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Abstract

:

Cannabis leaves contain a diverse range of antioxidants, including cannabinoids, flavonoids, and phenolic compounds, which offer significant health benefits. Utilising cannabis leaves as a source of antioxidants presents a cost-effective approach because they are typically discarded during the cultivation of cannabis plants for their seeds or fibres. Therefore, this presented study aimed to assess the antioxidant activity of the leaves of selected hemp cultivars, such as Białobrzeska, Tygra, and Henola, based on the results obtained with the 2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid, ferric reducing antioxidant power, cupric reducing antioxidant capacity, and 2,2-Diphenyl-1-picrylhydrazyl assays. The cannabinoid profile was analysed for the antioxidant activity to the contents of cannabidiol (CBD), cannabigerol (CBG), Δ9-tetrahydrocannabinol (Δ9-THC), and cannabichromene (CBC), determined based on chromatographic assays. The following variables were tested: the impact of various extractants (methanol, ethanol, and isopropanol), and their mixtures (50:50, v/v, as well as extraction methods (maceration and ultra-sound-assisted extraction) significant in obtaining hemp extracts characterised by different cannabinoid profiles. The results revealed that the selection of extractant and extraction conditions significantly influenced the active compounds’ extraction efficiency and antioxidant activity. Among the tested conditions, ultrasound-assisted extraction using methanol yielded the highest cannabinoid profile: CBD = 184.51 ± 5.61; CBG = 6.10 ± 0.21; Δ9-THC = 0.51 ± 0.01; and CBC = 0.71 ± 0.01 μg/g antioxidant potential in Białobrzeska leaf extracts.
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1. Introduction


Cannabis has a wide range of applications, including industrial [1], ornamental [2], nutritional [3], medicinal, and recreational [4] uses. From a regulatory and application standpoint, cannabis plants are classified based on the level of Δ9-tetrahydrocannabinol (THC), one of the most important phytocannabinoids [5]. Plants are generally categorised and regulated as industrial hemp if they contain less than 0.3% THC in the dried flower (the specific threshold may vary by country), or as drug-type cannabis if they exceed this threshold [6]. Cannabis contains a large group of active compounds which exhibit multidirectional biological activity and can influence each other in modifying the strength and scope of pharmacological profile and mutual bioavailability [7,8,9]. The most well-known group of secondary metabolites present in cannabis are the cannabinoids. The most abundant compound is cannabidiol (CBD), which is a non-psychoactive compound found in cannabis that has shown promise in treating epilepsy, anxiety, and pain [10,11]. Tetrahydrocannabinol (THC) is the primary psychoactive secondary metabolite in cannabis and it is known for its analgesic and anti-inflammatory properties [12]. Other cannabinoids found in cannabis, such as cannabigerol (CBG), cannabichromene (CBC), and tetrahydrocannabivarin (THCV), also have potential medicinal properties [13,14]. Cannabis also contains terpenes, aromatic compounds that give the plant its distinctive smell. Terpenes have potential medicinal properties, such as anti-inflammatory, antifungal, and antibacterial effects [15]. Some terpenes found in cannabis, such as beta-caryophyllene and limonene, have been shown to have anti-inflammatory effects [16,17]. And essentially, cannabis also contains flavonoids [18]. Flavonoids are a widespread group of secondary metabolites that exhibit antioxidant activity. This activity is associated with many health-promoting effects that flavonoids might have. Among the flavonoids present in cannabis, there is a characteristic group of cannflavins. For some of the flavonoids, specific biological effects have already been defined. For example, cannflavin A, has shown potential in treating pain and inflammation [18]. Luteolin exhibits various activities, including antioxidant, anti-inflammatory, anticancer, and neuroprotective properties [19]. Quercetin demonstrates diverse activities, such as antioxidant, anti-inflammatory, antiviral, anticancer, and cardioprotective effects [20]. Currently, there is more and more discussion about the antioxidant potential of cannabinoids, especially among different cannabis varieties, which have been modified over the years to obtain selected cannabinoid profiles. As a result, they are used as an industrial material, and their leaves are post-production waste. Numerous studies have investigated the antioxidant activity of the compounds found in hemp. For example, a study by Tura et al. found that CBD had significant antioxidant activity in vitro [21]. Another study investigated the antioxidant activity of CBC, CBG, and other compounds found in hemp [22].



Additionally, many studies investigated the effects of CBD on oxidative stress [23,24,25,26,27,28]. The researchers found that CBD could reduce oxidative stress and inflammation in cell cultures and in animal models. The researchers found that CBD had significant antioxidant and anti-inflammatory effects and the potential to treat neurodegenerative diseases [29]. Various methods have been used to analyse the antioxidant activity of hemp compounds, including the oxygen radical absorbance capacity (ORAC) assay, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, and the ferric reducing antioxidant power (FRAP) assay [30]. These assays measure the ability of a compound to scavenge free radicals or reduce oxidised compounds. Overall, the literature suggests that the compounds found in hemp, including CBD, CBC, CBG, and other flavonoids and phenolic compounds, have significant antioxidant activity. This activity may help protect against oxidative stress and inflammation in the body and may have potential in the treatment and prevention of various diseases. Nevertheless, additional research is needed to attain a comprehensive understanding of the mechanisms of action and potential therapeutic applications of these compounds found in cannabis leaves.



