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A B S T R A C T   

Functional nutrition is a key tool for preventing and improving health conditions both in humans and animals. 
Among the different functional ingredients, industrial hemp (Cannabis sativa L.) has received particular attention, 
with most studies extolling its high nutritional value, however it also has several functional benefits due to its 
content of the different bioactive molecules. This study thus comprehensively analyzes the chemical and func
tional aspects of hulled hemp seeds, and also assesses the retention of these functional properties after the 
digestive process in order to consider using hemp in animal nutrition. Bioactive molecules were identified 
through metabolomic analysis along with the determination of the total phenolic and total flavonoid content. 
The functional properties of the hemp seeds were also determined before and after digestion, which was 
simulated with a 3-step in vitro process. Specifically, the antioxidant activity was assessed using the 2,2-azino-bis- 
(3-ethylbenzothiazoline-6-sulfonate) assay (ABTS), while the antimicrobial activity was assessed by the micro
dilution method. The analysis confirmed the high nutritional value of hemp seeds, represented mainly by crude 
lipids (52.02 ± 0.94% on a fresh matter basis) and crude protein (34.52 ± 0.38% on a fresh matter basis). The 
metabolomic characterization highlighted bioactive molecules belonging to the polyphenol and flavonoid fam
ilies. These molecules could explain the antioxidant activity observed (2720.95 ± 85.58 μM Trolox equivalents) 
and the antimicrobial properties. Our results also highlighted those bioactive compounds also persisted after in 
vitro digestion. The polyphenol content increased after digestion from 172.30 ± 4.06 mg TEA/g of sample after 
the oral phase to 358.60 ± 14.04 mg TEA/g of sample after the intestinal phase. The same trend was also 
observed for flavonoids (from 4.39 ± 1.11 mg CE/g sample to 20.97 ± 1.40 mg CE/g sample). In vitro digestion 
significantly increased (p < 0.01) the radical scavenging capacity of the plants, suggesting an increase in the 
bioavailability of the bioactive compounds in the hulled hemp seeds after digestion. In conclusion, the high 
nutritional value of hemp combined with its functional nature suggest that hemp can be considered a viable 
alternative for the feed industry. It provides essential nutrients and simultaneously promotes the health status of 
animals, overall contributing to the reduction in antibiotics.   

1. Introduction 

Functional nutrition has emerged as a valuable approach to pre
venting and managing health issues in both humans and animals [1–3]. 
Antioxidant-rich foods form the cornerstone of functional nutrition [4], 
and hemp has been increasingly recognized for its potential health 
benefits. Hemp (Cannabis sativa L.) was initially used for medical pur
poses and later in industry [5]. After being banned in the 1970s, it was 
reintroduced to the consumer market in European, thanks to the 
establishment of delta-9-tetrahydrocannabinol (Δ⁹-THC) limits [6]. 

Hemp is now used in arable farming due to its agronomic qualities [7] 
for soil remediation according to nutritional ecology principles [8]. In 
addition to its agronomic resilience, the hemp plant can be used as a 
source of bioactive compounds for nutritional use, and the waste and 
by-products from industry can be used in biofuel production [9]. To
day’s society faces several challenges, such as overpopulation, global 
warming, and biodiversity losses [10]. A holistic and sustainable 
approach from a circular economy perspective has therefore become 
fundamental, promoting the responsible use of resources and waste 
reduction and fostering innovation for a more resilient and equitable 
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future [11]. Industrial hemp crops have recently gained attention due to 
their sustainability potential, and given the many waste products 
derived from industrial hemp processing [12]. In fact, the size of the 
global market of industrial hemp which was estimated to be $4.74 
billion in 2022 and is expected to grow at a compound annual growth 
rate (CAGR) of 17.1% from 2023 to 2030 [13]. Different parts of the 
hemp plant, such as roots, stems, seeds, and flowers, serve various in
dustrial fields [14–16]. Overall, hemp seeds are widely recognized for 
their high nutritional value. They contain approximately 20–25% pro
tein, which consists of essential amino acids (i.e., histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and 
valine). They are thus characterized by a high biological value; 20–30% 
carbohydrate-rich insoluble fibre; and 25–35% lipids, which are repre
sented by polyunsaturated fatty acids (PUFAs) [17]. In addition, hemp 
seeds are rich in natural antioxidants and other functional components, 
such as bioactive peptides, phenolic compounds, tocopherols, caroten
oids, and phytosterols [18,19]. The functional aspects of hemp seeds are 
still poorly investigated. Hemp is rich in natural antioxidants and other 
functional components related to the benefits found in vivo after 
hemp-based food intake [20]. However, in animal production, these 
aspects are highly important [21] considering the urgent need for a 
reduction in antibiotics [22] due to the global concern regarding anti
microbial resistance [23,24]. In fact, from the perspective of animal 
livestock, which reflects the principles dictated by the One Health 
approach [25], it is increasingly important to introduce ingredients that 
are considered functional and promote health and prevent diseases [26]. 
The introduction of hemp seeds into the diets of laying hens has been 
shown not to have any adverse effects on egg-laying performance and, at 
the same time, led to an increase in linoleic acid and alpha-linolenic acid 
in the egg yolk [27–29]. Taubner and colleagues [30] highlighted that 
adding flaxseed and hemp seed (80 and 50 g/kg feed, respectively) to 
broiler feed increases digestive enzyme activities, positively affecting 
growth parameters, feed conversion and digestibility. Hemp is a good 
source of protein that is not degraded by the rumen and is therefore 
suitable for use in ruminant feed. The introduction of hemp seeds as a 
protein source into the diet of calves instead of a mixture of soybean 
meal and barley (1.0 kg of protein feed [i.e., 1.0 kg of hempseed cake vs. 
0.5 kg of soybean meal and 0.5 kg of barley] animal− 1 day− 1) led to a 
similar production and improved rumen function [31,32]. In a recent 
article, we highlighted the potential of hemp in the pet food sector as 
animal feed [33]. However, little is known about the individual bioac
tive components of hemp and the interactions that occur within this 
organism. Our aim in the present study was to, therefore, perform a 
comprehensive chemical and functional characterization of hulled hemp 
seeds in order to assess their nutritional potential and properties for use 
in animal nutrition. In addition, given the current lack of studies 
assessing whether the bioactive activities of hemp are retained even 
after the digestive process and, therefore, whether hemp provides health 
benefits, our second aim was to investigate whether these functional 
properties are also maintained after the digestive process. 

