 467.87 ± 2.45 *
Çarşıbaşı 636.17 ± 2.19 * 1354.36 ± 2.13 * 1381.16 ± 4.64 * 479.13 ± 1.57 *

Pikola 856.39 ± 1.67 * 1658.51 ± 3.09 * 1416.90 ± 2.45 * 586.89 ± 1.52 *
Vakfıkebir 840.22 ± 4.95 * 1348.25 ± 2.56 * 1194.14 ± 1.47 * 454.61 ± 5.04 *

Yomra 1202.60 ± 5.41 * 1718.78 ± 1.09 * 1939.27 ± 2.54 * 761.24 ± 4.23 *
Extract A1 is the 80% ethanolic extract of whole hazelnuts, Extract A2 is the 100% water extract of the 
ground hazelnut residue remaining from Extract A1, Extract B is the 100% water extract of whole 
hazelnuts, and Extract C is the 80% ethanolic extract of ground hazelnuts. All extracts were tested at 
a concentration of 1 mg/mL. Statistical significance was shown for each group against FeSO4 ·7H2 O 
(* p < 0.05). †  As the pulp was available only as a ground by-product, only extracts A2 and C were 
prepared from the pulp.

3.7. Correlation Analysis
Correlation analysis revealed strong associations between iron-related activities, in-

flammatory mediators, and oxidative stress parameters (Figure 9). Among the iron-related 
parameters, residual iron levels measured under simulated gastric and intestinal condi-
tions showed significant positive correlations with PGE2 , IL-6, and TNF-α production. The 
strongest correlations were observed for iron levels measured under simulated gastric con-
ditions, which were positively correlated with PGE2  (r = 0.841, p < 0.001), IL-6 (r = 0.859, 
p < 0.001), and TNF-α (r = 0.837, p < 0.001) (Supplementary Tables S7 and S8). Similarly, 
iron levels measured under simulated intestinal conditions were positively correlated with 
PGE2  (r = 0.522, p = 0.018), IL-6 (r = 0.536, p = 0.015), and TNF-α (r = 0.694, p = 0.001). 
These findings indicate that higher iron levels were associated with increased inflammatory 
responses.

Ferrous ion chelating activity was negatively correlated with MDA levels (r = −0.498, 
p = 0.026) and positively correlated with GSH (r = 0.571, p = 0.008) and SOD activities
(r = 0.687, p = 0.001), suggesting that enhanced iron-chelating activity was associated with 
reduced oxidative stress and improved antioxidant defense. In addition, intracellular iron 
reduction showed strong positive correlations with protein content (r = 0.941, p < 0.001) 
and FRAP values (r = 0.799, p < 0.001), indicating a close relationship between intracellular 
iron-lowering activity and antioxidant potential. Furthermore, ferrous ion chelating activity 
was positively correlated with intracellular iron reduction (r = 0.724, p < 0.001), suggesting 
that extracts with greater iron-chelating capacity were more effective in reducing cellular 
iron accumulation.
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Figure 9. Integrated correlation heatmap highlighting the relationships between iron-chelating 
activity, intracellular iron levels, antioxidant capacity, oxidative stress biomarkers, and inflammatory 
mediators in Extract C. Positive correlations are indicated by red color intensity, whereas negative 
correlations are represented by blue color intensity. Stronger color intensity corresponds to higher 
correlation coefficients. Abbreviations: PA, protein amount; TPC, total phenolic content; TFC, total 
flavonoid content; OA, oxalic acid; FRAP, ferric reducing antioxidant power; DPPH, 2,2-diphenyl-1-
picrylhydrazyl radical scavenging activity; CUPRAC, cupric reducing antioxidant capacity; TOAC, 
total antioxidant capacity; PGE2 , prostaglandin E2 ; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; 
MDA, malondialdehyde; GSH, reduced glutathione; SOD, superoxide dismutase; CAT, catalase.

4. Discussion
Acute iron poisoning remains a significant clinical concern, particularly among children 

younger than six years of age following accidental ingestion of iron-containing preparations 
and among adults following intentional overdose, including suicide attempts. Excessive 
iron supplementation during pregnancy may also increase the risk of iron toxicity. It may 
also develop after the treatment of chronic diseases or following multiple blood transfusions. 
Prompt diagnosis and early intervention are essential, and chelation therapy represents 
the standard of care, aiming to remove accumulated iron, restore physiological balance, 
and prevent complications. Deferoxamine, deferiprone, and deferasirox are the principal 
iron-chelating agents currently used in clinical practice [3,16]. However, the clinical use 
of these agents is associated with safety concerns that have encouraged the exploration of 
naturally derived compounds with potential iron-chelating properties.