While hemp leaves are often considered waste products in the hemp industry, they are typically discarded after extracting the desired compounds from the flowers and buds. However, recent studies have shown that hemp leaves also contain high levels of active compounds, including cannabinoids, terpenes, and flavonoids, which could be utilised for various applications [31]. In addition to their high concentration of active compounds, hemp leaves could provide a zero-waste approach to the hemp industry. Instead of being discarded, the leaves could be used to extract active compounds, providing an additional source of revenue for hemp growers and processors.



Furthermore, using hemp leaves for extraction could also contribute to the sustainable development of the hemp industry. The industry can reduce waste and minimise its environmental impact by utilising all hemp plant parts, including the leaves. However, extracting active compounds from hemp leaves may require different methods and solvents than extracting from flowers and buds. For example, a recent study showed that ethanol was the most effective solvent for extracting cannabinoids from hemp leaves, while other solvents, such as hexane and chloroform, had lower extraction efficiencies. Therefore, further research is needed to optimise the extraction of active compounds from hemp leaves and to determine their potential applications. Nevertheless, using hemp leaves as a source of active compounds could provide a promising avenue for developing a sustainable and economically viable hemp industry.



Several factors, such as the type and amount of solvent, temperature, and extraction time, often influence the efficiency of the extraction process [32,33]. Different solvents have varying affinities for specific compounds, leading to their yields and purity variations. Therefore, selecting an appropriate solvent is critical in achieving the desired yield and quality of the extracted compounds. Alcohols, such as ethanol and methanol, are commonly used solvents in hemp extraction due to their high solubility in both water and nonpolar solvents. In addition to the type of alcohol used, other factors, such as extraction time and temperature, can also affect the yield and quality of the extracted compounds. Shorter extraction times and lower temperatures can preserve the quality of the extracted compounds, while longer extraction times and higher temperatures can lead to degradation and loss of potency.



Utilising cannabis leaves as antioxidants holds a novel potential in disease prevention [34]. Despite being often disregarded as waste during cultivation, cannabis leaves possess abundant antioxidants, including cannabinoids. Identifying the cannabis variety with the highest antioxidant potential is crucial for optimisation. Cultivating the variety currently grown on a large scale with superior antioxidant properties would ensure a steady supply of antioxidant-rich cannabis leaves available for many people from different parts of the world, promoting sustainability, and minimising waste. Expanded cultivation efforts could also facilitate genetic advancements, enhancing the antioxidant properties and overall effectiveness of cannabis leaves as antioxidants.



This novel approach of focusing on hemp leaves was implemented in this work. The study investigated the impact of different extractants and their mixtures, including methanol, ethanol, and isopropanol, on the extraction efficiency of active compounds from three varieties of hemp leaves, namely Białobrzeska, Tygra, and Henola. The researchers determined the content of cannabinoids and assessed the antioxidant activity using several models, including 2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS), cupric reducing antioxidant capacity (CUPRAC), FRAP, and DPPH assays.




2. Materials and Methods


2.1. Materials


The plant material for studies—Białobrzeskie, Tygra, and Henola varieties—were donated from the Experimental Station for the Cultivar Testing in Chrząstowo, belonging to the Research Centre for Cultivar Testing in Słupia Wielka. The forecrop for hemp in 2022 was sugar beet. Individual tillage operations were carried out in accordance with agrotechnical recommendations for this species (winter plowing 29 October 2021; 17 March 2022 harrow + spear, 6 May 2022 cultivation unit; 9 May 2022 sowing). The day after the sowing of hemp (10 May 2022), Boxer 800 EC (Syngenta, Warsaw, Poland) herbicide was applied at a rate of 2.6 L/ha. Mineral fertilisation was carried out based on the following mineral fertilisers: Lubofos 12 (200 kg/ha), potassium salt (183 kg/ha), enriched superphosphate (115 kg/ha), urea (159 kg/ha), and salmag (119 kg/ha). The soil of the experimental field was classified as IIIa, complex 2. The analysed soil’s top horizons are classified as loamy sands, with a clay fraction content of 4%, dust fraction of 14%, and sand fraction of 83% in terms of grain size. The eluvial level exhibits a slightly lower proportion of clay fraction and dust fraction. The enrichment (B) and bedrock levels demonstrate higher compactness. The pH, as determined through aqueous extract measurement, was found to be 6.80, while in KCl, the pH value was slightly lower by approximately 0.5 units, aligning with the upper range of slightly acidic values. Furthermore, the organic carbon content registered around 1%, equivalent to a humus content of 1.7%. The total nitrogen content measured approximately 0.086%, resulting in a C:N ratio of approximately 12:1. Moreover, the favourable thermal and moisture conditions experienced throughout the growing season greatly contributed to the robust growth and development of cannabis plants. Standards of four cannabinoids, namely, cannabidiol, delta-9-tetrahydrocannabinol, cannabigerol, and cannabichromene, were obtained from the Sigma-Aldrich (Poznan, Poland).



