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Abstract: Hemp (Cannabis sativa L.) is a versatile crop that can be processed to obtain
different products with multiple applications. Its seeds are a well-documented ancient
source of proteins, fibers and fats, all of which possess high nutritional value. Additionally,
metabolites such as flavones and phenols are present in the seeds, contributing to their
antioxidant properties. Due to hemp seeds’ distinctive nutritional profile, the interest
in exploring the potential use in food and nutraceuticals is growing, and they can be
considered an interesting and promising alternative resource for human and animal feeding.
Omics studies on hemp seeds and their by-products are also being developed, and they
contribute to improving our knowledge about the genome, transcriptome, proteome,
metabolome/lipidome, and ionome of these sustainable food resources. This review
illustrates the main nutrients and bioactive compounds of hemp seeds and explores the
most relevant omics techniques and investigations related to them. It also addresses the
various products derived from processing the whole seed, such as oil, dehulled seeds,
hulls, flour, cakes, meals, and proteins. Moreover, this work discusses research aimed at
elucidating the molecular mechanisms underlying their protein, lipid, fiber, and metabolic
profile. The advantages of using omics and multi-omics approaches to highlight the
nutritional values of hemp seed by-products are also discussed. In our opinion, this work
represents an excellent starting point for researchers interested in studying hemp seeds as
source of nutrients and bioactive compounds from a multi-level molecular perspective.

Keywords: Cannabis sativa; hemp; hemp seeds; nutrients; bioactive compounds; omics;
multi-omics

1. Introduction

Hemp (Cannabis sativa L.) is the oldest cultivated crop belonging to the Cannabaceae
family, considered to be a multipurpose crop thanks to its morphological variability and
versatility [1,2]. In fact, its seeds are used for nutrients, medicines and fuels, stalks for tis-
sues, and inflorescences for medicines [1]. Hemp contains several cannabinoids, including
Ag—tetrahydrocannabinol (THC) and cannabidiol (CBD), which are the most investigated
secondary metabolites produced by cannabis among the ~250 identified ones [3,4]. Ac-
cording to the THC content, hemp can be categorized into two types, the drug type (THC
> 0.3%) and non-drug type (THC < 0.3%) [4]. This crop has been widely used as a fiber
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source for a long time, but the non-drug type or industrial hemp can be used for food, feed,
and also for therapeutic purposes [5].

Hemp seeds, which are commonly referred to as seeds from industrial hemp, are a
well-documented natural source of proteins, carbohydrates, and fats with a high nutri-
tional value (Figure 1) [6,7]. Whole hemp seeds contain 20-25% proteins [8,9], 20-30%
carbohydrates [5,6,10], whose values are comparable to those found in whole flax (Linum
usitatissimum L.) seeds [11], and 25-35% fats [10,12]. They also contain fat-soluble vita-
mins, such as vitamin A and E [6,7], and minerals, like potassium, magnesium, and zinc
(4-7.6%) [7,13,14]. A substantial amount of polyunsaturated fatty acids (PUFAs), that are
not commonly found in vegetable oils, has also been reported. These include linoleic (w-6)
and oc-linolenic acids (w-3), comprising approximately 50% and 20% of the total fatty acids,
respectively [6,15].
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Figure 1. The most relevant nutrients in hemp seeds.

Metabolites, such as flavones and phenols, are also contained in the seeds, contributing
to their antioxidant properties [16,17], with beneficial effects on human health, particu-
larly on the cardiovascular system and/or the immune response, as well as preventing
diabetes [18-20].

In recent years, research into the potential use of industrial hemp seeds in food and
nutraceuticals has increased due to their distinctive nutritional profile, confirming their role
as a promising alternative and sustainable resource for human and animal nutrition [21].
For instance, hemp seeds can be processed as a whole [16], reduced to flour [22], or
transformed into oil [23,24]. Oil is the main component of hemp seed processing, with
pressed cake and meal considered by-products. However, these by-products are now used
to enrich foods to obtain functional foods, due to their chemical and nutritional values [25].
Indeed, they contain high amounts of bioactive compounds, carbohydrates, lipids, organic
acids, proteins, vitamins, and minerals, that can be isolated and added in foods as well as
in pharmaceutics [11,26,27].

Nevertheless, today, residual material from hemp seeds processing is often considered
waste and used as biomass [28]. This overlooks the potential value of this residual material,
which could be transformed into resources for new products. Adopting this approach
allows for the sustainable use of hemp seeds and their by-products, meeting the current
needs to reduce food waste and implement circular economy strategies [29-32].

Omics studies on hemp have been growing in recent years. The recent easing legisla-
tion regulating its cultivation has promoted cannabis research, along with the availability
of its genome sequences, which has become a focus of the scientific community [33-36]. In
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addition, gene expression investigations have also been crucial for a better understanding
of the cannabinoid metabolic pathways [37,38]; similarly, several metabolomics [12,39,40]
and proteomics investigations have been carried out on hemp seeds [41-43] and their
products [44—46], contributing to improving our knowledge about the proteome and the
metabolome of these sustainable food resources. Multi-omics studies have also demon-
strated that this interdisciplinary approach is a powerful tool to detect correlations between
biological processes and metabolic pathways across different omics layers, and also to
explore novel metabolites with therapeutic potential [36,47].

This work illustrates the main nutrients and bioactive components of hemp seeds,
as well as the by-products derived from them. Omics and multi-omics techniques and
studies aimed to investigate hemp seed nutritional and bioactive profile are also reported
and discussed.