2. Materials and methods 

2.1. Chemical composition 

The chemical analyses were performed on the samples following the 
“Official Methods of Analysis,” according to AOAC [34], to determine 
the main nutritional components (ash, crude fiber, crude protein, ether 
extract). 

2.2. Extraction procedure 

For the evaluation of functional compounds, the following extraction 
procedure was employed. Five grams of Cannabis sativa L. ground seeds 
were defatted twice in 10 mL of n-hexane and placed in an ultrasonic 
bath for 5 min. Afterwards, the sample was centrifuged at 5000×g for 5 

min at RT, after which the hexanoic phase was discarded. A total of 10 
mL of HPLC-H2O and 10 mL of acetonitrile were added to the sample, 
which was manually agitated for 2 min. QuEChERS salts (Agilent, Cal
ifornia, United States) were added to the sample. The sample was again 
manually agitated for 2 min, and then centrifuged at 5000×g for 5 min at 
room temperature (RT). After centrifugation, the supernatant was dis
carded, and 10 mL of methanol was added. The sample was manually 
agitated for 2 min and centrifuged at 5000×g for 5 min at RT. The su
pernatant was filtered through a 0.22 μm RC filter. 

2.3. HPLC-Q-TOF-MS/MS metabolomic characterization 

High performance liquid chromatography (HPLC) and mass spec
trometric analyses (LC–MS2) were performed according to the methods 
of Xiang and colleagues [35] through an HPLC (Sciex, Massachusetts, 
USA) instrument equipped with a photodiode array (PDA) detector 
(Sciex, Massachusetts, USA) and an autosampler (Sciex, Massachusetts, 
USA) coupled to a quadrupole time-of-flight mass spectrometer 
(Q-TOF-MS) (X500R QTOF, Sciex, Massachusetts, USA) with some 
modifications. Briefly, the analytical column used was a 100 mm × 3 
mm Accucore C18 column (Thermo Fisher Scientific, Waltham, USA). 
Ten microliter of the sample was injected by an autosampler and eluted 
through the column with a binary mobile phase consisting of A (water 
containing 0.1% formic acid) and B (methanol containing 0.1% formic 
acid). A flow rate of 0.4 mL/min was used. A 35 min linear gradient was 
programmed as follows: 0–5 min, 0.5% A, 99.5% B; 5–25 min, 75% A, 
25% B; 25–31 min, 5% A, 95% B; and 31–35 min, 95% A, 5% B. Com
pounds were identified by comparing retention time (RT) and UV 
spectral information with those in the library of Natural Compounds 
(Sciex, Massachusetts, USA) and confirmed by HPLC-Q-TOF-MS2. 

2.4. Evaluation of total polyphenol content (TPC) 

TPC of C. sativa L. extracts, at different dilutions (100%; 50%; 25%; 
12.5%; 6.25%; 3.12%), was evaluated by the Folin-Ciocalteu method, 
according to Attard [36]. TPC was determined spectrophotometrically 
at 630 nm (V-630 UV–vis, JASCO, Germany). Calibration curves were 
prepared in five 1:2 dilutions, from 960 μg/mL to 60 μg/mL, with tannic 
acid as the standard. Each sample and standard were run in triplicate. 
The TPC was expressed as Tannic Acid Equivalents (TAE) per mg of 
seeds (mg TAE/100g). 

2.5. Evaluation of total flavonoid content (TFC) 

TFC of C. sativa L. extract, at different dilutions (100%; 50%; 25%; 
12.5%), was measured using the aluminum chloride (AlCl3) colori
metric method described by Herald, T.J [37]. Each sample and standard 
were run in triplicate. Calibration curves were prepared in 1:2 serial 
dilutions, from 250 μg/mL to 7 μg/mL, with catechin as the standard. 
TFC was expressed as mg catechin equivalent (CE) g− 1 sample (mg 
CE/g). 

2.6. Evaluation of antioxidant properties 

2.6.1. Evaluation of total antioxidant capacity (TAC) 
TAC of C. sativa L. extracts was assessed using an antioxidant assay 

kit (MAK334 Sigma-Aldrich, MO, USA) following the manufacturer’s 
instructions. The TAC of the sample was calculated by the following 
formula: 

TAC (μM)=
(A570)sample − (A570)blank

Slope
(
μM− 1) ∗ n  

where 
(A570)sample = absorbance of the sample 
(A570)blank = absorbance of the medium blank 
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n = sample dilution factor 

2.6.2. Evaluation of ABTS radical scavenging activity 
The scavenging activity of the hemp seeds was evaluated using an 

ABTS assay according to Hsu et al. [38]. Briefly, 10 μL of the sample was 
added to 1 mL of ABTS•+ working solution. The absorbance was recor
ded every 6 min for a total of 30 min of incubation in the dark, and all 
the determinations were performed in triplicate. The percentage inhi
bition of radical scavenging activity (PI%) was calculated according to 
Frazzini et al. [39]. 