Trifluoric acid and acetonitrile (high-performance liquid chromatography [HPLC] grade) were provided by Merck (Darmstadt, Germany). High-quality pure water was prepared using a Direct-Q 3 UV purification system (Millipore, Molsheim, France; model Exil SA 67120). 2,2-Diphenyl-1-picrylhydrazyl, iron (III) chloride hexahydrate, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), neocuproine, 2,4,6-Tri(2-pyridyl)-s-triazine, and trolox were supplied by Sigma-Aldrich (Schnelldorf, Germany). Sodium chloride, and sodium hydrogen phosphate, were purchased from Avantor Performance Materials (Gliwice, Poland). Ammonium acetate (NH4Ac) and methanol were obtained from Chempur (Piekary Śląskie, Poland). Cupric chloride dihydrate, ethanol (96%), isopropanol (99%), acetic acid (99.5%), and sodium acetate trihydrate were obtained from POCH (Gliwice, Poland).




2.2. Extraction


Bialobrzeskie, Tygra, and Henola leaves were grounded, dried, and placed in flasks (1.0 g). The flasks were filled with 50.0 mL of solvent/solvent mixture (methanol/ethanol/isopropanol/50:50 (v/v) methanol:ethanol/50:50 (v/v) ethanol:isopropanol/50:50 (v/v) methanol:isopropanol). Two methods of extraction were implemented: maceration for 24 h at room temperature in shaking with the rotation frequency of 300 rpm (PSU 10i shaker, Biosan, UK), and ultrasound-assisted extraction for 1 h at 40 °C (constant, uninterrupted sonication, frequency 37 kHz, ultrasonic peak max. 800 W) (Thermo Fisher Scientific, Waltham, MA, USA). The extracts were filtered and supplemented to a concentration of 20 mg/mL.




2.3. Chromatographic Analysis


To analyse the cannabinoid profile of the extracts, an ultra-high-performance liquid chromatography technique with a diode array detector (UHPLC-DAD) was employed. The study was conducted using a CORTECS Shield RP18, 2.7 µm; 150 mm × 4.6 mm as a stationary phase, with a mobile phase of 0.1% trifluoric acid and acetonitrile (41:59, v/v). The flow rate was maintained at 2.0 mL/min, and the column temperature was set to 35 °C. The analysis time was 50 min, with an injection volume of 10.0 µL and a detection wavelength of 228 nm. The retention times of cannabinoids were as followed: CBD approx. 5.835 min, CBG approx. 6.816 min, Δ9-THC 10.272 approx. min, and CBC 14.571 approx. min (Figure 1). The data were processed using LabSolutions LC software (version 1.86 SP2) provided by Shimadzu Corp., Kyoto, Japan.




2.4. Antioxidant Activity


Four different assays, namely, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS), cupric reducing antioxidant capacity (CUPRAC), and ferric reducing antioxidant power (FRAP) assays, were used to determine the antioxidant activity of the extracts. The screening of the extracts’ antioxidant activity was carried out prior to each assay, by testing the extracts at decreasing concentrations. The antioxidant activity of Trolox was also measured at an appropriate concentration range for inhibiting radicals in the DPPH and ABTS assays or performing redox reactions in the CUPRAC and FRAP assays. A linear regression equation was constructed between the concentration of Trolox and its scavenging percentage or absorbance, depending on the assay used. The results were expressed as mg Trolox per gram of plant material, based on the antioxidant properties of the extracts in all four assays [35,36].



DPPH assay was carried out in a 96-well plate, the samples were measured using spectrophotometry [37]. The primary reagent consisted of a 0.2 mM methanol solution of DPPH. To initiate the reaction, 25.0 µL of the extracts/trolox solution was pipetted to 175.0 µL of the DPPH solution, and the plate was incubated in darkness at room temperature for 30 min while shaking. The absorbances were obtained at 517 nm on a plate reader (Multiskan GO, Thermo Fisher Scientific, Waltham, MA, USA). The absorbance of the blank (mixture of DPPH solution and solvent) was also measured at 517 nm. Each sample was evaluated for its own absorbance at 517 nm. The percentage of inhibition of DPPH radicals by the extracts/trolox was determined using the provided formula.


  D P P H   s c a v e n g i n g   a c t i v i t y   ( % )     A   o     −   A   i       A   o     × 100 %  



(1)




in the formula, Ao is the control sample absorbance, whilst Ai is the test sample absorbance. Each measurement was performed six times.