The review was conducted following a narrative approach to provide a comprehensive
overview of the existing literature. The selection of references was based on a combination
of strategies to ensure relevance and accuracy. Specifically, we prioritized articles published
in recent refereed journals dating back to about 15 years ago, that highlight omics and
multi-omics research on the nutritional properties of hemp seeds and their by-products.
To identify these articles, we conducted a search using relevant keywords such as “hemp
seed”, “Cannabis sativa”, “nutrients”, “bioactive compounds”, “omics”, and “multi-omics”
across databases, including PubMed, Scopus, and Web of Science. In addition to recent
publications, we also included key publications and highly cited articles that are consid-
ered foundational in the field, ensuring that the review provides historical context and
acknowledges key research milestones.

This work represents in our opinion a potential resource for future molecular biology
research focused on this natural source of nutrients and bioactive compounds.

2. Hemp Seed Nutrients and Bioactive Compounds

Numerous studies have investigated the chemical composition of hemp seeds, high-
lighting a rich profile of fatty acids, proteins, oils, and phenolics [7,24,25,48-51]. Despite
extensive research, the complexity of these components has so far precluded a complete and
exhaustive characterization. Notably, the content of these constituents can vary significantly
among different cultivars [39,52], different environments, and agronomic conditions [17,53].

Particularly, the year of cultivation (growing season) significantly influences (p < 0.05)
the contents of lipids, total dietary fiber, and fatty acids, such as y-linolenic, linoleic, «-
linolenic, oleic, and stearic acid [54]; conversely, protein content is not affected by growing
season [53]. In contrast, the profiles of proteins, dietary fiber, lipids, and fatty acids strongly
varied between growing year and genotype [53]. The impact of environmental conditions
on the metabolite content of hemp seeds was also highlighted [17].

Overall, plant genotype and environmental conditions can affect the quantity and
quality of macronutrients and phytochemicals in hemp seeds, thereby influencing their
nutraceutical properties [42].

Table 1 summarizes the concentration, biological effects, and references for the most
abundant oils, polysaccharides, proteins, vitamins, and minerals in hemp seeds.

2.1. Proteins

Whole hemp seeds typically contain approximately 25% proteins, and this percentage
increases in dehulled seeds due to the removal of dietary fiber-rich outer shells [55]. This
protein content is higher than or comparable to other protein-rich seeds, such as quinoa
seeds (~13%) and flax seeds (~21%) [9,56], making hemp seeds a valuable addition to
food products.
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Furthermore, hemp seed proteins are easily digestible and contain an adequate amount
of all the essential amino acids [25,57], providing sufficient amounts of all 9 essential amino
acids, including those required for the nutritional needs of two-to-five-year-old children [58].
The most abundant amino acid is the glutamic acid, followed by arginine [59], a non-
essential amino acid that plays a crucial role in the production of nitric oxide contributing
to vasodilatation and improving human blood circulation [60,61]. In addition, hemp seed
proteins provide high quantities of sulfur-containing amino acids, such as methionine and
cystine, which may contribute to enhanced antioxidant properties [9,62].

The hemp seed protein content mainly includes two types of storage proteins [63] with
exceptional nutritional potential: globulins (predominantly edestin) and albumins [64,65].
Edestin, a salt-soluble globulin, constitutes a substantial portion of the total storage protein
in hemp seeds, ranging from 60% to 75% [9,14]. This protein, classified within the legume
family, is rich in essential amino acids [6,66]. Hemp seeds edestins have 11S globulin
features and, on the basis of their amino acid composition, are generally categorized into
three groups (typel, type2, and type3) [64,67]. All three protein types were very rich in
arginine and glutamic acid, with edestin type2 particularly rich in methionine residues
and type3 edestin also abundant in cysteine and methionine [64,67], suggesting that these
proteins can be used to improve the nutritional quality of plant-based food.

On the other hand, albumin (2S albumin), a water-soluble protein, comprises the second
major fraction of hemp seeds storage proteins, accounting for approximately 25-30% [14].
Meanwhile, 7S vicilin-like protein is the least abundant storage protein, typically around
5% [9].

Therefore, hemp seed protein products are suitable for inclusion in diets designed
for individuals with low-protein intakes and lactose intolerance, as well as for vegans
and vegetarians. Moreover, these proteins have been increasingly incorporated into food
products such as bakery items, milk alternatives, and meat substitutes [68-71].

The enzymatic hydrolysis of hemp seed proteins using enzymes such as alcalase,
pepsin, or trypsin produces bioactive peptides. These proteins derived have demonstrated
potent antioxidant activity, a subject of significant research interest in recent years. Aiello
et al. [72] reported on the hydrolysis of hemp seed proteins by pancreatin, pepsin, trypsin,
and a mixture of these enzymes. Pancreatin achieved the highest degree of hydrolysis (DH)
at 47.5%, followed by trypsin (46.6%), the enzyme mixture (34%), and pepsin (19.7%). The
study also revealed a direct correlation between peptide yields and DH values, with each
hydrolysate exhibiting a distinct protein and peptide composition.

Taking into account these findings, hemp seed protein hydrolysates show promise
as versatile ingredients in functional foods. However, the bioavailability of hemp seed
peptides remains an area requiring further investigation, a challenge also observed with
peptides from other plant sources [73].

2.2. Lipids

Hemp seeds oils contain up to 90% unsaturated fatty acids [39], of which 70% to over
80% is composed by PUFAs [10], and are characterized by an optimal w-6/w-3 ratio of 3:1
between, according to the European Food Safety Agency (EFSA) recommendations [74].
Linoleic acid (LA) and «-linolenic acid (ALA) are precursors to w-6 and w-3 PUFAs and
are known as essential fatty acids (EFAs), since they cannot be synthesized by mammals
and must be included in the diet, and are also able to prevent several diseases [10,75,76].