The present study investigated the potential protective effects of hazelnut and defatted 
hazelnut pulp extracts against iron-induced toxicity, with particular emphasis on their iron-
binding and antioxidant properties. Hazelnuts are characterized by a complex composition 
of nutritional and bioactive constituents, including lipids, carbohydrates, proteins, phenolic 
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compounds, minerals, vitamins, dietary fiber, organic acids, and phytic acid [22], which 
may collectively contribute to their antioxidant and iron-binding properties.

The antioxidant potential of the extracts was confirmed through DPPH, TOAC, FRAP, 
and CUPRAC assays. The DPPH radical scavenging activity observed in our study was 
consistent with previously reported findings, supporting the robust antioxidant properties 
of hazelnut-derived extracts. Delgado et al. reported an IC50  value of 1.12 mg/mL for 
an 80% aqueous acetone extract [76], while Pelvan et al. reported a value of 1.01 mg/mL 
for roasted hazelnut shells [77]. In the present study, the 80% hydroalcoholic extract 
of whole hazelnuts exhibited the highest antioxidant activity, with an IC50  value below
1 mg/mL. This comparatively lower IC50  value suggests greater radical-scavenging potency, 
potentially reflecting variations in extraction conditions, solvent polarity, and phytochemical 
composition. CUPRAC values ranged between 117 and 288 mg AAE/g and FRAP between 3 
and 95 mM/g FeSO4 . Although Di Michele et al. (2021) [78] reported much lower CUPRAC 
(3–11 mg TE/g) and FRAP (0.19–0.68 mg TE/g) values for hazelnut shells using trolox 
equivalents, our results demonstrated superior activity, supporting the strong antioxidant 
profile of hazelnut.

The substantial antioxidant capacity of the extracts provides further support for their 
potential protective effects against iron-overload-induced oxidative damage. Excessive iron 
accumulation increases ROS generation and lipid peroxidation, ultimately contributing 
to cellular and tissue damage. Previous studies have demonstrated that combinations of 
chelating agents with antioxidants such as N-acetylcysteine, taurine, vitamins E and C, or 
micronutrients such as zinc and selenium exhibit synergistic protective effects by reducing 
oxidative stress and preventing membrane damage in poisoning conditions [17]. In this 
context, the strong antioxidant activity observed in hazelnut extracts suggests that they 
may serve as supportive agents in iron poisoning management by providing additional 
antioxidant protection alongside chelation mechanisms.

To further investigate the contribution of bioactive constituents to the antioxidant ac-
tivity of the extracts, total phenolic and flavonoid contents were determined, given their es-
tablished association with antioxidant capacity. Phenolic compounds, including flavonoids 
and proanthocyanidins, are widely recognized for their antioxidant properties, which are 
attributed, in part, to their ability to scavenge free radicals and chelate metal ions. In the 
present study, the extracts exhibited remarkably high phenolic and flavonoid contents, 
with TPC values ranging from 36.54 to 855 mg GAE/g. These values are substantially 
higher than those reported in previous studies, where Delgado (2010) reported 36–44 mg 
GAE/g [76] and Pelvan et al. (2018) reported 72 mg GAE/g in roasted hazelnut testa [77]. 
Of the extraction approaches evaluated, Extract C consistently demonstrated the greatest 
abundance of total phenolic compounds.

Beyond their antioxidant properties, phenolic compounds, flavonoids, and tannins are 
known to influence iron metabolism by forming insoluble complexes with iron, thereby 
reducing its intestinal bioavailability [79,80]. Our results further confirmed that hazelnut 
extracts contain considerable amounts of phytic acid, oxalic acid, and polyphenols, all of 
which contribute to their iron-chelating potential. These findings are consistent with the 
study of Brune, Rossander, and Hallberg (1989) [79], which demonstrated that pheno-
lic compounds reduce intestinal iron absorption through complex formation, ultimately 
decreasing iron bioavailability.