Another assay used to evaluate the radical scavenging potential of the samples was the ABTS assay [38]. During the study, the generation of green cation radicals occurs as a result of electron loss from the nitrogen atoms of ABTS through the action of potassium persulfate. The antioxidant converts the green ABTS radical into a colourless neutral form. To perform the ABTS assay, 200.0 μL of ABTS•+ solution and 10.0 μL of the extract/trolox solution were pipetted to 96-well plates and incubated for 10 min in darkness at room temperature with shaking [39]. Following the incubation period, the absorbance values were recorded at a wavelength (λ) of 734 nm. using a Multiskan GO plate reader (Thermo Fisher Scientific, Waltham, MA, USA). The absorbance values were also determined for the control mixture of solvent and ABTS, and for the wells filled with extract and water (extracts’ absorbance) at 734 nm. The inhibition of ABTS•+ by the extracts and Trolox was determined with the use of the provided formula:


  ABTS   scavenging   activity   ( % ) =     A   0   −   A   1       A   0     × 100 %  



(2)




where:



A0—the absorbance of the control;



A1—the absorbance of the sample.



To evaluate the reducing potential of extracts, the CUPRAC and FRAP assays were used. The CUPRAC method involved the oxidation of phenolic groups of antioxidants to quinones, leading to the reduction of the neocuproine and copper (II) ion complex to the neocuproine and copper (I) ion complex, resulting in a bluish to yellow colour change [40]. An amount of 50.0 µL of the extract/trolox solution and 150.0 µL of the CUPRAC reagent were pipetted to the plate and incubated for 30 min at room temperature in darkness [39]. Then, the absorbance was measured at 450 nm using a plate reader (Multiskan GO, Thermo Fisher Scientific, Waltham, MA, USA). The control and extracts’ own absorbance were also studied.



The FRAP technique, involved the reduction of colourless Fe3+ ions to Fe2+ ions, leading to the formation of a dark blue complex with 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) [39]. This reaction was monitored by measuring the absorbance of the solution at 593 nm using a plate reader (Multiskan GO, Thermo Fisher Scientific, Waltham, MA, USA) after incubating the mixture of 25.0 µL of the extract/trolox solution and 175.0 µL of FRAP mixture (25 mL acetate buffer, 2.5 mL TPTZ solution, and 2.5 mL of FeCl3·6H2O solution) in the plate for 30 min at 37 °C in dark conditions. Control and extracts’ absorbance were also studied, and the measurements were performed in six replicates.




2.5. Analysis of the Results


To conduct the statistical analysis, Statistica 13.3 software (StatSoft Poland, Krakow, Poland) was used. Data are presented as mean values ± standard deviations (SD). Experimental data of the antioxidant properties of cannabis leaves extracts were analysed using the skewness and kurtosis tests to determine the normality of each distribution, and the equality of variances was studied with the Levene’s test. Statistical significance was determined with the use of a one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test (for comparison of the experimental results for each cannabis leaves extract). Differences were considered significant at p < 0.05. PCA, which was used to explain and interpret interdependence between the cannabinoids’ profile and their impact on the antioxidant activity of the cannabis leaves extracts was conducted using PQStat v. 1.8.4.140 software (Poznań, Poland). To determine the validity of using the PCA, the Bartlett Test and the Kaiser–Mayer–Olkin coefficient were studied. The principal components were based on the correlation matrix.



To determine the cannabis leaves extract with the strongest antioxidant activity (DPPH, ABTS, CUPRAC, FRAP methods), a multidimensional comparative analysis (MCA), which compares multi-feature objects, was performed [41,42]. Synthetic indicators are the main criterion for organising the examined results and their ranking with the use of multidimensional comparative analysis. In the process of normalisation, the considered diagnostic features have been assigned an equal meaning for the assessment of objects. Standardisation was used for the normalisation of variables. Synthetic measures were calculated, and rankings of regions were prepared.





3. Results


Cannabis is a rich source of secondary plant metabolites, including cannabinoids, terpenes, and flavonoids, which contribute to its unique aroma, taste, and therapeutic properties. Cannabinoids are the most well-known secondary metabolites in cannabis, with over 100 cannabinoids identified [43]. These cannabinoids interact with the endocannabinoid system in the human body to produce various physiological effects. Overall, the secondary metabolites in cannabis are believed to work synergistically to produce the therapeutic effects associated with cannabis use. Understanding the composition of these secondary metabolites in different cannabis strains is important for optimising their therapeutic potential. In this study, the content of four cannabinoids, namely, CBD, CBG, Δ9-THC, and CBC, were determined with the UHPLC-DAD method. The results are presented in Table 1.



The highest content of CBD was noted in Henola leaves extract obtained by maceration with methanol, 210.91 ± 3.14 (μg/g), while the highest CBG content was found in Tygra leaves extract obtained by maceration with methanol and ethanol—8.67 ± 0.61 (μg/g), 8.64 ± 0.55 (μg/g), respectively. The most potent in Δ9-THC was Białobrzeskie leaves extract obtained by ultrasound-assisted extraction with methanol 0.51 ± 0.01 (μg/g), while Tygra leaves extract obtained by ultrasound-assisted extraction with isopropanol had the highest content of CBC—0.85 ± 0.03 (μg/g).