The long-chain PUFAs arachidonic acid (AA), derived from LA conversion, and do-
cosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), derived from ALA, are the
biologically active forms in humans. These PUFAs are essential for various physiologi-
cal processes, such as maintaining cell membrane structure, supporting cardiovascular



Int. J. Mol. Sci. 2025, 26, 5219

5 of 38

health, and regulating metabolic and inflammatory processes through the synthesis of
prostaglandin and leukotriene, maintaining skin integrity, and ensuring proper brain func-
tion. Several studies [39,53] have reported that the Finola cultivar exhibits the highest ALA
content. In addition to LA and ALA, hemp seed oil contains stearidonic acid (SDA), a
precursor of other fatty acids, and the y-linolenic acid (GLA), both of which show anti-
inflammatory properties. Specifically, SDA can increase the level of EPA in erythrocytes and
plasma phospholipids, contributing to the anti-inflammatory effects [10]. GLA is rapidly
converted to Dihomo-y-Linolenic Acid (DGLA), which is located in the cell membrane,
where it serves as a precursor for anti-inflammatory metabolites [77]. Notably, the Finola
cultivar contains high amounts of SDA and GLA [10].

Furthermore, the unsaponifiable fraction of hemp seed oil contains tocopherols, in-
cluding the isomers -, 3-, y-, and 8-tocopherol. These are the primary antioxidants in
hemp seed oil protecting it from oxidation by scavenging free radicals [10,78].

Overall, the unique fatty acid profile and antioxidant content of hemp seed oil make it
a valuable dietary component for promoting overall health and well-being.

2.3. Carbohydrates

The whole hemp seed contains approximately 28% polysaccharides, of which about
5.5% are water-soluble and 22% are insoluble polysaccharides, while the defatted hemp
seed meal contains approximately 42.5% total polysaccharides [11].

Despite the substantial amount of polysaccharides in hemp seed, the nature and the
content of the non-cellulosic polysaccharides, including xylan, xyloglucan, and pectin,
remain relatively understudied. These polysaccharides contribute to dietary fiber, defined
as the part of plant material resistant to enzymatic digestion, which is important for
human health.

Dietary fiber has been shown to improve insulin sensitivity, reduce appetite and
food intake (thus decreasing the risk of obesity and diabetes), and lower total blood
cholesterol. Furthermore, gut microbiota fermentation of dietary fiber produces short-chain
fatty acids with anti-carcinogenic and anti-inflammatory properties [79]. In hemp seeds,
several studies have reported that dietary fiber constitutes a significant portion of total
carbohydrates, with the insoluble fraction being predominant [6,56]. Therefore, hemp seed
dietary fibers deserve attention as a valuable ingredient to enhance the fiber content of
foods products. The inclusion of hemp seed polysaccharides in the diet can thus offer
multiple benefits, particularly in promoting gut health and metabolic regulation.

2.4. Vitamins and Minerals

Lipids determine the type of fat-soluble vitamins present in hemp seeds [14,80]. The
most abundant vitamins are vitamin E (tocopherols), which helps mitigate oxidative stress,
and vitamin A (mostly 3-carotene), essential for healthy skin development [14,81]. In
addition, the B vitamin group, which contributes to the maintenance of a healthy nervous
system, is also well-represented in hemp seeds [7].

Among vitamin E vitamers, y-tocopherol is the most abundant, followed by «- and
d-tocopherols [82,83]. These compounds are known to preserve the oxidative stability of
hemp seed oils and positively affect their storage [84].

Several recent studies have quantified tocopherols in different hemp seed oils.
I1zzo et al. [85] reported tocopherol content ranging between 3.47 and 13.25 mg/100 g across
cultivars from different geographic regions. Similar findings were related by Aiello et al. [86]
and Liang et al. [87]. Furthermore, a-tocopherols have been implicated in vitamin A
metabolism [88], while cholesterol [89] and vitamin D metabolism share overlapping
biosynthetic pathways [90].
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Minerals are also present in hemp seeds, although their bioavailability is not well
understood [7]. Minerals are classified as micronutrients due to their low dietary require-
ment (ranging from 1-2500 mg/day, depending on the mineral); they are nevertheless
essential for various physiological and structural functions in human health. Minerals are
categorized as macro-elements (required in amounts > 50 mg/day), including phosphorous
(P), potassium (K), magnesium (Mg), calcium (Ca), and sodium (Na), and as micro-elements
or in-trace elements (required in amounts of <50 mg/day), such as iron (Fe), manganese
(Mn), copper (Cu), and zinc (Zn).

The mineral profile of hemp seeds has been relatively under-explored. However,
reports indicate that the total mineral content ranges from approximately 4 to 7.6% [7,13,14].
The primary macro-elements are P, K, Mg, Ca, and Na, while the trace elements include Fe,
Mn, Zn, and Cu [91]. Furthermore, authors have reported that the mineral composition of
hemp seeds is influenced by environmental conditions, soil mineral composition, and plant
variety [14].

Vitamins and minerals collectively contribute to the nutritional value of hemp seeds,
supporting various aspects of human health.

Table 1. Hemp seed nutrients *.