2.7. Growth inhibition assay 

A liquid culture-based growth inhibition assay with Escherichia coli 
O138 was performed to assess their ability to inhibit bacterial growth 
[40]. The growth inhibition assay was performed according to Frazzini 
et al. [41] on three different concentrations (1:4, 1:8; 1:16). In order to 
verify the replicability of the experiment using the same procedures, all 
assays were performed in technical quadruplicate and with three bio
logical replicates. This included repeating the investigation starting 
from the sample extraction and repeating the test on different days. 

2.8. Minimal inhibitory concentration (MIC) 

MIC were determined through the broth microdilution method. 
Briefly, hemp seed extracts at different concentrations (20 mg/mL, 15 
mg/mL, 10 mg/mL, 5 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.1 mg/mL, and 0 
mg/mL) were prepared by diluting the dried extracts with Luria–Bertani 
(LB) broth. A total of 100 μL of the different concentrations were plated 
in a 96-well microplate, and 10 μL of an overnight culture of E. coli O138 
in LB broth (approximately 106 CFU/mL) was inoculated in each well of 
the plate, except for the blank and negative control (CTRL− ) wells, and 
incubated at 37 ◦C for 20 h. The change in absorbance was determined 
after the microplates were read at 620 nm in a microplate reader spec
trophotometer (Scan-Ready P-800, Life Real, Hangzhou, China). The 
following formula was used to estimate the inhibition rate: 

Inhibition Rate (%)= 100 ∗

(
ODCTRL− − ODsample
ODCTRL− − ODBlank

)

The MIC was defined as the lowest extract concentration that did not 
produce turbidity compared to that of a positive control (0 mg of 
extract/mL) [42]. All the experiments were performed in technical 
triplicates and with two biological replicates. 

2.9. In vitro digestion 

In vitro digestibility was determined according to the methods of 
Minekus et al. [43] with some modifications. Briefly, 1 g of ground 
hulled Cannabis sativa L. seeds was weighed, and 20 mL of deionized 
water was added to 1 mL of α-amylase solution (150 mg of α-amylase 
[Sigma–Aldrich A3176–500KU] in 1 mL of CaCl2 1 M). The samples 
were then incubated at 37 ◦C for 30 min. The pH was then adjusted to 2 
using HCl, and 2 mL of pepsin solution (100 mg of pepsin; Sigma‒ 
Aldrich P7000) in 2 mL of 0.1 M HCl was added to each sample. The 
samples were then incubated at 37 ◦C for 120 min. The pH was restored 
to neutral with NaOH and 2 mL of pancreatin/bile solution (200 mg of 
pancreatin (Sigma‒Aldrich P1625) + 50 mg of bile (Sigma‒Aldrich 
B8631) in 2 mL of 0.1 M NaCO3). Finally, the samples were incubated at 
37 ◦C for 180 min. At the end of the in vitro digestion, a soluble fraction 
and an undigested fraction (UF) were obtained. The UF mixture was 
then collected in a filtration unit using a porcelain filtration funnel lined 
with pre-weighed filter paper (Whatman no. 54). The UF mixture and 
filter paper were dried overnight at 65 ◦C. The UF was used to calculate 
the in vitro digestibility (IVD) using the following equation: 

IVD (%)=
(sample (DM) − sample UF (DM))

(sample (DM) ∗ 100)

2.10. Determination of total phenolic and flavonoid contents after in vitro 
digestion 

At the end of each digestive phase (oral, gastric, and intestinal), al
iquots (2 mL) corresponding to the digested fraction were taken and 
frozen at − 80 ◦C to stop the enzymatic activity and subsequently used to 
evaluate the TPC and TFC during in vitro digestion following the pro
cedure described in Sections 2.4 and 2.5 below. 

2.11. Bioaccessibility index 

The bioaccessibility indices of phenolic and flavonoid compounds 
were calculated according to Santana Andrade and colleagues [44], 
based on the following formulas: 

Phenolic bioaccesibility (%)=

(
PC2

PC1

)

∗ 100  

Flavonoids boaccesibility (%)=

(
FC2

FC1

)

∗ 100  

where PC1: total phenolic content before in vitro digestion; PC2: total 
phenolic content after in vitro digestion; FC1: total flavonoid content 
before in vitro digestion; and FC2: total flavonoid content after in vitro 
digestion. 

2.12. Determination of antioxidant activity after in vitro digestion 

The assessment of antioxidant activity following the different stages 
of digestion (oral, gastric, and intestinal) was performed by evaluating 
the ABTS radical scavenging activity according to Hsu et al. [38], as 
described in Section 2.6. 

