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Abstract 

Sustainable extraction methods represent a key strategy in green chemistry and nutraceutical 

development, aiming to replace conventional solvent-based techniques while maintaining extract 

quality and safety. This study compared pistachio ( Pistacia vera L.) extracts obtained by ultrasound-

assisted extraction (UAE) and a traditional solvent-based protocol, focusing on compositional 

features and biological effects. Extracts were characterized for their chemical profiles, and their 

impact on HCT-116 colon-derived cells was evaluated through viability assays and gene expression 

analysis. The UAE-derived extract, richer in carbohydrates, promoted higher cell proliferation after 

72 h, whereas the classical extract upregulated HMOX-1, suggesting activation of antioxidant defense 

pathways. Moreover, UAE treatment downregulated GLUT2 expression while increasing IL-6 and 

IL-10 transcripts, indicating a possible carbohydrate-driven immunometabolic response. Overall, 

these findings highlight both the advantages and limitations of green extraction approaches: while 

environmentally sustainable and efficient, ultrasound-assisted protocols may modify extract 

composition in ways that influence biological responses. Optimization of extraction parameters is 

therefore essential to ensure a balance between ecological sustainability, compositional integrity, and 

biological safety. 

Keywords: Pistacia vera; colorectal cancer; green extraction methods; glucose metabolism; 

inflammatory pathway; HCT-116 cells 

 

1. Introduction 

In recent decades, there has been growing interest in the use of plant-based compounds for 

health promotion, particularly those derived from edible sources with recognized nutritional value. 

Among these, pistachio (Pistacia vera L.) has attracted considerable attention not only for its 

organoleptic and dietary qualities, but also for its promising nutraceutical potential. Economically, 

pistachio production represents a significant agricultural sector, generating both edible nuts and 

substantial quantities of lignocellulosic by-products such as hulls, leaves, and shells, which are now 

being explored for their biotechnological valorization[1]. Biologically, Pistacia vera is a dioecious tree 

of the Anacardiaceae family and is the only species of the Pistacia genus to produce edible nuts. Its 

seeds are a rich source of various phytochemicals, including phenolic acids, flavonoids (e.g., 

catechins, anthocyanins, flavonoids), stilbenes, terpenoids, and antioxidant vitamins such as 

tocopherols. These bioactive constituents contribute to a wide range of health benefits, including 
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antioxidant, anti-inflammatory, antimicrobial, vasoprotective, and cardioprotective effects[2] . These 

properties have led to their recommended inclusion in cardioprotective diets such as the 

Mediterranean diet and to evidence-based correlations with improvements in lipid profiles, glycemic 

control, and oxidative stress biomarkers in both healthy and at-risk populations. Consequently, 

pistachio extracts have been increasingly integrated into functional foods and nutraceutical 

formulations[3]. In parallel with this trend, the methods used to obtain bioactive compounds from 

natural matrices have been the subject of analysis. Traditional extraction techniques, such as 

maceration, the Soxhlet method, or reflux extraction, often involve large volumes of organic solvents 

and high energy consumption, raising environmental and safety concerns. Conversely, the 

development of green extraction technologies, including ultrasound-assisted extraction (UAE), 

microwave-assisted extraction (MAE), and supercritical fluid extraction (SFE), offers a more 

sustainable approach. These methods aim to reduce the use of organic solvents, extraction times, and 

energy requirements, while maintaining or even improving the yield and quality of bioactive 

compounds[4,5]. Green extraction methods are gaining popularity for the isolation of plant-derived 

nutraceuticals due to their environmental benefits. However, co-extraction of non-target compounds 

can compromise the desired bioactivity, particularly in pathological contexts such as cancer. Several 

plant-derived preparations have already been investigated in oncology: for instance, Vinca 

alkaloids[6] (vincristine, vinblastine) Catharanthus roseus[7] and Camptothecin derivatives [8]are 

widely used as chemotherapeutics. In addition, nutraceutical-grade plant extracts such as 