Component Concentration Biological Effects and Properties References
Total Oil ~25-35% [14,39]
~90% Protective effects against cardiovascular diseases,
Unsaturated fatty acids of hemp seed total obesity, diabetes mellitus, and anti-inflammatory  [14,39]
oil disorders
~70-80%
PUFAs of unsaturated FAs [10,14]
~55.1-63.7% Omega-6/omega-3 ratio, optimal value between
Linoleic acid (LA) B e 3:1 and 5:1 (EFSA) for reduction of chronic [10,14,39,75]
of oil . ; .
disease risk and mortality
a-linolenic acid (ALA) ~15..2—26.2 Yo Neuroprotectlo.n,. Vasod.hlatlon of brain arteries, [14,39,75,92]
of oil and neuroplasticity action
Anti-inflammatory action, reduction of
deficit/hyperactivity disorder, cancer, dry eye
v-linoleic acid (GLA) ~0.6-6.2% of oil syndrome, osteoporosis, diabetic neuropathy, [10,77,93,94]
ulcerative colitis, rheumatoid arthritis, and
atopic dermatitis
Stearidonic acid (SDA) ~0.9-1.5% of oil Su§ta1nab1e omega-3 source, anti-inflammatory [10]
action
Prebiotic compounds, protection of intestinal
epithelial cells from hydrogen peroxide-induced [9,10,14,95
Polysaccharides ~20-30% oxidative stress, and reduction of appetite and 9 6,] T
total LDL in hypercholesterolemia. Insulin
sensitivity
Water-soluble ~5.5% . . .
polysaccharides of polysaccharides Antimicrobial activity [11,97]
Insoluble polysaccharides ~22% Decrease in obesity and diabetes mellitus [11,14,97]

of polysaccharides
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Table 1. Cont.
Component Concentration Biological Effects and Properties References
Proteins ~20-25% Antioxidant, antihypertensive, and [25,39,41,57,
of total content hypo-allergenic agents 66]
~60-75% Vasodilatation and human blood circulation
Edestin of total storage improvement; antioxidant and antihypertensive [9,14,64,67]
protein content properties
~25-30%
Albumin of total storage High radical scavenging activity [9,14,42,43]
protein content
~5% Solubility and foaming/emulsifying properties;  [9,14,42,43
Vicilin of total storage : ) > ’ T
. radical scavenging activity 46]
protein content
S ~562.8—- Mitigation of oxidative stress and prevention of
Vitamin E (Tocopherols) 929.67 mg/kg degenerative diseases [14,21,81,83]
—tocopherols ~92.5-93.3% Antioxidant, anti-inflammatory, and anticancer [14,21,81,83,
Y p of total tocopherols  properties 98]
5-tocopherols ~1.9-3.5% Reduction of lipid accumulation in lipid storage [14,21,81,83,
p of total tocopherols  disorders. Antiangiogenic effects 99,100]
stocopherols ~3.8-6.2% Reduction of cardiovascular diseases, and [14,21,81,83,
P of total tocopherols  iskemic stroke 101]
S Essential for healthy skin development
Vitamin A ~78 mg/kg Anti-inflammatory mechanism [14,81,102]
Minerals ~4-7.6% Essential for human physiological and structural [7,10,13,14,
of total content functions 40,91]
Phosphorous (P) ~890-1.170 Support for bone augmentation and maintenance [10,103]
mg/100 g !
. ~250-2.821 Blood pressure reduction and positive influence
Potassium (K) mg/100 g on the risk of stroke and coronary heart disease [10,104]
Support for nerve transmission, cardiac
Magnesium (Mg) ~237-694 mg/100g  excitability, neuromuscular conduction, blood [10,105]

pressure, and glucose metabolism

* The values may vary depending on cultivars and cultivation conditions.

2.5. Bioactive Compounds

Hemp seeds secrete a wide variety of bioactive compounds, which are secondary
metabolites produced by the plant in response to abiotic or biotic stresses [106] and play
a pivotal role in plant-pathogen interactions [107]. They include terpenes, polyphenols,
phytosterols, carotenoids, and phytocannabinoids families [7,106]. A list of the bioactive
compounds found in hemp seeds is reported in Table 2.

Oil extracted from hemp seeds is characterized by a high concentration of terpenes,
contributing to the flavor of cannabis-based foods [108]. Furthermore, hemp terpenes
exhibit anti-inflammatory, anti-cancer, and antioxidant functions and have been shown to
enhance the pharmacological benefits of CBD through the ‘entourage effect’ [109].

Hemp seeds are also rich in phenols, water-soluble compounds which are mainly
contained in the hull fraction [16,40], often discarded during processing. These compounds,
thanks to their chemical structure, have intrinsic antioxidant activity, and may protect cell
constituents against oxidative damage, potentially limiting the risk of several degenerative
diseases associated with oxidative stress. In fact, they show various physiological activities
in the human body, including cardioprotective and anti-inflammatory effects [10].
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The main phenolic compounds detected in hemp seeds are lignans, phenols de-
rived from the shikimic acid biosynthetic pathway. Specifically, hydroxycinnamic acid
amides (HCAAs) and lignanamides are present in relevant amounts, as reported by
Leonard et al. [110].

Many phenolic compounds isolated from hemp seeds have demonstrated high
radical scavenging activity compared with quercetin. Notably, the phenolic amide
N-trans-feryoryltyramine and the lignanamides 3,3’-demethyl-grossamide and 3,3'-
demethylheliotropamide also inhibited the acetylcholinesterase (AChE) enzyme. Therefore,
they may have therapeutic potential for managing Alzheimer’s disease [111]. Moreover,
Bourjot et al. [112] found that N-trans-caffeoyltyramine, among the phenolic amides ex-
tracted from hemp seeds, exhibited the highest antioxidant and arginase inhibitor activities,
thus potentially benefiting conditions such as cancer, cardiovascular diseases, and fun-
gal infections.

Recently, bioactive molecules belonging to the polyphenols (e.g., p-Coumaric acid
4-Hydroxybenzoic acid) and flavonoids (e.g., Glucosylvitexin and Vitexin-2-O-rhamnoside)
families were identified [113]. The presence of these bioactive compounds may further
explain the antioxidant activity and antimicrobial properties of hemp seeds. Relevantly,
these metabolites persisted after in vitro digestion, significantly increasing the hemp radical
scavenging capacity. Moreover, in addition to antioxidant properties, flavonoids show
strong anti-inflammatory, anticancer, and cardioprotective activities [114].