It is known that antioxidants can neutralise free radicals, which are highly reactive molecules that can damage cells, DNA, and other biomolecules [34,44,45,46]. Antioxidants can prevent or reduce oxidative stress by neutralising free radicals before they can cause damage.



In the group of extracts obtained by ultrasound-assisted extraction with single-component extractant (MOH/EtOH/IOH) (Figure 2, Figure 3, Figure 4 and Figure 5; Table S3, Supplementary Materials), the greatest results in DPPH, CUPRAC, and FRAP assays were obtained mainly by Białobrzeskie leaves extract obtained with MOH—10.288 ± 0.103 mg trolox/g plant material, 22.195 ± 0.242 mg trolox/g plant material, and 11.066 ± 0.048 mg trolox/g plant material, respectively. In the ABTS study, the most significant antioxidant potential was noted for Tygra leaves extract obtained with MOH 10.368 ± 0.035 103 mg trolox/g plant material. Summarily, the multidimensional comparative analysis (MCA) allowed to emerge as the most potent antioxidant from this group the Białobrzeskie leaves extract obtained with MOH.



Among macerated extracts with MOH/EtOH/IOH (Figure 6, Figure 7, Figure 8 and Figure 9; Table S2, Supplementary Materials), methanol Białobrzeskie leaves extract showed the greatest antioxidant potential in assays: DPPH—5.632 ± 0.046 mg trolox/g plant material, ABTS 10.239 ± 0.105 mg trolox/g plant material and FRAP 11.066 ± 0.048 mg trolox/g plant material. In the CUPRAC assay, the most potent was Tygra leaves extract macerated by isopropanol 15.766 ± 0.091 mg trolox/g plant material. The MCA has identified methanol Tygra leaves extract as the one with the strongest antioxidant potential within this group; however, methanol Białobrzeskie leaves extract was very close in the ranking, taking the second place in this group.



In the group of extracts prepared by ultrasound-assisted extraction with the use of two-component extractants (Figure 10, Figure 11, Figure 12 and Figure 13; Table S3, Supplementary Materials), in DPPH, CUPRAC, and FRAP assays, one extract—Białobrzeskie leaves extract—obtained with methanol and ethanol (50:50, v/v) is distinguished with results 7.563 ± 0.075 mg trolox/g plant material, 15.992 ± 0.024 mg trolox/g plant material, 10.250 ± 0.135 mg trolox/g plant material, respectively. However, in ABTS the most antioxidant potential was assessed to Tygra leaves extract obtained also with methanol and ethanol (50:50, v/v)—8.481 ± 0.116 mg trolox/g plant material. Within this group, MCA provides Białobrzeskie leaves extract obtained with methanol and ethanol (50:50, v/v) as the strongest antioxidant.



MCA was also performed to compare all of the extracts and to choose the strongest one, the Bialobrzeskie leaves extract obtained with ultrasound-assisted extraction with MOH was determined as the most potent in this direction of biological activity.



The p-value of Bartlett’s statistics indicates a significant correlation of variables. The obtained Kaiser–Mayer–Olkin coefficient was middling—0.69—and thus, PCA was performed. The findings from the PCA analysis provide valuable insights into the relationship between the measured variables, namely, the content of cannabinoids and the antioxidant potential of cannabis leaves extracts. PCA analysis revealed that the percentage of variation in the samples explained by factor 1 (principal component PC1) was 57.1% and 16.25 by factor 2 (principal component PC2) (Figure 14). The dominance of PC1 in explaining the variation suggests that it captures the major sources of diversity among the samples. All of the studied results showed a negative input to factor 1, whilst PC2 was negatively correlated with antioxidant results and positively correlated with the content of cannabinoids. The negative correlation of PC2 with antioxidant results and its positive correlation with cannabinoid content highlights the potential interplay between these factors in shaping the observed outcomes. The higher values of the coordinates of the vector end are noticed for PC1 than for PC2. The highest correlation between cannabinoid content and their antioxidant activity was noted for Δ9-THC and CBD according to the smallest angle between the vectors. CBC and CBG content showed less correlation with the antioxidant activity of cannabis leaves extracts antioxidant activity, as the angle between the vectors is greater than for Δ9-THC and CBD. However, it is well known that there is an intra–entourage interaction between cannabinoids in the human body [47]. This cooperative relationship enhances the overall therapeutic potential and effectiveness of cannabis-based treatments.