curcumin[9] (from Curcuma longa) and resveratrol[10] (from grapes and berries) are under clinical 

evaluation for their adjuvant roles in cancer therapy. In this context, the inadvertent presence of pro-

inflammatory or glucose-like molecules in poorly characterized extracts could alter their biological 

activity, potentially shifting their effect from protective to pro-tumorigenic. This underscores the 

need for rigorous compositional screening during extract development, especially for applications in 

oncology. The nutraceutical market has expanded significantly over the past 30–40 years, driven by 

consumer demand for natural, health-promoting products. However, this rapid growth is 

increasingly clashing with emerging environmental standards and policies, particularly those 

outlined in the European Green Deal, which promote sustainable production and reduced 

environmental impact across all industrial sectors. The need to reconcile commercial growth with 

ecological responsibility has intensified the search for environmentally friendly alternatives for the 

extraction of bioactive compounds[11]. In this context, this study aims to investigate the influence of 

extraction methodology on the chemical composition and biological activity of pistachio-derived 

extracts. By comparing traditional and eco-sustainable extraction techniques, the study aims to 

determine how methodological differences impact antioxidant activity and biomolecular responses. 

Ultimately, this work contributes to the ongoing effort to develop sustainable, effective, and safe 

strategies for producing high-value nutraceuticals, particularly for applications in complex disease 

contexts such as cancer. This study investigates how green extraction methods can affect extract 

composition, thus altering nutraceutical efficacy—originally attributed to the presence of 

monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) in Pistacia vera 

extracts—and instead promote inflammatory responses. Overall, the data suggest that, while green 

extraction offers clear environmental benefits, insufficient selectivity can compromise nutraceutical 

precision. 
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2. Materials and Methods 

2.1. Pistachio Preparation and Extraction 

Pistachio samples were obtained from two distinct geographical origins: Spain and Bronte 

(Sicily, Italy). Prior to polyphenolic extraction, all samples underwent a standardized defatting 

procedure to remove lipophilic components that could interfere with subsequent extraction and 

analysis. Following established protocols [12]finely chopped pistachio samples (5 g) were subjected 

to lipid extraction using n-hexane (10 mL) under continuous agitation for 24 hours at room 

temperature. The mixture was subsequently allowed to settle by gravity separation for 2-3 hours, 

after which the supernatant containing dissolved lipids was carefully decanted and discarded. The 

remaining defatted pistachio material was filtered under vacuum using a Buchner funnel equipped 

with filter paper to remove residual n-hexane and achieve complete solvent elimination. This 

defatting step served as a prerequisite for both extraction methodologies employed in this study, 

ensuring that subsequent polyphenolic extraction procedures would target the desired hydrophilic 

and amphiphilic bioactive compounds without interference from the substantial lipid fraction 

naturally present in pistachio kernels. 

First Method (Green Method). According to the literature [13] the two different pistachio 

samples previously defatted (1 g each, weighed on an analytical digital balance), originating from 

Spain and Italy, were extracted using a 45% v/v ethanol/water solution by means of Ultrasound-

Assisted Extraction (UAE). The extraction was carried out in an ultrasonic thermostated bath at 50 °C 

for 15 minutes. After extraction, the samples were centrifuged at 5000 rpm for 30 minutes at 5 °C to 

remove residual fats and coarse particulates. The recovered supernatant was then concentrated using 

a rotary evaporator, and the resulting fraction was stored in a freezer. Ultimately, 88 mg of extract 

were obtained from the Bronte pistachio sample, and 115 mg from the Spanish one. 