2.13. Determination of growth inhibition capacity against Escherichia coli 
O138 following simulation of the in vitro digestive process 

To determine the growth inhibition capacity against Escherichia coli 
during and after digestion, the protocol of Pettersen and colleagues [45] 
was readjusted. Briefly, a culture of E. coli was prepared and allowed to 
grow overnight to obtain a concentration of 106 cells/ml. The in vitro 
digestion model of Minekus et al. [43], was performed as described in 
Section 2.9. Specifically, at the beginning of the digestive phase, 1 mL of 
cultured Escherichia coli was added to the sample to an initial concen
tration of 106 cells/ml per gram of sample. At the end of each digestive 
phase (oral, gastric, and intestinal), aliquots (2 mL) corresponding to the 
digested fraction were taken, and their absorbance was read by a spec
trophotometer at a wavelength of 600 nm. The measured OD was then 
converted into the log10 of the number of cells/mL, considering 1 OD = 1 
* 109 cells/mL [46]. All assays were performed in triplicate to verify the 
replicability of the experiments. 

2.14. Statistical analysis 

All the data were analysed using GraphPad Prism (version 9.0.0). 
The normality of the distribution of the data and residuals was evaluated 
by D’Agostino–Pearson tests. For the total polyphenol content, the data 
were analysed using one-way analysis of variance (ANOVA). Antioxi
dant activity data were analysed using one-way and two-way analysis of 
variance). For the growth inhibition assay, the data were analysed using 
two-way analysis of variance, which included the effects of treatment, 
time, and their interaction. Post hoc pairwise comparisons were per
formed using Bonferroni Sidak’s test. The data are reported as the mean 
± standard error, and differences were considered to be statistically 
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significant at p ≤ 0.05. 

3. Results 

3.1. Chemical-nutritional composition 

To determine the main nutritional components (ash, crude fibre, 
crude protein, ether extract), the chemical composition of hulled 
C. sativa L. seeds was analysed using the Official methods [34]. The 
results showed that hemp seeds, with a moisture equal to 6.75 ± 0.64%, 
had high amounts of crude lipids (52.02 ± 0.94% on a fresh matter 
basis) and crude proteins (34.52 ± 0.38% on a fresh matter basis), while 
the ash and fibre values were 3.61 ± 0.27% and 3.01 ± 0.10%, 
respectively, on a fresh matter basis. 

3.2. Evaluation of the metabolomic profiles of the main molecules with 
bioactive properties 

To identify the most commonly found bioactive molecules in hemp 
seeds, a metabolomic profiling analysis was carried out via HPLC-QTOF- 
MS/MS. This analysis revealed the presence of different molecules with 
bioactive properties in the hulled hemp seeds (Table 1). Most of the 
molecules found belonged to the class of phenols and flavonoids. The 
most common polyphenolic molecule found in the hemp seed extract 
was 4-hydroxybenzoic acid, with a peak area of 1628036. In addition to 
phenols and flavonoids, other molecules were revealed from different 
biochemical classes known for their bioactive characteristics. Our re
sults showed high levels of linoleic acid, an essential fatty acid (EFA); 
geniposide, a natural component derived from the class of iridoid gly
cosides; and citric acid, an organic acid. 

3.3. Evaluation of TPC and TFC 

The TPC was evaluated in the extract of hulled hemp seeds using 
tannic acid as a reference standard. The results showed that the content 
was correlated with the dilution tested which, in the undiluted sample, 
was equal to 251.80 ± 6.34 mg TEA/g of sample (Fig. 1a). In addition to 
polyphenols, hemp seeds are known for their high content of flavonoids. 
This was also highlighted in our study, where the flavonoid content 
followed the same trend as that found in the polyphenol analysis, 
decreasing proportionally to the dilution. In our sample, the flavonoid 
content was thus equal to 71.16 ± 0.70 mg CE/g of sample (Fig. 1b). 

3.4. Evaluation of antioxidant activity 

The TAC was analysed, and the results revealed that the extract of the 
hulled hemp seeds had a TAC of 2720.95 ± 85.58 μM Trolox equivalent. 
In addition to TAC, the ability of the hemp seed extract to neutralize free 
radicals generated by the ABTS radical system was also evaluated. Our 
study revealed that, regardless of the dilution used, the oxidation pro
cess was completed after 30 min of incubation, during which the per
centage inhibition of radical scavenging activity reached the maximum 

level (Fig. 2). After 30 min of incubation, the hulled hemp seeds had an 
ABTS radical scavenging activity, expressed as a percentage inhibition 
(PI%), equal to 60.00 ± 2.73 at a dilution of 1:2., As expected, the PI% 
decreases as the dilution factor increases until it reached a value of 7.06 
± 1.04 at a dilution of 1:32 (Fig. 3). 

3.5. Evaluation of antimicrobial activity 

3.5.1. Assessment of the growth inhibition against Escherichia coli O138 
The growth inhibition activity of different dilutions (1:4, 1:8, 1:16) 

was evaluated against Escherichia coli, a gram-negative bacterium. The 
O138 strain of our strain library was isolated from E. coli and had been 
previously genetically characterized to verify the presence of two viru
lence factors: VT2e toxin and F18 adhesive fimbriae [40]. The results 
obtained showed that the 1:8 dilution was the optimal dilution for 
testing the growth inhibition of E. coli. Considering Log10 cells/mL, the 
absorbance of the hemp extracts (v/v) was lower than that of the bac
teria during natural growth (Fig. 4b). On the other hand, this antimi
crobial effect was not visible at lower and subsequent dilutions. The 
results (Fig. 4) highlighted that after 3 h of incubation, the addition of 
hemp extract to the E. coli liquid culture inhibited bacterial growth. 