4. Discussion


Cannabinoids exhibit a range of biological effects, including analgesic, anti-inflammatory, neuroprotective, immunomodulatory, and anti-tumour properties, underscoring their multifunctional roles in diverse physiological processes. Cannabinoids also play a role as antioxidants. The relationship between the cannabinoid profile and antioxidant activity refers to their antioxidant potential. Cannabinoids, such as cannabidiol (CBD) and tetrahydrocannabinol (THC), have gained significant attention for their diverse therapeutic potential, including their antioxidant effects. In the study of Atalay et al., it was summarised that CBD exhibits potent antioxidant activity and can protect cells from induced oxidative stress [48]. In addition, CBD is able to reduce inflammation by reducing the production of pro-inflammatory cytokines, for instance, tumour necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β). These effects are mediated by the activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. The antioxidant potential of cannabinoids, such as CBD, goes beyond their molecular structure, as they have been shown to upregulate the expression of endogenous antioxidant systems, including superoxide dismutase (SOD) and also glutathione peroxidase (GPx), through the activation of the Nrf2/Keap1 nuclear complex [49]. In another study, CBD treatment reduced the extent of liver damage caused by I/R injury, as evidenced by decreased levels of serum markers of liver injury and reduced histopathological changes in liver tissue [50]. CBD treatment also reduced oxidative stress in the liver, which is evidenced by the observed reduction in malondialdehyde levels and concurrent enhancement in the activity of antioxidant enzymes, such as superoxide dismutase and catalase. CBD treatment reduced cell death in the liver, as evidenced by reduced levels of apoptotic markers. In di Giacomo et al. study [51], CBD, and CBG antioxidant potential were studied in rat astrocytes and isolated cortexes. Both cannabinoids significantly increased cell viability and decreased the levels of ROS in astrocytes exposed to hydrogen peroxide-induced oxidative stress. Moreover, CBD and CBG significantly reduced lipid peroxidation and increased the activity of antioxidant enzymes in astrocytes. In another study, Kubiliene et al. [52], investigated the effect of cannabis sativa L. extract on oxidative stress markers in vivo. The administration of cannabis extract reduced markers of oxidative stress, such as malondialdehyde (MDA), and protein carbonyl (PC) in the liver and kidney tissues of rats. Moreover, the extract increased the activity of enzymes, superoxide dismutase (SOD), and catalase (CAT) in both liver and kidney tissues. The extract also increased the total antioxidant capacity (TAC) in the plasma of rats. The cannabis plant is known to contain a wide variety of secondary metabolites such as cannabinoids, terpenes, and flavonoids, which contribute to its pharmacological effects. For the antioxidant potential of the cannabis plant not only cannabinoids might be responsible but also terpenes [53,54], or flavonoids [55,56]. In a study on different varieties, the antioxidant potential was also changeable [57], confirming the thesis. The composition and quantity of these compounds can vary significantly among different cannabis varieties, making the cannabis market rich in diversity. Therefore, it is important for consumers to be aware of the differences in cannabis plant varieties, and to select cannabis products that are appropriate for their specific needs. The differences are noticeable in various biological activity directions, also in antioxidant potential, which was proven within this study.



Another aspect highlighted in this study is that not only cannabis flowers are rich in cannabinoids, but leaves are also a valuable source of cannabinoids and other health-promoting secondary plant metabolites. The study highlights the importance of exploring the potential of underutilised cannabis leaves, which show promise in the prevention of diseases. By exploring the utilisation of cannabis leaves, rather than solely relying on inflorescence, opportunities for therapeutic applications can be expanded, contributing to advancements in medical and supplementary industries. Other studies in this field confirm this approach. The study of Jin et al. [58] showed that inflorescences and leaves are relatively abundant in cannabinoids, monoterpenoids, sesquiterpenoids, and flavonoids, while stem barks and roots contain triterpenoids and sterols. In recent research conducted on the Industrial Hemp Futura 75 Cultivar [59], the phytochemical profile of the leaves was analysed to explore their potential health-promoting compounds. The study revealed the presence of various compounds, including a newly identified cannabinoid derivative, and seven known components, such as CBD, CBDA, β-cannabispirol, canniprene, cannabiripsol, and cannflavin B. Of particular interest was the high content of CBD observed in all preparations which could lead to a significant biological activity in synergism with other compounds. Tiago et al. [60] investigated deep eutectic solvents for the extraction of bioactive compounds from cannabis sativa L. flowers and/or leaves. The study found that cannabis leaves contain a variety of health-promoting compounds, including cannabigerol (CBG), quercetin, and kaempferol, which have anti-inflammatory, antioxidant, and neuroprotective effects. The study of Liu et al. [61] utilised 12 hemp leaf extracts from different germplasms and regions, specifically from Shanxi Province and Hunan Province, to investigate the content of CBD, THC, and CBN, shedding light on the potential therapeutic and industrial benefits of these compounds. Hemp leaves, especially those cultivated in Shanxi, reduced the release of pro-inflammatory cytokines and inhibited the cell morphological changes and membrane damage of lipopolysaccharide-induced inflammatory cells.



Cannabis leaves offer a multitude of benefits. By recognising the value of cannabis leaves and implementing efficient cultivation practices to minimise waste, we can maximise their potential as a green resource and harness their numerous advantages for human health-promoting, disease prevention, and environmental sustainability.