To assess the iron-binding capacity of hazelnut extracts under physiologically relevant 
conditions, in vitro experimental models mimicking the gastric (pH 2) and duodenal (pH 
6) environments were employed, reflecting the predominant physiological sites of iron 
solubilization and absorption, respectively. Iron absorption is strongly influenced by gas-
trointestinal pH, as dietary iron is initially converted to the more soluble ferrous (Fe2+ ) form 
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in the acidic gastric environment, facilitating its subsequent uptake in the small intestine. 
While the stomach promotes the chemical transformation of iron, absorption primarily 
occurs in the duodenum and proximal jejunum through transporter-mediated mechanisms, 
and this process plays a critical role in maintaining systemic iron homeostasis [50]. Among 
the extracts tested, Beşikdüzü C exhibited the highest iron-binding capacity under simu-
lated gastric (pH 2) and intestinal (pH 6) conditions, binding 77% and 88% of the available 
iron, respectively. Deferoxamine, used as the reference iron chelator, exhibited iron-binding 
capacities of 87% and 90% at pH 2 and pH 6, respectively. Notably, the higher iron-binding 
capacity observed at pH 6 suggests that the extracts may exhibit greater chelating activity 
under intestinal pH conditions, potentially influencing iron availability at the primary 
site of dietary iron absorption. This finding is particularly relevant, as reducing free iron 
availability in the duodenum may directly limit intestinal iron uptake and contribute to the 
regulation of iron overload.

To further investigate the iron-binding potential of hazelnut extracts independent 
of cellular mechanisms, their free iron ion binding capacity was evaluated using a cell-
free ferrozine assay. This approach enabled the direct assessment of the ability of the 
extracts to bind free iron ions and provided additional evidence supporting their antioxidant 
and iron-chelating properties. Evaluating iron-binding activity under cell-free conditions 
allowed a broader understanding of the potential role of hazelnut extracts in iron-related 
oxidative stress. The results demonstrated that hazelnut extracts exhibited considerable iron-
binding capacity when compared with conventional iron chelators. Among the reference 
compounds, Deferoxamine showed the strongest chelating activity, with 97% iron binding 
at a concentration of 1 mg/mL, while deferasirox exhibited 82% binding capacity at the 
same concentration. Notably, hazelnut extracts also demonstrated substantial iron-binding 
activity. Among the tested samples, Extract C showed the highest binding capacity, reaching 
90% iron binding, particularly in the Çarşıbaşı C sample. Similarly, high binding activity was 
observed in other samples, with defatted hazelnut pulp C extract and Beşikdüzü C extract 
exhibiting approximately 81% iron binding capacity. These findings indicate that Extract C 
possesses strong metal-chelating properties and may effectively reduce free iron availability.

Although Extract A1 generally demonstrated superior antioxidant activity in the TOAC 
and CUPRAC assays, Extract C exhibited the most pronounced iron-binding activity in 
both cell-free and cellular experimental models, suggesting that antioxidant capacity and 
iron-chelating activity do not necessarily exhibit a direct correlation. When the phytic acid 
content and other chemical constituents of the extracts were evaluated together with their 
antioxidant effects, Extract C was found to exhibit a higher level only in terms of total 
phenolic content. However, despite not being the richest extract in terms of overall content 
level or total antioxidant activity, Extract C demonstrated the highest iron-binding capacity 
among all tested samples. Importantly, these findings suggest that iron-binding activity 
may depend not only on the total amount of polyphenols, flavonoids, or condensed tannins, 
but also on their chemical structures. In particular, catechol and galloyl groups may play 
an important role in iron complexation. The grinding process may also have increased the 
extraction or accessibility of these iron-binding compounds in Extract C. However, further 
compound-specific analyses are needed to confirm this explanation.

Consistently, in the experiments conducted prior to cell culture studies, Extract C 
exhibited the highest iron-binding activity regardless of its overall content level. Based on 
these findings, although Extract C was not the most compositionally enriched extract, it 
showed the highest activity in terms of iron-binding capacity. Therefore, subsequent cell 
culture studies were carried out using Extract C.