Minor bioactive fat-soluble compounds, such as phytosterols, may also contribute to
the health benefits of hemp seed oil by protecting against cardiovascular diseases [115].
Phytosterols, which have a cholesterol-like structure, can affect cholesterol solubility in
the intestine, reducing its absorption [115]. Unlike cholesterol, phytosterols cannot be
synthesized by the human body and are found exclusively in plants. Among the phytos-
terol components, (3-sitosterol was most abundant, accounting for ~60-70% of the total
phytosterol content [83].

Carotenoids are another group of fat-soluble bioactive compounds in hemp seed
oil, which can act as antioxidants, potentially reducing the risk of degenerative diseases,
like Parkinson and Alzheimer [87]. Among carotenoids, lutein was found to be the most
abundant in hemp (1.4-3.4 mg/100 g of the whole hemp seed), followed by (-carotene
and zeaxathin, whose contents strongly depend on genotype and genotype x growing year
factors [53].

Hemp seeds contain only trace amounts of phytocannabinoids, with THC content
well below the legal threshold of 0.3% and of 0.2% established in United States and Europe,
respectively, making them safe for consumption [116]. The composition of these compounds
varies among different hemp accessions, as reported in a recent study [12].

This diverse array of bioactive compounds contributes to the potential health-
promoting properties of hemp seeds.

Table 2. Bioactive compounds in hemp seeds *.

Bioactive Concentration Hemp Seed Part Biological Effects and Properties References
Compound Values

Antioxidant, anti-microbial,

. ant%-mﬂammatory, [10,16,40,
Phenolics anti-neuroinflammatory,
. . 106,113]

neuroprotective, and anti-cancer

action
Total phenolic ~100-300 mg [10,106,117,
content (TPC) GAE/100 g Whole hemp seeds 118]




Int. J. Mol. Sci. 2025, 26, 5219 9 of 38
Table 2. Cont.
Bioactive Concentration . . .
Hemp Seed Part Biological Effects and Properties References
Compound Values
Properties similar to the medicines
Total used for the treatment of
lignanamides ~20-100 ug/g DW  Whole hemp seeds mild-to-moderate Alzheimer’s [6,110,111]
disease, such as galanthamine
Total
hy'droxycmnarmc ~22CTE/g Defatted hemp Antioxidant action [106]
acid amides seeds
(HCAAs)
Property against cardiovascular
diseases, reduction of cholesterol
Phytosterols absorption, antiviral, antifungal, and [40,115]
anti-inflammatory properties
Total phytosterol ~ ~230 mg/100 g Whole hemp seeds [119]
content (TPC) ~650 mg/100 g Oil
. ~140-160mg/100 g Whole hemp seeds \tfenuation of epidermal hyperplasia o5 19
[3-sitosterol . and immune cell infiltration in the
~390-455mg/100g Oil o 120]
psoriasis-like mouse model
Anti-inflammatory, anti-cancer, and
Terpenes antioxidant functions [109]
Raw hemp seeds
-myrcene ~3170ng/3 Roasted hemp Muscle relaxant and sedating effects [109,121,
~1180 ng/g 122]
seeds
Raw hemp seeds .
D-limonene ~1347ng/g Roasted hemp .Immur.lomodglatory properties, [121,123]
~470ng/g including antitumor effects
seeds
Carotenoids Antioxidant activity [87,124]
Lutein ~14-34mg/100g  Whole hemp seeds Beneficial effects on eye health [53,125]
[3-carotene ~0.2-0.8 mg/100 g  Whole hemp seeds  Protection against skin damage [53,126]
Prevention of the progression of eye
Zeaxanthin ~0.2-0.5mg/100g  Whole hemp seeds  diseases and antioxidant protection of [53,127]
heart and skin
Pharmacological benefits of CBD
Cannabinoids ~2.3-234 mg/kg Oil enhanced by terpenes, through the [85,109]

‘entourage effect’

* The values can vary depending on the variety, cultivation conditions, and extraction method.

3. Hemp Seed By-Products

There is a large variety of hemp seed by-products on the market, including whole

hemp seed, dehulled hemp seed, hemp hulls, hemp flour, hemp seed oil, hemp seed cake,

hemp seed meal, and hemp proteins [24]. Figure 2 illustrates the main processes to obtain

these products from hemp seeds.
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Figure 2. Schematic representation of the main products obtained from whole hemp seeds. Hemp
seed hulls and hearts are obtained through the dehulling process. Whole hemp seeds are milled
into hemp flour which is subsequently used to obtain hemp oil. The residues from these extractions
include hemp seed cake (from pressing extraction) and hemp seed meal (from solvent extraction).
Proteins are extracted from both cake and meal by-products [24].

The dehulling process allows the obtainment of hemp seed hearts and hulls, which
were often considered waste and discarded during oil extraction. However, an investigation
carried out by Chen et al. [16] reevaluated the functional properties of hulls. Indeed,
this study analyzed two hemp varieties, Bama and Yunma, to explore the relationships
between TCP and free radical scavenging activities of hemp seed products (hearts and
hulls), as well as to identify compounds with relevant antioxidant capacity. In particular,
authors identified two compounds with predominant radical scavenging activity: N-trans-
caffeoyltyramine and cannabisin B, suggesting that hemp seed hulls could be included in
dietary supplements.

Hemp oil extraction processes and related techniques are crucial to preserve the
nutritional composition of the seed oil [128]. Among the various methods, pressing and
solvent extraction are the most used to obtain oils, with seed pre-treatment and processing
conditions affecting their quality [8,128].