5. Conclusions


Cannabis leaves are known to contain a wide range of antioxidants, and this also includes cannabinoids, which have been shown to have significant health benefits. Using cannabis leaves as an antioxidant source can be a cost-effective option as they are often discarded during the cultivation of cannabis plants for their seeds or fibres. Moreover, the use of cannabis leaves as a source of antioxidants may also have environmental benefits as it can reduce waste and promote sustainable agriculture practices. This current study illuminates that not only the flowers and seeds of cannabis possess potential health benefits, but also the leaves; moreover, a comprehensive understanding is fostered regarding the diverse therapeutic potential inherent in this plant. The beneficial cannabinoid profile found in cannabis leaves was highlighted, as well as their antioxidant potential.



In this current research, the antioxidant potential of Białobrzeskie, Tygra, and Henola varieties obtained by ultrasound-assisted extraction and maceration by methanol, ethanol, isopropanol, and their 50:50 (v/v) mixtures were studied. All of the extracts have been found to possess antioxidant properties that can help protect against oxidative damage caused by free radicals. Białobrzeskie leaves extract obtained with ultrasound-assisted extraction with methanol was determined as the strongest antioxidant. Further research is needed to explore possible other directions of biological activity of cannabis leaves also involving in vivo studies. Other extraction techniques, various applications, and delivery methods might be suggested.
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Figure 1. The chromatogram of cannabinoids in Cannabis inflorescences extracts: CBD (cannabidiol), CBG (cannabigerol), Δ9-THC ((-)-delta 9-tetrahydrocannabinol), and CBC (cannabichromene). 
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Figure 2. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in DPPH assay. Columns with different superscript letters (a–g) differ significantly (p < 0.05). 
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Figure 3. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in ABTS assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05). 
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Figure 4. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in CUPRAC assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05). 
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Figure 5. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in FRAP assay. Columns with different superscript letters (a–f) differ significantly (p < 0.05). 
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Figure 6. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by maceration with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in DPPH assay. Columns with different superscript letters (a–g) differ significantly (p < 0.05). 
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Figure 7. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by maceration with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in ABTS assay. Columns with different superscript letters (a–f) differ significantly (p < 0.05). 
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Figure 8. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by maceration with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in CUPRAC assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05). 
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Figure 9. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by maceration with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), presented as mg trolox/g plant material studied in FRAP assay. Columns with different superscript letters (a–g) differ significantly (p < 0.05). 
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Figure 10. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of 50:50 (v/v) mixtures of methanol (MOH), ethanol (EtOH), and isopropanol (IOH), presented as mg trolox/g plant material studied in DPPH assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05). 
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Figure 11. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of 50:50 (v/v) mixtures of methanol (MOH), ethanol (EtOH), and isopropanol (IOH), presented as mg trolox/g plant material studied in ABTS assay. Columns with different superscript letters (a–e differ significantly (p < 0.05). 






Figure 11. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of 50:50 (v/v) mixtures of methanol (MOH), ethanol (EtOH), and isopropanol (IOH), presented as mg trolox/g plant material studied in ABTS assay. Columns with different superscript letters (a–e differ significantly (p < 0.05).
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Figure 12. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of 50:50 (v/v) mixtures of methanol (MOH), ethanol (EtOH), and isopropanol (IOH), presented as mg trolox/g plant material studied in CUPRAC assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05). 






Figure 12. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of 50:50 (v/v) mixtures of methanol (MOH), ethanol (EtOH), and isopropanol (IOH), presented as mg trolox/g plant material studied in CUPRAC assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05).
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Figure 13. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of 50:50 (v/v) mixtures of methanol (MOH), ethanol (EtOH), and isopropanol (IOH), presented as mg trolox/g plant material studied in FRAP assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05). 






Figure 13. The results of the antioxidant activity of Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E) with the use of 50:50 (v/v) mixtures of methanol (MOH), ethanol (EtOH), and isopropanol (IOH), presented as mg trolox/g plant material studied in FRAP assay. Columns with different superscript letters (a–h) differ significantly (p < 0.05).
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Figure 14. Contributions of variables (DPPH, ABTS, CUPRAC, FRAP, cannabinoids content) to PCs. 
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Table 1. The content of cannabinoids present in Białobrzeskie, Henola, and Tygra leaves extracts obtained by ultrasound-assisted extraction (U-A.E), and maceration with the use of methanol (MOH), ethanol (EtOH), isopropanol (IOH), and 50:50 (v/v) mixtures of these solvents: CBD (cannabidiol), CBG (cannabigerol), Δ9-THC ((-)-delta 9-tetrahydrocannabinol), CBC (cannabichromene), as mg cannabinoid/g dry plant material.
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Plant Material

	
Extraction

	
Extractant

	
CBD Content

	
CBG Content

	
Δ9-THC Content

	
CBC Content




	
Mean Value ± SD




	
μg of Cannabinoid per Gram of Dry Plant Material (μg/g)






	
Białobrzeskie L.

	
U-A.E

	
MOH

	
184.51 ± 5.61

	
6.10 ± 0.21

	
0.51 ± 0.01

	
0.71 ± 0.01




	
Białobrzeskie L.