Second Method. According to the literature [12]the two previously defatted pistachio samples 

(5 g each, accurately weighed on an analytical digital balance) from Spain and Italy were mixed with 

50 mL of methanol containing 0.1% (v/v) HCl. The mixtures were sonicated for 15 minutes and 

subsequently centrifuged (5000 rpm, 10 min, 4 °C). The resulting pellets were extracted twice more 

under the same conditions. The methanolic fractions were pooled and concentrated using a rotary 

evaporator. The residues were then dissolved in 20 mL of distilled water and extracted four times 

with 20 mL of ethyl acetate in a separating funnel. The combined organic phases were dried over 

Na₂SO₄ for 20 minutes. Ultimately, 90 mg of extract were obtained from the Bronte pistachio sample 

and 163 mg from the Spanish one. 

At the end of the extraction process, in both cases, the final product was resuspended with 

methanol. 

Extraction Yield (%) = 
𝑴𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒚 𝒆𝒙𝒕𝒓𝒂𝒄𝒕 (𝒈)

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒎𝒂𝒔𝒔 𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆 (𝒈)
𝒙 𝟏𝟎𝟎 

2.2. Cell Culture and Treatments 

A human colorectal cancer cell line (HCT-116, Cat. No. CCL-247, ATCC®, Manassas, VA, USA) 

was cultured in McCoy’s 5A (Cat. No. MS029E1001, Biowest, Nuaillé, France) medium supplemented 

with 10% of fetal bovine serum (FBS, Cat. No. S1560-500, Biowest, Nuaillé, France) and 

penicillin/streptomycin (50 μg/ml, Cat. No. L0022-100, Biowest, Nuaillé, France) at 37°C in a 

controlled atmosphere with 5% CO2 according to the supplier's instructions. The lyophilized 

pistachio extracts, obtained using a green extraction method using a conventional extraction method, 

were resuspended in a buffer solution of 70% ethanol and phosphate- buffered saline (PBS, Cat. No. 

10010023, Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) in a 1:1 ratio to achieve a final stock 

concentration of 5 μg/μL. The day after seeding, cells were treated with pistachio extracts diluted in 

McCoy’s medium to a final concentration of 250 ng/μL. 
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2.3. Impact of Extracts on Cell Viability and Proliferation 

Both pistachio extracts were solubilized in a 1:1 (v/v) mixture of PBS and 70% ethanol, and tested 

for their metabolic impact at a final concentration of 250 ng/μL[14,15]. Treatments were performed 

by adding 10 μL of extract solution directly into 96-well plates containing the cells. 

HCT-116 cells were seeded at a density of 5,000 cells per well in McCoy’s 5A medium 

supplemented with 10% FBS, 1% Penicillin-Streptomycin, according to ATCC recommendations. 

Cells were treated with the green extract or the classic extract for 24, 48, and 72 hours. Untreated cells 

were included in each assay and used as controls. 

Cell viability was assessed using the MTT assay[16]. At each time point, 10 μL of MTT solution 

(5 mg/mL in 1× PBS), prepared from powder (Cat. No. M5655, Sigma-Aldrich, St. Louis, MO, USA), 

was added to each well and incubated for 3 hours at 37 °C in a humidified incubator with 5% CO₂. 

Formazan crystals were solubilized with dimethyl sulfoxide (DMSO, Sigma-Aldrich), and 

absorbance was measured at 570 nm using a BioTek Synergy H1 Multimode Reader (Agilent 

Technologies, Santa Clara, CA, USA). 

All experimental conditions and time points were performed in quadruplicate (technical 

replicates) and repeated in at least three independent biological experiments. 

2.4. Impact on Inflammatory and Metabolic Pathways 

HCT-116 cells were seeded in 6-well plates at a density of 200,000 cells per well and incubated 

overnight under standard culture conditions. The following day, cells were treated for 24 hours with 

either the green extract or the classic extract at a final concentration of 250 ng/μL. In addition to the 

two pistachio-derived extracts, a heteroarylethylene compound named PB4, previously synthesized 

and characterized in our laboratory[16–18], was included for comparative purposes. PB4 has been 

reported in our earlier publications to possess significant cytotoxic activity (IC₅₀= 0.32 μM [16]) and 

to markedly influence cellular oxidative and inflammatory processes[19]. In this work, it was tested 

at a concentration equal to half its IC₅₀ for 24 hours to simulate an inflammatory but non-lethal 

environment for the cells. After treatment, cell culture supernatants were removed, and cells were 

lysed directly in the wells by adding RLT buffer supplemented with β-mercaptoethanol, following 

the manufacturer’s instructions for the QIAGEN RNeasy Mini Kit (Ref. 74104, QIAGEN, 40724 

Hilden, Germany). The lysates were processed immediately for total RNA extraction to allow 

subsequent analysis of genes involved in inflammatory and metabolic pathways. 