3.5.2. Evaluation of the MIC against Escherichia coli O138 
The data obtained from the evaluation of growth inhibition against 

E. coli were confirmed by determining the MICs. As shown in Table 2, a 
concentration of 10 mg/ml, corresponding to an extract concentration of 
1:8, was the lowest concentration at which an antimicrobial effect of the 
extract was observed against E. coli O138. The lowest inhibitory con
centrations determined revealed an inhibition rate of 87% for the hemp 
seed extracts. 

3.6. Evaluation of total polyphenols and flavonoids following in vitro 
digestion 

The TPC and TFC were evaluated following the in vitro digestion 
process to assess the behavior of bioactive molecules following the 
digestive process. Our results, shown in Fig. 5a, revealed that at the end 
of the oral phase, there was partial degradation, with a consequent 
reduction in phenolic compounds (172.30 ± 4.06 mg TEA/g of sample). 
A significant (p < 0.01) increase in the TPC (501.50 ± 9.98 mg TEA/g of 
sample) was observed at the next stage compared to the initial content. 
Lastly, following the intestinal phase, the TPC was significantly lower 
than in the previous phase (358.60 ± 14.04 mg TEA/g of sample, p <
0.01). The same trend was also observed for flavonoids (Fig. 5b). As 
highlighted from the polyphenol analysis during the first phase of 
digestion, the release of flavonoids was minimal (4.39 ± 1.11 mg CE/g 
of sample). This value increased considerably during the gastric stage (p 
< 0.01) when the assay performed revealed that the TFC was equal to 
48.74 ± 1.93 mg CE/g of sample, and the value was halved (20.97 ±
1.40 mg CE/g of sample, p < 0.01) throughout the intestinal phase. 

Table 1 
Chemical compounds identified after HPLC and mass spectrometric analysis.  

Biochemical class Compound identified Formula Area RT (min) [M − H]- (m/z, Da) m/z (Da) of main fragments (relative intensity, %), MS/MS 

Essential fatty acid Linoleic acid C18H32O2 93659855 20.67 279.2320 261.21 (10); 279.23 (95) 
Flavonoids Glucosylvitexin C27H30O15 298389 13.08 593.1511 293.04 (100); 413.08 (80); 593.15 (15) 

Vitexin-2-O- 
rhamnoside 

C27H30O14 789316 13.04 577.1557 293.04 (100); 311.05 (20); 413.08 (70); 457.11 (10); 577.15 
(10) 

Iridoid glycoside Geniposidic acid C16H22O10 597106 7.14 373.1137 59.01 (70); 96.96 (20); 211.06 (100) 
Organic acid Citric acid C6H8O7 191313429 2.38 191.0194 67.01 (80); 85.02 (35); 87.00 (100); 111.00 (90) 
Phenols 4-Hydroxybenzoic acid C7H6O3 1628036 13.35 137.0244 65.03 (30); 93.03 (100) 

p-Coumaric acid C9H8O3 1507500 8.13 163.0401 93.03 (50); 117.03 (20); 119.05 (100) 
Isoferulic acid C10H10O4 11288204 9.12 193.0505 134.03 (100) 
Pinoresinol Diglucoside C32H42O16 128565 11.02 681.2394 151.04 (10); 357.13 (1009  
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3.7. Evaluation of the bioaccessibility indices of phenolic and flavonoid 
compounds 

After evaluating the presence of bioactive compounds following the 
digestive process, the bioavailability of these compounds were assessed. 
The results showed that after the digestive process, the phenolic com
pounds had a bioavailability of 142.39%. In contrast to phenolic com
pounds, molecules belonging to the flavonoid class were less 
bioavailable, with a bioavailability index of 29.47%. 

3.8. Evaluation of functional activity after in vitro digestion 

3.8.1. Evaluation of antioxidant activity after in vitro digestion 
Regarding the antioxidant activity analysed following the digestive 

process, the antioxidant activity (Fig. 6), expressed as a PI%, increased 
as the digestion time progressed from 39.97 ± 0.71% after the oral 
phase to 50.28 ± 0.62% at the end of the intestinal phase (p < 0.01). 

3.8.2. Evaluation of antimicrobial activity after in vitro digestion 
The antimicrobial capacity of the hemp seeds was also maintained 

during the digestion process. In fact, as shown in Fig. 7, during the 
gastric and intestinal phases, the sample simulating the ingestion of 
hemp seeds was shown to significantly (p < 0.01) inhibit the growth of 
Escherichia coli by 12.57% and 14.94%, respectively. In addition, the 

antimicrobial activity of the hemp seeds significantly (p < 0.01) 
increased between the first and second phases of digestion, from 7.16 ±
0.07 log10 cell/mL to 6.67 ± 0.01 log10 cell/mL. This trend, although 
less obvious, was maintained between the following two phases of 
digestion. In fact, during the last phase of digestion (the intestinal 
phase), the log10 cell/mL ratio was equal to 6.57 ± 0.10 (p = 0.023). 

4. Discussion 

4.1. Chemical-nutritional composition 

4.1.1. Nutritional composition 
The data obtained from the bromatological analysis confirmed that 

Cannabis sativa L. seeds are a highly nutritional source of protein [47]. In 

Fig. 1. Principal bioactive compounds in the hulled hemp seed extracts. (a) Total phenolic content (TPC). (b) Total Flavonoid Content (TFC). TAE: tannic acid 
equivalent; CE: catechin equivalent. The data are shown as the means ± standard deviations (SDs) (n = 3). 