Excessive iron accumulation not only promotes oxidative stress but also triggers in-
flammatory processes via NF-κB and MAPK pathways, leading to increased production of 
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IL-6, TNF-α, and IL-1β [81,82]. The anti-inflammatory potential of hazelnut extracts was 
evaluated in LPS-stimulated RAW264.7 macrophages. Extracts at 0.125–1 mg/mL were 
non-cytotoxic and significantly reduced nitrite levels, with inhibition rates between 31% 
and 64%, compared to 59% with indomethacin. Defatted hazelnut pulp extract reduced 
PGE2  levels by 62%, while Yomra and Beşikdüzü extracts achieved 53% and 51% reductions, 
respectively. For IL-6, defatted hazelnut pulp extract provided 50% inhibition, while Yomra 
and Çarşıbaşı extracts decreased levels by 47% and 44%, respectively. TNF-α was reduced 
by 53% with Beşikdüzü and 52% with defatted hazelnut pulp extract. These results are in 
line with literature: hazelnut testa polyphenols suppressed TNF-α and IL-1β expression in 
THP-1 cells [83]; hazelnut leaf extracts reduced NO, IL-1β, and IL-6 [84]; hazelnut peptide 
LDAPGHR inhibited NF-κB/MAPK signaling and cytokine production [85]. Additionally, 
oleic acid, the predominant fatty acid in hazelnuts, reduced inflammatory mediators includ-
ing iNOS, COX-2, TNF-α, and IL-6 [86,87]. Human studies confirmed that regular hazelnut 
consumption reduced CRP, IL-6, oxidized LDL, and MDA [33]. These findings collectively 
support the strong anti-inflammatory role of hazelnut extracts.

To investigate the protective effects of hazelnut extracts against iron-induced cellular 
damage, an oxidative stress model was established in Hep3B liver cells using FeSO4 ·7H2 O. 
Within the tested concentration range, 15 mM FeSO4 ·7H2 O reduced cell viability by approx-
imately 50% and was therefore selected as the reference concentration to induce oxidative 
damage. Both HepG2 and Hep3B cells are hepatocellular carcinoma-derived cell lines and 
have been used in previous studies to investigate iron-related effects in hepatic models. In 
the present study, we preferred Hep3B cells because they have been reported to accumulate 
more iron than HepG2 cells after exposure to non-transferrin-bound iron [88]. This made 
Hep3B a suitable model for evaluating intracellular iron accumulation and the iron-binding 
effects of the extracts.

In the present study, iron loading significantly increased MDA levels, indicating en-
hanced lipid peroxidation. Hazelnut extracts reduced MDA accumulation and partially 
restored GSH, SOD, and CAT levels, suggesting an improvement in cellular antioxidant 
defense. These effects are consistent with the protective actions reported for iron chelators 
such as DFO and 2,2′-dipyridyl, which reduce iron-mediated oxidative damage by limiting 
the availability of redox-active intracellular iron [89,90]. Although the effects of hazelnut 
extracts have not previously been investigated in this specific model, related studies have 
shown that hazelnut oil can reduce MDA levels and increase GSH and SOD activities in ani-
mal models [91], while hazelnut-enriched diets may improve the resistance of lipoproteins 
to oxidative modification in humans [92]. Taken together, these findings suggest that the 
antioxidant effects of hazelnut extracts may contribute to reducing iron-induced oxidative 
damage and maintaining cellular redox homeostasis.

Intracellular iron levels in Hep3B cells were quantified using the ferrozine colorimetric 
assay, a commonly used method for iron determination in biological samples. The assay 
detects Fe2+  and, following reduction of Fe3+  to Fe2+ , provides an estimate of total cellular 
iron [68]. In the present study, this method was used to assess whether hazelnut extracts 
could reduce intracellular iron accumulation in iron-loaded Hep3B cells. Iron loading 
was induced with 15 mM FeSO4 ·7H2 O, and the effects of the extracts were compared 
with those of the reference chelators deferoxamine and deferasirox. Deferoxamine and 
deferasirox reduced intracellular iron levels by 90% and 87%, respectively. Notably, all 
hazelnut extracts significantly decreased intracellular iron content, demonstrating their 
potential iron-chelating activity. Among the tested extracts, Extract C exhibited the strongest 
effect, particularly in the Beşikdüzü, Çarşıbaşı, and Vakfıkebir samples, where intracellular 
iron levels were reduced by approximately 83–84%. This superior performance of Extract 
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C suggests that differences in extraction conditions and phytochemical composition may 
influence iron-binding efficiency.

The bioactivity observed in hazelnuts can be attributed to the combined effects of 
phenolic acids, flavonoids, tannins, phytic acid, and unsaturated fatty acids. Whole extracts 
often demonstrate greater biological activity than isolated compounds, likely due to syner-
gistic interactions among their bioactive constituents. In the present study, minimum levels 
for major bioactive compound groups were determined, providing reference values for fu-
ture standardized formulations [34]. Such standardization may facilitate the incorporation 
of hazelnut-based products into pharmacopoeial monographs and support their potential 
use in therapeutic applications.