Techniques such as cold pressing, which involves mechanical management like ex-
trusion or pressure without altering the oil’s characteristics, have been efficiently applied
to extract hemp seed oils [129]. However, the extraction process cannot entirely prevent
the presence of undesirable flavors resulting from oxidation [7,10]. Therefore, additional
prevention strategies, such as storing hemp oil at low temperatures, are recommended
to guarantee the stability of its nutritional quality and ensure its food and therapeutic
functionalities [7,24].

Hemp flour, obtained from seeds through milling, is also an example of bio-sustainable
raw material with a high nutritional value. It contains a greater content of bound phenols
compared to free ones, which have well-known effects on cancer cell inhibition [22,130].
The most abundant free phenolic component found was cannaflavin C and the fundamental
bound phenolic components were protocatechuic acid, caffeic acid, hydroxycinnamic acid,
and cannaflavin C [22]. Furthermore, high levels in EAAs, gliadin, and glutenin-free protein
profiles were also detected, thus making hemp flour appropriate for celiac disease foods.
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A wide set of hemp protein concentrates (HPCs) and hemp protein isolates (HPIs)
can be derived from solvent-extracted oil seed, and from pressed cake or meal [65]. The
bioactivities HPIs, including antioxidant [45,65] and anti-inflammatory properties [81],
underscore the potential of hemp seeds as protein source. Moreover, the amino acid content
of proteins from these hemp seed by-products is significantly higher than that of whole
hemp seeds [55].

4. Omics in Hemp Seeds
4.1. Genomics in Hemp Seeds

Recent advancements in sequencing technologies, ranging from short-read methods
to third-generation long-read sequencing technologies such as single-molecule real-time
(SMRT) sequencing (PacBio) and Oxford Nanopore Technologies (MinION) [131-134], have
facilitated the creation of several hemp genome assemblies for different cultivars: “Purple
Kush’ ("PK’, a drug type Cannabis), ‘Finola’ ('FN’; a fiber type Cannabis), ‘Jamaican Lion’
('JL’; a wild accession), and ‘CBDRx’ (“‘cs10’; with high CBD content) [133,135]. Furthermore,
a chromosome-level reference genome of the female seed hemp “yushe’, a Chinese cultivar
was recently generated by integrating PacBio SMRT long reads and high-resolution chro-
mosome conformation capture (Hi-C) mapping [136]. The genome size was approximately
783 Mb, with a heterozygosity rate of 1.95%. Furthermore, a whole-genome compari-
son of seed hemp ‘yushe’ with two other cultivars, wild hemp and marijuana, showed
that ~14,440 gene families were shared among all three genomes and ~2635 were spe-
cific to hemp seeds [136]. The Gene Ontology (GO) enrichment analysis revealed that
30 genes were involved in the lipid catabolic process. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis identified numerous genes involved in the
oxidative phosphorylation, photosynthesis process, and in the proteasome. These findings
may explain the abundance of antioxidant components and the unique biological effects
associated with hemp seeds. Wei et al. [136] also detected approximately 35 genes involved
in the lipid biosynthesis pathway, providing insights into the mechanisms of fatty acid
biosynthesis in hemp seeds. Genes regulating early seed development included ~55 genes
related to fatty acid synthesis, eight of which involved in the FA synthesis pathway. Fur-
thermore, variations in the copy number (CN) of stearoyl-ACP desaturase (SAD) and fatty
acid desaturase (FAD) genes were observed, and this could explain the variation in the oil
content of hemp seed. Finally, two genes (Csa.DXS2 and Csa. HPPD1) resulted involved in
the vitamin E biosynthesis pathway.

The availability of hemp genomic information, combined with advancements in se-
quencing technologies, has also facilitated studies on the genetic basis of complex hemp
traits. Furthermore, whole-genome sequencing has enabled the mapping of quantita-
tive trait loci (QTL), associated with variations in numerous agronomic and biochemical
traits [137].

Advances in hemp genomics and sequencing technologies have also simplified
genome-wide association studies (GWAS) to investigate the genetic basis of various traits
in hemp. GWAS in hemp have been used for various purposes, including an exploration of
flowering time and sex information using a panel of accessions grown in different European
locations and a large set of single-nucleotide polymorphism (SNP) markers [138]. To the
best of our knowledge, GWAS studies aimed at identifying traits and candidate genes
associated with plant seed nutrient composition, such as o0il and protein content, have
been conducted in several plant species [139,140], but not yet in hemp. This represents a
notable gap, especially considering that the nutritional quality of hemp seeds, including
protein quality, as determined by amino acid composition and digestibility, is influenced
by several factors. Genotypic variability and agronomic conditions, such as soil fertil-
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ity and post-harvest processing, can significantly affect the amino acid profile and the
relative proportions of seed components [141]. Therefore, applying GWAS approaches
to hemp, including those focused on seed yield and quality traits [137], could provide
valuable insight into the genetic basis of its nutritional properties and support for targeted
breeding strategies.

Genomic Selection (GS), which often builds upon findings from GWAS, such as
relevant genetic markers or SNPs, is used to predict genomic estimated breeding val-
ues [142,143]. While GS has been applied in cannabis studies [144,145], these efforts have
primarily focused on understanding of the evolutionary history of C. sativa and optimizing
cannabinoid profiles, rather than directly targeting nutritional traits. The limited applica-
tion of GWAS and GS to investigate the nutritional composition of hemp seeds may be
attributed to the relatively recent recognition of hemp as a valuable food resource. Never-
theless, these existing studies provide a foundational framework for future research aimed
at improving the nutritional quality of hemp.

Moreover, the recent development of genome editing technologies, such as clustered
regularly interspaced short palindromic repeats (CRISPRs), offers promising opportuni-
ties to improve hemp varieties with greater precision. Gene-editing tools have already
enabled the target modification of genes involved in the biosynthesis of cannabinoids,
flavonoids, carotenoids, and seed oil quality [146-148]. These advances form the bases for
the development of hemp cultivar with enhanced nutritional and functional properties.