	
U-A.E

	
EtOH

	
145.82 ± 4.32

	
6.04 ± 0.32

	
0.32 ± 0.02

	
0.74 ± 0.03




	
Białobrzeskie L.

	
U-A.E

	
IOH

	
145.83 ± 4.32

	
6.05 ± 0.22

	
0.32 ± 0.03

	
0.62 ± 0.05




	
Białobrzeskie L.

	
Maceration

	
MOH

	
182.71 ± 5.22

	
6.17 ± 0.32

	
0.43 ± 0.03

	
0.83 ± 0.05




	
Białobrzeskie L.

	
Maceration

	
EtOH

	
145.01 ± 0.91

	
5.57 ± 0.41

	
0.32 ± 0.02

	
0.71 ± 0.02




	
Białobrzeskie L.

	
Maceration

	
IOH

	
147.03 ± 2.60

	
5.64 ± 0.32

	
0.33 ± 0.02

	
0.72 ± 0.01




	
Białobrzeskie L.

	
U-A.E

	
MOH + EtOH

	
186.33 ± 4.13

	
6.35 ± 0.32

	
0.55 ± 0.02

	
0.82 ± 0.02




	
Białobrzeskie L.

	
U-A.E

	
EtOH + IOH

	
138.84 ± 2.53

	
5.66 ± 0.44

	
0.41 ± 0.01

	
0.73 ± 0.03




	
Białobrzeskie L.

	
U-A.E

	
MOH + IOH

	
137.74 ± 3.14

	
5.87 ± 0.75

	
0.32 ± 0.01

	
0.73 ± 0.02




	
Tygra L.

	
U-A.E

	
MOH

	
205.23 ± 3.11

	
8.44 ± 0.41

	
0.43 ± 0.02

	
0.84 ± 0.02




	
Tygra L.

	
U-A.E

	
EtOH

	
178.75 ± 7.41

	
8.55 ± 0.47

	
0.43 ± 0.02

	
0.75 ± 0.02




	
Tygra L.

	
U-A.E

	
IOH

	
159.13 ± 1.56

	
7.3 ± 0.35

	
0.34 ± 0.04

	
0.85 ± 0.03




	
Tygra L.

	
Maceration

	
MOH

	
201.13 ± 1.15

	
8.67 ± 0.61

	
0.41 ± 0.04

	
0.81 ± 0.04




	
Tygra L.

	
Maceration

	
EtOH

	
185.07 ± 7.14

	
8.64 ± 0.55

	
0.40 ± 0.05

	
0.84 ± 0.02




	
Tygra L.

	
Maceration

	
IOH

	
178.12 ± 2.46

	
8.11 ± 0.71

	
0.41 ± 0.04

	
0.83 ± 0.01




	
Tygra L.

	
U-A.E

	
MOH + EtOH

	
201.74 ± 5.01

	
8.32 ± 0.51

	
0.41 ± 0.04

	
0.82 ± 0.01




	
Tygra L.

	
U-A.E

	
EtOH + IOH

	
177.61 ± 7.41

	
8.04 ± 0.42

	
0.34 ± 0.03

	
0.72 ± 0.02




	
Tygra L.

	
U-A.E

	
MOH + IOH

	
181.30 ± 2.92

	
8.45 ± 0.32

	
0.43 ± 0.01

	
0.83 ± 0.01




	
Henola L.

	
U-A.E

	
MOH

	
173.41 ± 8.35

	
4.44 ± 0.33

	
0.13 ± 0.02

	
0.63 ± 0.01




	
Henola L.

	
U-A.E

	
EtOH

	
166.86 ± 6.23

	
5.12 ± 0.43

	
0.12 ± 0.01

	
0.62 ± 0.01




	
Henola L.

	
U-A.E

	
IOH

	
154.26 ± 4.21

	
4.40 ± 0.13

	
0.11 ± 0.01

	
0.64 ± 0.02




	
Henola L.

	
Maceration

	
MOH

	
210.91 ± 3.14

	
5.34 ± 0.34

	
0.11 ± 0.02

	
0.75 ± 0.03




	
Henola L.

	
Maceration

	
EtOH

	
155.32 ± 2.25

	
4.95 ± 0.41

	
0.12 ± 0.02

	
0.63 ± 0.03




	
Henola L.

	
Maceration

	
IOH

	
158.13 ± 1.63

	
4.64 ± 0.20

	
0.12 ± 0.03

	
0.64 ± 0.04




	
Henola L.

	
U-A.E

	
MOH + EtOH

	
195.64 ± 1.87

	
5.54 ± 0.22

	
0.13 ± 0.01

	
0.62 ± 0.04




	
Henola L.

	
U-A.E

	
EtOH + IOH

	
160.53 ± 4.63

	
5.02 ± 0.31

	
0.14 ± 0.02

	
0.60 ± 0.01




	
Henola L.

	
U-A.E

	
MOH + IOH

	
163.70 ± 5.88

	
5.21 ± 0.32

	
0.14 ± 0.04

	
0.61 ± 0.02
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