The correlation analysis provided further insight into the mechanisms underlying 
the biological activities of hazelnut extracts. Extracts with higher phenolic, flavonoid, and 
protein contents generally exhibited stronger antioxidant and iron-modulating activities. In 
particular, the positive associations between antioxidant capacity and iron-chelating activity 
suggest that the phytochemicals responsible for the reducing power of the extracts may also 
contribute to their ability to interact with iron.

Correlation analysis revealed that extracts with higher phenolic, flavonoid, and protein 
contents generally exhibited enhanced antioxidant and iron-related activities. In particular, 
positive correlations between FRAP values, iron-chelating activity, and intracellular iron 
reduction suggest that compounds contributing to the antioxidant capacity of the extracts 
may also play a role in iron binding and chelation. Extracts with stronger iron-binding 
and iron-chelating activities were more effective in reducing residual and intracellular iron 
levels. Moreover, stronger iron-related activities were associated with lower levels of pro-
inflammatory mediators, including PGE2 , IL-6, and TNF-α. These findings support the role 
of iron in promoting inflammation and suggest that reducing iron levels may help suppress 
inflammatory responses. A clear relationship was also observed between iron chelation and 
oxidative stress. Extracts with stronger iron-chelating activity showed lower MDA levels 
and higher GSH and SOD activities, indicating reduced oxidative damage and improved 
antioxidant defense. Since excess iron promotes the formation of reactive oxygen species 
through Fenton reactions, reducing iron levels may help protect cells from oxidative stress 
and its inflammatory consequences. Nevertheless, certain limitations should be considered 
when interpreting these findings. Cell-free and in vitro experimental models do not fully 
reflect the complexity of in vivo physiological conditions, particularly regarding bioavail-
ability, gastrointestinal metabolism, and systemic interactions. Furthermore, cytotoxicity 
was evaluated only at concentrations up to 1 mg/mL, leaving the potential effects of higher 
concentrations undetermined. Additional in vivo studies are therefore warranted to further 
establish the safety and iron-chelating efficacy of these extracts, followed by clinical investi-
gations to assess their potential applicability in humans. Collectively, these findings suggest 
a close interrelationship among the antioxidant, anti-inflammatory, and iron-chelating ac-
tivities of hazelnut extracts. Furthermore, the observed associations highlight the complex 
interplay among phytochemical composition, antioxidant capacity, iron chelation, oxida-
tive stress, and inflammatory responses, suggesting that these interconnected factors may 
collectively contribute to the beneficial biological effects of hazelnut-derived extracts.

5. Conclusions
Overall, hazelnut extracts exhibited notable antioxidant, iron-binding, anti-inflammatory, 

and cytoprotective activities across complementary cell-free and cellular models. Among the 
tested extracts, Extract C consistently showed the strongest overall performance, achieving 
77–88% iron binding under simulated gastrointestinal conditions, 90% iron binding in the 
ferrozine assay, and an approximately 83–84% reduction in intracellular iron accumulation 
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in Hep3B cells. Beşikdüzü Extract C was among the most active samples and may provide 
a useful reference for future standardization studies. Collectively, these findings provide a 
strong experimental basis for the further investigation of hazelnut-derived extracts as stan-
dardized bioactive formulations with potential relevance to iron-associated oxidative stress 
and inflammation.
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of hazelnut extracts (%); Table S3: Iron content of extracts; Table S4: Comparison of iron binding 
capacities of hazelnut extracts in gastric pH = 2 and duodenal conditions pH = 6; Table S5: Iron-
binding activity (%); Table S6: Effects of hazelnut Extract C on PGE2, IL-6, and TNF-α levels; Table S7: 
Pearson correlation coefficients (r) of the analyzed parameters; Table S8: Corresponding p values 
of the Pearson correlation analysis; Figure S1: HPTLC chromatogram of Extract A1, A2, B, and C 
illustrating the presence of phosphate groups of phytic acid; Figure S2: HPTLC chromatogram of 
Extract A1, A2, B, and C illustrating the flavonoid composition; Figure S3: HPTLC chromatogram 
of Extract A1, B, C, and defatted pulp (A2) demonstrating phenolic acid composition; Figure S4: 
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