2.5. RNA Extraction and cDNA Synthesis 

RNA extraction was carried out following the manufacturer’s instructions provided by QIAGEN 

RNeasy Mini Kit (Ref. 74104, QIAGEN, 40724 Hilden, Germany). RNA was quantified using both the 

Eppendorf BioPhotometer® D30 and the fluorimeter Qubit RNA HS Assay Kit to evaluate purity and 

quantity of the initial sample, respectively (Ref. 32850, Invitrogen, 92008 Carlsbad, CA, USA). The 

samples with an A260/A280 ratio between 1.8 and 2.1 were considered suitable for downstream 

applications. For cDNA synthesis, 1 μg of total RNA was reverse transcribed using the QuantiTect 

Reverse Transcription Kit (Qiagen, Cat. No. 205311). This kit includes an integrated genomic DNA 

wipeout step to eliminate potential DNA contamination and a mix of oligo-dT and random primers 

to ensure efficient and unbiased cDNA synthesis. The resulting cDNA was stored at –20 °C. 

2.6. RT-qPCR  

Gene expression measurements were performed by means of mRNA quantification using a 

LightCycler® 480 II instrument (Roche, Switzerland) using QuantiTect SYBR Green PCR Kit ( Cat. 

No. 204143 QIAGEN, Germany) and cDNA per well (50 ng total per well). Real-time cycler 

conditions: Initial Activation Step, 15 minutes, 95 °C. 3-step cycling ×40 cycles: Denaturation, 15 

seconds, 94 °C; Annealing, 30 seconds, 55 °C; Extension, 30 seconds, 72 °C (Fluorescence Acquisition 

in this step). As a negative control, a reaction in the absence of cDNA (no template control, NTC) was 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 November 2025 doi:10.20944/preprints202511.0155.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.0155.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 13 

 

performed. All primers in this studio are QuantiNova LNA PCR Assay (Table 1, Cat.No. 249990, 

QIAGEN GmbH, Gilden, Germany). Target gene expression levels (GLUT2, IL-6, IL-10, HMOX-1) 

were normalized to the housekeeping gene RPLP0, and relative quantification was performed using 

the ΔΔCt method. Data analysis was carried out using the LightCycler® 480 software (version 1.5). 

The relative RNA expression level for each sample was calculated using the well-known 2−∆∆CT 

method in which the threshold cycle (CT) value of the gene of interest is compared to the CT value 

of our selected internal control (RPLP0)[20]. qRT-PCR amplifications were performed in triplicate. 

[21] 

Table 1. Primers used for RT-qPCR in this study. All primers were ordered from GeneGlobe, QIAGEN (cat. no. 

249990). 

Official Name 
Official 

Symbol 

Alternative Titles/Symbols Detected 

Transcript 

Amplicon 

Lenght 

Ribosomal Protein 

Lateral  

Stalk Subunit P0 

RPLP0 PRLP0; P0; L10E; RPP0; LP0 
NM_053275 

NM_001002 
68 bp 

Heme Oxygenase 1 HMOX-1 HO-1 NM_002133 161 bp 

Solute Carrier Family 

2  

Member 2 

GLUT2 

GLUT2;  

Solute Carrier Family 2 

Member 2;  

Glucose Transporter Type 2, 

Liver 

NM_000340; 

NM_001278658; 

NM_001278659 

120 bp 

     

Interleukin 6 IL-6 IL-6 NM_031168 128 bp 

     