Fig. 2. Percentage inhibition (PI%) of radical scavenging activity at five 
different dilutions (1:2; 1:4; 1:8; 1:16; 1:32) of hulled hemp seed extract in 
relation to incubation time used to perform the ABTS assay. The data are shown 
as the means ± standard deviations (SDs) (n = 3). 

Fig. 3. Percentage inhibition of radical scavenging activity (PI%) at five 
different dilutions (1:2; 1:4; 1:8; 1:16; 1:32) of hulled hemp seed extract after 
30 min of incubation. The data are shown as the means ± standard deviations 
(SDs) (n = 3). 
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the matrix considered in this study, the decortication process enabled us 
to reduce the fibre content (mostly from the husks and hulls), thus 
obtaining raw materials with a higher protein and lipid content [48]. 

This aspect has become increasingly important. The high protein 
content required for animal production diets is a challenge for Europe in 
terms of finding alternative protein sources that can replace soybean 
meal, which is the most commonly used plant protein due to its technical 
and nutritional properties, but which is increasingly less available on the 
market [49]. Due to their high protein content, hulled hemp seeds 
therefore represent an interesting alternative to traditional protein 
sources. 

However, the decortication process also leads to the production of 
ingredients with a higher lipid content, which need to be considered in 
the diet formulation. In the case of hulled hemp seeds, the lipids present 
are mainly polyunsaturated, more than 70% of which are essential fatty 
acids (n-3 and n-6) which are necessary for regulating the organism’s 
metabolic activity. This highlights the need for appropriate preservation 
strategies to prevent peroxidative processes [50]. 

Hemp seeds are therefore a good source of polyunsaturated and 
essential fatty acids, and the high value of n-3 could contribute to the 
favourable shift in the omega-6/omega-3 ratios [51]. For this reason, 
hemp oil, which is made by pressing whole seeds and is available on the 
market, is regarded as an excellent source of essential fatty acids. In 
addition, the low amount of moisture matter ensures good product 
conservation. In fact, the controlled humidity of the seeds used as a food 

resource is considered the most important process for maintaining the 
quality of non-perishable preserved foods, such as legumes and different 
varieties of cereals. In fact, inadequate food storage leads to a loss of 
quality and nutrients and, consequently, to the wastage as it can no 
longer be consumed. 

4.1.2. Evaluation of the metabolomic profiles of the main molecules with 
bioactive properties 

Most of the molecules found through the HPLC-QTOF-MS/MS anal
ysis are phenols and flavonoids that are known for their biological 
properties, such as antioxidant, antimicrobial, and anti-inflammatory 
activities [52]. The molecules belonging to the phenol chemical class, 
found by metabolomic analysis have antioxidant, antimicrobial, and 
anti-inflammatory effects. The antioxidant capacity of phenols, charac
terized by the presence of OH groups, decreases the rate of organic 
matter oxidation by transferring a hydrogen atom from their OH groups 
to chain-carrying ROO• radicals. This transfer likely involves the syn
chronized movement of hydrogen as a proton and one electron between 
the two oxygen atoms, known as the proton-coupled electron transfer 
mechanism (O–H⋯O•) [53]. 

Phenols and their derivatives are also known for their antimicrobial 
activity. The effects of phenolic compounds on bacterial cells can 
damage the bacterial membrane, inhibit virulence factors such as en
zymes and toxins, and suppress the formation of bacterial biofilms [54]. 

Among the other molecules revealed through HPLC-QTOF-MS/MS, 

Fig. 4. Hulled hemp seed extract growth inhibition against E. coli F18+. (a) Growth inhibition assay at a dilution of 1:4. (b) Growth inhibition assay at a dilution of 
1:8. (c) Growth inhibition assay at a dilution of 1:16. The data are shown as the means and standard errors. Asterisks (n = 3) with different superscripts are 
significantly different; ***p < 0.001, *p < 0.05. 

Table 2 
Minimal inhibitory concentration (MIC) of hulled hemp seeds against Escherichia coli F18+.  

Minimal Inhibitory Concentrations (MICs) 

Extract concentration (mg/mL) 20 15 10 5 1 0.5 0.1 
Inhibition rate (%) 76.98 86.79 87.01 86.44 75.71 49.08 33.12  

S. Frazzini et al.                                                                                                                                                                                                                                 



Journal of Agriculture and Food Research 16 (2024) 101084

7

linoleic acid regulates inflammatory responses [55]. EFAs give rise to 
biologically active hormones called eicosanoids, which have short 
half-lives. Eicosanoids derived from n-3 EFAs have anti-inflammatory 
properties, whereas those originating from n-6 EFAs are proin
flammatory. Geniposide is a natural component of the iridoid glycoside 
class with several bioactive properties [56], such as antioxidant [57], 
anti-inflammatory [58], and antifungal [59] properties. 

Lastly, our analysis revealed the presence of citric acid, which is an 
organic acid that is not typically considered as a bioactive compound. 
However, in addition to improving the shelf life of food products, it is 
essential for various biological processes that indirectly affect the body 
[60]. 