In addition, the role of the plant microbiome in influencing the accumulation of sec-
ondary metabolites has gained increasing attention. Advances in metagenomic techniques,
particularly those based on 16S rRNA sequencing [149], have revealed the significant im-
pact of microbial communities on plant fitness and the elicitation of secondary metabolite
production [150].

Regarding genomic studies on hemp seeds, we identified two particularly relevant
works [64,67], which are discussed in Section 4.2, as they also incorporate transcrip-
tomic approaches.

4.2. Transcriptomics in Hemp Seeds

RNA sequencing (RNA-seq) is the most widely used transcriptomic technique, pri-
marily employed to identify differentially expressed genes, elucidate regulatory networks,
and derive biological insights from gene expression data. This method has been applied in
several hemp seed studies [47,151]. Quantitative reverse transcription polymerase chain
reaction (qQRT-PCR), a molecular biology technique used to quantify gene expression and
validate RNA-seq results, has also been adopted in hemp seed investigations [64,67,76].

Transcriptomic analyses of hemp seeds have focused on various aspects, including the
biosynthesis of PUFA, seed storage proteins—mainly 115 edestin, 2S albumin, and one 75
vicilin-like—and bioactive compounds, such as flavonoids.

Several studies focused on Bama hemp, cultivated in the Bama region of Guangxi,
China, whose seeds are abundant in unsaturated FAs, particularly w-6 and w-3. For in-
stance, Nie et al. [76] applied a combined analysis of metabolomic and transcriptomic data
to investigate the fatty acid formation patterns in Bama hemp seeds during their devel-
opment stages. They found that the peak period of nutrient accumulation occurs during
the mid-stage rather than in the late development stage. Furthermore, the metabolomics
analysis showed that seed oil accumulation is positively correlated with seed size and
sugar, protein, and starch content. Finally, transcriptomics analysis identified key genes
involved in the metabolic pathway of linoleic, «-linolenic, and jasmonic acid, such as the
FAD?2 gene, which were found to be highly upregulated.
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Hemp seed proteins were investigated in a comprehensive transcriptomics study [64],
which involved hemp inbred lines. This study identified and characterized gene families
encoding precursor polypeptides of 11S edestin, 25 albumin, and 7S vicilin-like. Using a
genome-wide identification approach, all edestins were linked to specific DNA fragments.
Nucleotide sequences were analyzed using BLAST or tBLASTn search programs (https:
/ /blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 17 May 2025)) to find homologous genes,
while multiple alignments were made using Clustal Omega tool (http://www.ebi.ac.uk/
Tools (accessed on 17 May 2025)). All three protein types were very rich in arginine and
glutamic acid, with type3 edestin also abundant in cysteine and methionine. Six edestin
genes and two 2S5 albumin genes were also isolated, while only one 75S-vicilin like gene was
identified. A gene expression analysis (performed by qRT-PCR) also revealed that all genes
are expressed in the seed, with edestin typel and 25 albumin having the highest expression,
whereas 75 vicilin-like genes showed the lowest expression.

Furthermore, in a study by Docimo et al. [67], seven cDNAs encoding edestin were
isolated from the C. sativa variety Carmagnola. Based on sequence similarity, four edestin
genes were classified as edestin typel (CsEdelA, CsEdelB, CsEdelC, and CsEdelD) and three
as edestin type2 forms (CsEde2A, CsEde2B, and CsEde2C). The qRT-PCR analysis revealed
that both edestin types are expressed in hemp seeds during their development, exhibiting
a high percentage of arginine (~12%), with edestin type2 particularly rich in methionine
residues (~2.35%) when compared with edestin typel (~0.80%). A proteomics analysis
determined the amino acid composition in CsEdel and CsEde2 types, suggesting that these
proteins could be used to improve the nutritional quality of food products.

The overall expression pattern of genes and metabolite accumulation were also in-
vestigated during different hemp seed developmental stages [151]. In this study, the
metabolomic analysis of hemp seeds from the Bama region revealed a higher number of
flavonoids compared to other Chinese varieties, particularly metabolites such as cannflavins
(A, B, and C), trigonelline, citric acid, vitexin, choline alfoscerate, and choline, which may
contribute to the longevity of the local population. Furthermore, a metabolomics analysis
combined with a transcriptomic approach across four hemp seed maturity stages showed
a gradual decrease in the overall gene expression pattern and metabolite accumulation
during seed development, and underlined the role of transcription factor genes, such as
MYB, NAC, and GRAS, in the regulation of these metabolites.

4.3. Metabolomics in Hemp Seeds

Metabolomics approaches have been extensively applied to investigate the nutri-
ent and bioactive compound profiles of hemp seeds. One of the most comprehensive
metabolomic studies to date is that of Ning et al. [12], which identified over 1000 metabo-
lites across various hemp seed cultivars. These included approximately 200 flavonoids,
85 alkaloids, 150 phenolic acids, and a range of unsaturated fatty acids—particularly linoleic
acid (LA) and «-linolenic acid (ALA)—present in an optimal ratio of ~2.5-3:1, which is
considered beneficial for cardiovascular health.

The most commonly used platforms for metabolite profiling are gas chromatography
(GC) and liquid chromatography (LC), both typically coupled with mass spectrometry
(MS). LC is preferred for non-volatile compounds, while GC is suited for thermally stable
molecules. High-performance liquid chromatography (HPLC) has also been widely used.