Interleukin 10 IL-10 IL-10 NM_000572 112 bp 

     

3. Results 

3.1. Comparative Chemical Results Between the Extracts 

Given that both extraction protocols utilize solvent systems with well-established affinity for 

bioactive polyphenolic compounds, we focused our comparative analysis on extraction efficiency as 

the primary discriminating factor for preliminary method assessment. The extraction yield for the 

first method (green method) is about 8.8% for Bronte and about 11.5% for Spain. The extraction yield 

for the second method (Classic Method) is about 1,8% for Bronte and about 3,26% for Spain. Based 

on the extraction yields, the ultrasound-assisted extraction (UAE) with ethanol/water (45% v/v) 

proved to be more efficient for both pistachio samples. In contrast, the second approach, consisting 

of an initial extraction with acidified methanol followed by liquid–liquid partitioning with ethyl 

acetate, was more complex and time-consuming. Although this method introduces additional 

purification steps (centrifugation, ethyl acetate partitioning, and drying over sodium sulfate), which 

may enhance selectivity by removing unwanted components and improving the purity of the final 

product, it resulted in lower overall yields. 

3.2. Metabolic Impact of green and classic extracts 

To evaluate the metabolic impact of both pistachio extracts on HCT-116 cells (Figure 1, Table 

S1), an MTT assay was conducted after 24, 48, and 72 hours of treatment at a final concentration of 

250 ng/μL. At 24 hours, no significant difference in cell viability was observed between the green 

extract-treated and control (untreated) cells (average growth 104.8%, p-value > 0.05). After 48 hours, 

the green extract induced a modest but statistically significant reduction in cell viability, with treated 

cells displaying approximately 96% viability compared to control (p = 0.0141). At 72 hours, a marked 
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decrease in viability was detected, with treated cells showing only 62.5% viability relative to control 

(p < 0.0001). However, this result was not associated with cytotoxicity. Bright-field microscopy 

revealed extensive cellular overgrowth and detachment in treated wells at 72 hours, suggesting that 

the reduced MTT signal was due to hyperproliferation-induced confluence and subsequent 

detachment, rather than direct cytotoxic effects of the extract. 

As for the classic extract, after 24 hours treated cells exhibited a slight but statistically significant 

increase in metabolic activity compared to untreated controls, reaching 109.65% viability (p = 0.0226). 

At 48 hours, a significant reduction in cell viability was observed, with treated cells showing 82.13% 

viability relative to control (p < 0.0001). However, at 72 hours, cell viability returned to levels 

comparable to untreated cells (104.69%), with no statistically significant difference (p > 0.05). These 

findings indicate a transient inhibitory effect at 48 hours, followed by a recovery of metabolic activity 

over time. 

 

Figure 1. Effect of the green extract and the classic extract extracts on HCT-116 cell viability after 24, 48, and 72 

hours of treatment. Cells were treated with the green extract (indigo bars) or the classic extract (blue bars) at a 

final concentration of 250 ng/μL. Untreated cells (purple bars) were used as controls. Cell viability was assessed 

via MTT assay and results are expressed as percentage relative to control (set to 100%). Data are presented as 

mean ± SD (n = 4). Statistical significance was determined by Ordinary one-way ANOVA multiple comparisons 

test: * p < 0.05; ** p < 0.01; ***p < 0.001; ****p < 0.0001. 

3.3. Impact on Inflammation Pathway 

The expression levels of HMOX-1, IL-6, and IL-10 were assessed by RT-qPCR in HCT-116 cells 

treated for 24 hours with the green extract or the classic extract at a final concentration of 250 ng/μL. 