4.2. Evaluation of TPC and TFC 

Our results of the analysis of the polyphenol content of hulled hemp 
seeds were in line with those found in the literature [61]. Although TPC 
was found to be strongly correlated with several factors, such as hemp 
variety, growing conditions, and processing method [62–64], it is well 
known that hemp seeds are rich in bioactive components, including 
polyphenols [65]. One of the primary polyphenols found in hemp seeds 
is Cannflavin A, a flavone that has been shown to have potential 
anti-inflammatory properties [66]. Additionally, hemp seeds contain 
other polyphenolic compounds, such as proanthocyanidins, flavonoids, 
lignans, hydroxycinnamic acids, and hydroxybenzoic acid [17,65]. 
These compounds have antioxidant, anti-inflammatory, prebiotic, and 
antimicrobial properties and may help protect the body against oxida
tive stress and damage caused by free radicals [67–69]. In addition, 
flavonoids and other metabolites are believed to interact with canna
binoids and alter their characteristics, resulting in a diverse array of 
pharmacological effects based on distinct cannabis chemotypes [70]. 

4.3. Evaluation of the functional properties of Cannabis sativa L. Seeds 

4.3.1. Assessment of antioxidant activity 
The results from the TAC, are in line with the data in the literature 

[71,72], and are also supported by the metabolomic analyses which 
showed the presence of several molecules with antioxidant activities. In 
fact, in addition to the presence of polyphenolic compounds, the 
metabolomic profile showed the presence of molecules, such as linoleic 
acid and geniposidic acid. Although they are not polyphenols, these 
molecules still have several bioactive properties [56]. As with all 
vegetable matrices, hemp seeds produce a wide variety of secondary 
metabolites that serve as defence and signaling compounds [73]. The 
active principles of secondary metabolites and plants can form a com
plex that combines the effects of different compounds to ensure a wide 
array of biological and pharmacological properties [74]. 

Following the determination of total antioxidant activity, our study 
also evaluated the ability of hemp seed extract to neutralize the free 
radicals generated by the ABTS radical system. 

The results obtained firstly showed that the incubation time needed 
to achieve total scavenging activity was 30 min, which is in agreement 
with the literature [75]. Although the used incubation time for the ABTS 
assay is approximately 6 min [76], the incubation time can vary 
depending on the research methodology, the objectives of the study, and 
the nature of the samples being tested [77]. When the ABTS assay is used 
for fat matrix samples, such as hemp seeds, an extended incubation time 
is often employed compared to that used for aqueous samples. This is 
because the oxidation reactions in fats tend to be slower than those in 
aqueous systems [78]. Moreover, Dawidowicz and Olszowy [79] re
ported that the type of solvent used significantly affects the estimated 
antioxidant activity of the phenolic compounds in the ABTS assay. In 
particular, their antioxidant activity increases with the aliphatic chain 
elongation in alcohol. This difference is mainly due changes in the sol
vation energy of ABTS•+ by the solvent used rather than from changes in 
the dissociation of the phenolic compounds. 

Fig. 5. Bioaccessibility of the principal bioactive compounds in hulled hemp seeds. (a) Total phenolic content (TPC) after in vitro digestion. (b) Total flavonoid 
content (TFC) after in vitro digestion. TAE: tannic acid equivalent; CE: catechin equivalent. The data are shown as the means ± standard deviations (SDs) (n = 3). 
Asterisks (n = 3) with different superscripts are significantly different; ****p < 0.0001. 
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At the peak of scavenging activity, after 30 min of incubation, the 
antioxidant activity values expressed in terms of percentage inhibition 
showed that the decorticated hemp seeds had a good antioxidant power. 
Our data values appear lower than those of Kalinowska and colleagues 
[80], who reported that the antioxidant activity of hemp seeds was 
93.30 ± 1.09%. This difference can be explained by considering the 
hulling process of the hemp seeds we analysed, which can affect the 
antioxidant capacity. The hull or outer shell of seeds typically contains a 
significant portion of the phenolic compounds and antioxidants. 
Therefore, removing the hulls can potentially reduce the antioxidant 
capacity of hemp seeds [61,81]. In any case, as shown from our results 
and other studies [61,82], hulled hemp seeds can retain a considerable 
antioxidant capacity even after hull removal. 

4.3.2. Assessment of antimicrobial activity 
The antimicrobial activity of the hemp seed extract was evaluated, 

since several studies have shown that some secondary metabolites (such 
asphytoalexins, phenolic compounds, and terpenes) produced by plants 
can perform a variety of functions, including defence against pathogenic 
microorganisms, thus demonstrating an antimicrobial activity [83–85]. 
In the present study, we evaluated the antimicrobial activity of hulled 
hemp seeds against Escherichia coli, specifically against the E. coli O138 
strain. 

Our study showed that hemp seeds can only partially inhibit the 

growth of E. coli, however their antimicrobial ability was observed only 
at high concentrations. The results obtained are in line with those found 
in the literature. In fact, the inhibition of the growth of E. coli is likely 
due to the high content of polyphenols present in the hemp seed extract 
[40]. 

However in terms of antimicrobial efficacy, the results in the liter
ature are mixed. Comparable results to ours were found by Pasquali and 
colleagues [86], who reported that industrial hemp plants (Cannabis 
sativa L. variety Futura 75) exhibited in vitro antimicrobial effects 
against foodborne pathogens such as L. monocytogenes and Staphylo
coccus spp. but not against S. Typhimurium or E. coli. On the other hand, 
some authors report greater antimicrobial power against gram-negative 
bacteria [87]. 

This discrepancy could be explained by the solvent used for the 
extraction. Khan et al. [88] reported that oil, aqueous, and ethanol ex
tracts were found to be only slightly active against E. coli. In contrast, 
high activity was attributed to methanol and petroleum hemp extracts. 
In addition, the antioxidant activity of hemp seeds is frequently asso
ciated with the content of cannabidiol (CBD) [87,89] since the hemp 
seeds under consideration complied with the legally prescribed levels of 
CBD, which could explain the overall antioxidant activity found. 