Gene expression was normalized to the housekeeping gene RPLP0 and reported as fold change 

relative to untreated control cells (Figure 2, Table S2). Regarding cytokines, the green extract 

treatment induced a no significant increase in IL-6 expression (1.06) and a significant increase in IL-

10 expression (5.04) relative to control. the classic extract, on the other side, significantly 

downregulates the expression of IL-6 (0.19) or IL-10 (0.27). These results suggest that the green and 

classic extracts exert distinct effects on gene expression, with the classic extract preferentially 

inducing an antioxidant response (HMOX-1), while the green extract promotes immunomodulatory 

cytokine expression (IL-6, IL-10). Treatment with the classic extract resulted in a marked upregulation 

of HMOX-1 expression, with a relative fold change of 4.85 compared to control. In contrast, HMOX-

1 expression in the green extract-treated cells was 2.90. 
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Figure 2. Effects of pistachio-derived extracts on the expression of IL-6 (Interleukine 6), IL-10, (Interleukine 10) 

and HMOX-1 (Heme – Oxygenase 1) genes in HCT-116 cells after 24 hours of treatment. Gene expression levels 

were assessed by RT-qPCR and normalized to the housekeeping gene RPLP0. Results are expressed as fold 

change relative to untreated control cells (CTRL). Cells were treated with three types of extracts: The one 

extracted using a green extraction method, and the one extracted using conventional extraction. Statistical 

significance was determined by Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli: * p < 

0.05; ** p < 0.01; ***p < 0.001; ****p < 0.0001. 

3.4. Impact on Glucose Pathway 

A marked modulation of glucose transporter expression was observed upon treatment with the 

green extract (Figure 3, Table S2). Specifically, GLUT2 transcript levels were drastically reduced (fold 

change: 0.15) compared to untreated controls, indicating a strong transcriptional downregulation. By 

contrast, cells treated with the classic extract maintained GLUT2 expression at levels comparable to 

control. This sharp decrease in GLUT2 expression with the green extract aligns with previous findings 

from our laboratory[21], where HCT-116 cells exposed to excess glucose or carbohydrate-rich 

substrates exhibited significant GLUT2 downregulation. The present data therefore reinforce the 

association between elevated extracellular carbohydrate availability and reduced GLUT2 

transcription in this cancer cell model, suggesting that the green extract contains a higher fraction of 

glucose or carbohydrate-derived compounds than its classic counterpart.  

 

Figure 3. (Left) Effects of pistachio-derived extracts on the expression of GLUT2 (Solute Carrier Family 2) gene 

in HCT-116 cells after 24 hours of treatment. Gene expression levels were assessed by RT-qPCR and normalized 

to the housekeeping gene RPLP0. Results are expressed as fold change relative to untreated control cells (CTRL). 
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Cells were treated with two types of extracts: the one extracted using a green extraction method, and the one 

extracted using conventional extraction. (Right) The expression of GLUT2 in HCT-116 cells exposed to three 

different glucose concentrations: Basal (3 g/L), Deprivation (0g/L) and Plus (10 g/L)[21]. Statistical significance 

was determined by Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli: * p < 0.05; ** p < 

0.01; ***p < 0.001; ****p < 0.0001. 

4. Discussion 

In recent years, increasing attention has been given to the development of sustainable extraction 

technologies. Within this framework, the European Green Deal initiatives have received considerable 

attention[22], particularly for promoting chemical practices that support environmental protection 

and sustainability [23]. Much attention was given to the promotion of sustainable technologies, 

including green extraction methods to reduce environmental impact. 

The transition from conventional extraction methods using organic solvents (e.g., n-hexane or 

acidified methanol) to greener alternatives (e.g., ethanol, ultrasound, microwaves, or supercritical 

fluids) aligns closely with the principles of circular bioeconomy and environmental sustainability 

[24]. These eco-friendly techniques reduce toxic solvent usage and enhance the recovery of agro-

industrial residues [25]. Nevertheless, it remains essential to assess extract selectivity and purity 

alongside environmental and economic benefits. 

The differences in yields observed between classical and green extraction methods reflect 

fundamentally distinct extraction philosophies rather than mere variations in efficiency. Ultrasound-

assisted extraction (UAE) employs a polar solvent system designed to recover a broad spectrum of 

water-soluble and moderate polar compounds, including sugars, organic acids, amino acids, and 

phenolic compounds[26]. This approach emphasizes maximal recovery of the total polar fraction 

from the plant matrix. In contrast, classical extraction incorporates sequential purification steps for 

selective compound isolation. Initial acidified methanol extraction targets phenolic compounds 

under conditions that enhance their solubility, followed by liquid-liquid partitioning with ethyl 

acetate to achieve selective separation[27]. Additional steps such as centrifugation, phase separation, 

and anhydrous drying systematically remove co-extracted polar interferents that could interfere with 

downstream applications[28]. 

Therefore, yield differences should be interpreted in terms of extraction selectivity rather than 

just efficiency. The higher recoveries observed with UAE likely reflect the co-extraction of non-target 

polar metabolites[29], whereas the lower yields from classical methods suggest enhanced selectivity 

for phenolic compounds, potentially resulting in extracts with higher specific bioactivity per unit 

mass. The UAE method, being faster, simpler, and aligned with green chemistry principles, 

represents a practical compromise between yield, operational simplicity, and environmental 

sustainability[30]. 

In our study, we analyzed pistachio extracts obtained using both green and classical extraction 

methods. Green extracts exhibited remarkably a probably high carbohydrate content, highlighting 

the differential selectivity of aqueous and ethanol-based extraction techniques. To investigate the 

biological consequences of these compositional differences, HCT-116 colon cancer cells were treated 

with the respective extracts. The green extract induced hyperproliferation after 72 hours, leading to 

rapid confluence and subsequent detachment, probably due to the high sugar content. This finding 

emphasizes potential risks in pathological contexts, where increased glucose availability may alter 

cellular metabolism and influence disease progression. Notably, the polyphenol-rich classical extract 

induced higher HMOX-1 expression[31] compared to both the sugar-rich green extract and the 

control. HMOX-1, an inducible enzyme regulated by the Keap1/Nrf2/ARE signaling pathway, 

responds to oxidative and electrophilic stress[32]. Paradoxically, polyphenols also trigger this 

endogenous antioxidant response, acting as both free radical scavengers and stimulators of cellular 

defense mechanisms [33–35]. Thus, HCT-116 cells treated with the classical extract exhibited strong 

activation of the Keap1/Nrf2/ARE pathway, reflecting a robust internal antioxidant response 

mediated by polyphenols. 
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Gene expression analysis revealed a pronounced modulation of glucose transport pathways in 

response to the different pistachio extracts. Notably, cells treated with the green extract exhibited a 

drastic downregulation of GLUT2 (fold change: 0.15), a key facilitative glucose transporter involved 

in maintaining intracellular glucose homeostasis[36]. Such a marked reduction suggests an adaptive 

cellular response aimed at limiting glucose uptake under conditions of high extracellular 

carbohydrate availability—consistent with the elevated sugar content previously identified in the 

green extract. This finding is particularly relevant in light of previous work from our research group, 

in which HCT-116 cells subjected to glucose deprivation markedly overexpressed GLUT2[37], 

enabling the selective internalization of 5-fluorouracil-functionalized nanoparticles, while cells 

exposed to a high-glucose medium showed a notable reduction in the expression of GLUT2, how it’s 

happened with green and classical extract (Figure 3). The current results therefore reinforce the 

notion that GLUT2 expression in HCT-116 cells is highly plastic and responsive to extracellular 

glucose levels, with potential implications for nutrient sensing and targeted drug delivery strategies. 

In parallel, the green extract treatment also led to increased expression of IL-6 and IL-10, cytokines 

associated with pro-inflammatory and immunomodulatory responses, respectively. The concurrent 

downregulation of GLUT2 and upregulation of these cytokines suggests a coordinated shift in 

immunometabolic programming, possibly driven by carbohydrate-induced metabolic stress[38]. This 

pattern was not observed with the classic extract, which maintained GLUT2 expression at control 

levels and displayed a distinct gene expression signature dominated by HMOX-1 induction. 