4.4. Evaluation of TPC and TFC following in vitro digestion 

Our evaluation of the bioactive molecules, polyphenols, and flavo
noids following in vitro digestion was in line with the literature [90], 
revealing that at the end of the oral phase, there was partial degradation, 
with a consequent reduction in phenolic compounds [91,92]. This 
degradation was followed by an increase in TPCs during the gastric 
phase. This can be attributed to the fact that in the gastric tract, the pH is 
low (pH 2), which promotes phenol release. Finally, following the in
testinal phase, the TPC decreases again due to the instability of poly
phenols at a neutral pH (pH 7) [90]. The same trend was also observed 
for flavonoids. The observed trend in flavonoid content following the 
different stages of digestion could be related to the chemical trans
formations that occur during the digestive process. The increase in 
flavonoid content observed at the end of the gastric phase could be the 
result of the action of enzymes on the residual matrix. In contrast, the 
lower values observed during the oral and intestinal stages could be due 

Fig. 6. Percentage inhibition of radical scavenging activity (PI%) after in vitro 
digestion of hulled hemp seed extract after 30 min of incubation. The data are 
shown as the means ± standard deviations (SDs) (n = 3). Asterisks (n = 3) with 
different superscripts are significantly different; ****p < 0.0001. 

Fig. 7. Growth inhibition of hulled hemp seeds against E. coli F18+ during the 
digestive process. The data are shown as the means ± standard deviations (SDs) 
(n = 3). Asterisks (n = 3) with different superscripts are significantly different; 
****p < 0.0001, *p = 0.023. 
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to degradation or isomerization in the presence of oxygen and/or tran
sition metal ions under near-neutral conditions [93]. In the oral phase, 
although saliva seems to play a role in enhancing the availability of 
polyphenols, the initial interaction of oral enzymes with these com
pounds is limited, especially for carbohydrate-rich foods [94,95]. In the 
stomach, flavonoids degrade, and in the small intestine, various pro
cesses occur, such as deglycosylation and hydroxylation [96]. The 
compounds then undergo further transformations in the large intestine 
by microbial action [97]. Accurately determining the performance of 
these phenolic compounds during the digestive process is complex and 
closely related to the methodology employed [98]. However, our results 
agree with those found in the literature [99–101]. 

4.5. Evaluation of the bioaccessibility indices of phenolic and flavonoid 
compounds 

Calculation of the bioavailability of bioactive compounds revealed 
that phenolic compounds have a high bioavailability since the 
bioavailability of phenolic compounds may increase following saliva
tion, which allows for better solubilization of the phenolic compounds 
themselves [95]. In addition, the pH is lower (pH 2) during the gastric 
phase, which could promote the release of phenols, thereby increasing 
their availability at the intestinal level [90]. In contrast, molecules 
belonging to the flavonoid class are less bioavailable. Balakrishnan and 
Schneider [102] reported that flavonoids are bioaccessible during 
digestion and are largely released during the gastrointestinal phase. 
However, the low bioavailability of flavonoids disclosed in our study 
may be related to interactions at various stages of digestion, which are 
strongly affected by the molecular structure of flavonoids [103]. 

4.6. Evaluation of functional activity after in vitro digestion 

The results of our antioxidant activity analysis following the diges
tive process are consistent with the scientific evidence available. Ac
cording to Pinacho et al. [104], phenolic compounds undergo a reaction 
in response to the alkaline pH of the intestinal phase. The passage from 
an acidic medium to an alkaline medium is related to an increase in 
phenolic and flavonoid compounds, which in turn are associated with 
increased antioxidant activity [105]. This phenomenon arises due to the 
deprotonation of hydroxyl groups within aromatic rings [106,107]. 
Another aspect that influences antioxidant capacity is the interaction of 
phenolic compounds with other compounds released during digestion, 
such as minerals or dietary fibre, which affects solubility and phenol 
availability [108]. 

As shown by the analysis conducted in this study, hemp seeds can 
also exert antimicrobial activity, possibly because of their high content 
of polyphenols, which, as reported by Patnaik and colleagues [109], are 
known for their antibacterial activity, especially against S. aureus and 
E. coli. The results obtained after the in vitro digestion highlighted that 
hemp seeds retain their growth-inhibiting ability even during this pro
cess. Although kinetics studies should be conducted to assess the exact 
behavior during digestion, with these preliminary data, we can therefore 
state that the secondary metabolites in hemp seeds that confer antimi
crobial activity were not affected by changes in the environmental 
conditions occurring during digestion. 

5. Conclusion 

This study investigated the functional properties of hulled hemp 
seeds by employing a metabolomics approach supplemented with an in 
vitro evaluation of several significant functional characteristics. Our 
study revealed the presence of bioactive molecules, such as polyphenols 
and flavonoids, within hulled hemp seeds. These results help to explain 
the results later found during functional assays carried out in vitro, which 
showed that hemp seeds possess strong antioxidant and antimicrobial 
capabilities. Our results also highlighted that the functional properties of 

hemp seeds were maintained during the digestion process, further 
reinforcing the beneficial effects that introducing this by-product within 
the diet. The high nutritional value of hemp seeds combined with their 
functional value suggest that hemp seeds can be considered as viable 
ingredients for the animal feed industry. We believe that the encour
aging results obtained in this study therefore lay a solid foundation for 
future in vivo studies. 
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