In summary, while the increased carbohydrate content may provide energy substrates in non-

pathological contexts, in cancer models such enrichment raises concerns due to the enhanced 

glycolytic metabolism of tumour cells. The increased availability of sugars associated with bioactive 

antioxidants could help athletes maintain oxidative metabolism and maintain redox balance during 

intense physical exertion, which is a nutraceutical benefit rather than a limitation[39–41]. However, 

the intended therapeutic or nutraceutical applications of pistachio extracts need to be carefully 

considered. The biological effects observed with the green extract may reflect differences in 

carbohydrate content, highlighting the importance of optimizing extraction selectivity. While a high 

carbohydrate content is beneficial as it provides a readily available source of energy, critical 

considerations need to be made for therapeutic applications, particularly in metabolic disorders or 

cancer patients, as the well-documented increased glycolytic metabolism of cancer cells (Warburg 

effect) [42] could inadvertently promote tumor growth.  

While green extraction methods are certainly in line with sustainability goals, their potential to 

extract unwanted components requires further optimization[43,44]. Future research should focus on 

refining extraction parameters to maximize the selectivity of bioactive compounds while minimizing 

unwanted carbohydrate fractions. The use of advanced analytical techniques, such as metabolomics, 

could further elucidate the metabolic pathways affected by these extracts and help in the evaluation 

of their clinical and nutraceutical potential. 

In summary, the strategic use and careful refinement of green extraction methods are crucial to 

achieving a balance between environmental sustainability, purity of extracts and therapeutic efficacy. 

This balance is crucial for the effective and safe use of pistachio-derived nutraceuticals in various 

clinical and nutritional contexts.  

5. Conclusions 

This study highlights the significant impact of extraction methodology on the chemical 

composition and biological activity of pistachio-derived extracts. Although green extraction methods 

are environmentally advantageous, this study revealed that they lead to high carbohydrate content, 

which induces hyperproliferative and pro-inflammatory responses in HCT-116 colon cancer cells. 

These effects were evidenced by increased cell confluence and detachment, downregulation of 

GLUT2, and upregulation of pro-inflammatory cytokines such as IL-6 and IL-10. In contrast, extracts 

obtained through classical methods demonstrated a stronger antioxidant profile, as reflected by 

enhanced HMOX-1 expression, likely mediated by polyphenol-induced activation of the 

Keap1/Nrf2/ARE pathway [45]. Collectively, these findings highlight the need for precise control over 
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extraction parameters to ensure the safety and efficacy of pistachio-based nutraceuticals, particularly 

in pathological contexts such as cancer. In future applications, the therapeutic potential of these 

extracts in vivo models should be explored so that their biological activity can be validated, and 

systemic responses can be assessed. Additionally, industrial applications could benefit from 

optimized green extraction processes that preserve bioactivity while aligning with the sustainability 

goals of the Green Deal. Ongoing experiments will aim to complete cytokine profiling to further 

elucidate the immunomodulatory effects of the extracts. Moreover, advanced metabolomic 

approaches will be employed to better characterize the biochemical pathways affected by extract 

composition, ultimately guiding the development of safer and more targeted nutraceutical 

formulations. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

UAE Ultrasound-Assisted Extraction 

GC Gas Chromatography 

HPLC High-Performance Liquid Chromatography 

qPCR Quantitative Polymerase Chain Reaction 

RNA Ribonucleic Acid 

DNA Deoxyribonucleic Acid 

IL-6 Interleukin 6 

IL-10 Interleukin 10 

HMOX-1 Heme Oxygenase 1 

GLUT2 Glucose Transporter Type 2 

ROS Reactive Oxygen Species 

DMEM Dulbecco’s Modified Eagle Medium 

FBS Fetal Bovine Serum 

PBS Phosphate Buffered Saline 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
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SD Standard Deviation 

ANOVA Analysis of Variance 

CV Coefficient of Variation 
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