Additionally, nuclear magnetic resonance (NMR) spectroscopy has been used for
metabolite detection in complex matrices such as hemp seeds [152]. Although NMR offers
structural insights without destructive sample preparation, it has been underutilized in
hemp seed metabolomics, mainly applied for oil quality assessment [153]. Given the com-
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plexity of the hemp seed metabolome, combining multiple analytical techniques provides
the most comprehensive results.

Since 2014, omics studies have explored the composition of hemp seed oil. For instance,
Porto et al. [52] carried out metabolomics studies on four industrial hemp cultivars, Felina
32, Chamaeleon, Uso031, and Finola, and found that all cultivars were high in w-6 and w-3
compounds, with high oxidation stability and an acceptable quality. These properties were
also reported in other hemp seeds varieties, such as the Italian Carmaenecta, Enectaliana,
and Enectarol [154].

Chen et al. [50] studied hemp seeds’ lipid profile in seven villages in Bama region by
using a targeted metabolomics approach. More in detail, a total of approximately 1020
metabolites, including around 135 lipids, were identified, and an abundant unsaturated
fatty acid content was also detected. These findings confirmed the high nutritional and
therapeutic value of hemp seeds, particularly in those from the Bama region.

About polysaccharides, only recently, their comprehensive analysis has been con-
ducted [155], with seeds from 20 hemp cultivars that were analyzed for a series of traits,
including complex carbohydrates. A metabolomic analysis revealed different polysaccha-
rides in the heart seed fraction (dehulled seed) and in the hull fraction. The heart fraction
mainly contained xyloglucan and pectin, while cellulose and xylan were predominant in
the hulls. The overall monosaccharide content in the heart was lower than in the hulls,
where the xylose was the most relevant non-cellulosic polysaccharides, ranging from ap-
proximately 5.5 to 17% w/w among the different hemp cultivars. Sucrose was the most
abundant sugar in both hull and heart hemp seeds, although it was less abundant in hulls
than in hearts. Furthermore, the heart fraction contained few starch granules (<2%).

With the aim to extend the use of hemp seed polysaccharides to functional applications
in the food industry, another study [11] investigated the physicochemical characteristics of
soluble hemp seed polysaccharides using the HPLC technique, comparing them with those
of flax seeds. The study evaluated molecular weight distribution, shape conformation,
total sugar content, and emulsification properties. The results demonstrated that hemp
seeds and flax seeds soluble polysaccharides displayed a great emulsion stability (90%
at the end of the 21st day of storage), suggesting they may represent a promising food
emulsifying agent.

Hemp seed bioactive compounds were also largely studied with metabolomics ap-
proaches. Ning et al. [12], employed a targeted metabolomics approach based on an
ultrahigh-performance liquid chromatography method coupled with a triple quadrupole
mass spectrometry system (UHPLC-QQQ-MS/MS) to study several metabolites, including
flavonoids, alkaloids, and phenolic acids, in seven hemp seeds varieties with relevant
phenotypic differences. The specific metabolite characteristics and the hub metabolites of
each variety were investigated by using a weighted gene co-expression network analysis
(WGCNA) approach, suggesting that the content of the metabolites might be responsible
for their differences. Furthermore, the proportions of each class of metabolites were similar
in all varieties; of these, lipids, flavonoids, and phenolic acids were the major metabolites.

In another study [106], the optimization of phenolic compounds extraction from defat-
ted hemp seeds using a simplex lattice mixture containing water, methanol, and acetone
was achieved. The profile was then analyzed by high-performance liquid chromatography
equipped with photodiode array detection tandem electrospray ionization mass spectrome-
try (HPLC-DAD/ESI-MS/MS) techniques, and the results confirmed the predominance of
hydroxycinnamic acid amides and lignanamides, as already reported by Leonard et al. [110].
This distinctive phenolic profile of hemp seed was also confirmed in a recent metabolomics
study [156], whose results highlighted the high variability of bioactive metabolites across
different hemp seed accessions.
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Izzo et al. [85] investigated carotenoids and polyphenols, demonstrating that both
bioactive compounds contribute to the oxidative stability of hemp seed oils by enhancing
resistance to photo-oxidation.

About terpenes, Jeong et al. [157] used electronic sensors and gas chromatography
(GC-MS/Olfactometry GC-MS) to analyze the flavor of six types of oil extracted from
roasted hemp seeds under various conditions and identified x-pinene, 3-pinene, sabinene,
a-phellandrene, linalool, and 1,3,8-p-menthatriene as the most abundant terpenes. The
roasting technique, often used in oil processing to improve the extraction yield and sensory
characteristics, was also applied by Mansouri et al. [121]. Indeed, using metabolomics
techniques, such as solid-phase microextraction (SPME) and GC, the study found that
volatile compounds in unroasted hemp seeds were dominated by terpenes (~85%), and
after roasting, they still constituted more than 69% of the identified volatile compounds,
with 3-myrcene and D-limonene being predominant in both cases.

A comprehensive qualitative and quantitative analysis of phytosterols was performed
by Blasi et al. [83], which, by using a high-resolution gas chromatography (HRGC) method,
revealed that (3-sitosterol was predominant in hemp seed oil, followed by campesterol.

The complete cannabinoid profile of ten commercially hemp seed oils using an un-
targeted metabolomics approach based on a LC method coupled with HRGC, showed
the presence of 32 phytocannabinoids, including CBD, THC, cannabicromene (CBC), and
cannabinol (CBN) [158]. Finally, Izzo et al. [85], in accordance with Citti et al. [158], reported
a cannabinoids concentration ranging from 2.265 to 233.8 mg/kg across different hemp
seed oils.

Metabolomics studies were also carried out on hemp seeds by-products. They have
confirmed the nutritional value of the hemp oil by-products, mainly pressed cake and
meal. For instance, Occhiuto et al. [23] used a metabolomics analysis to study cold-pressed
hemp seed oil and hemp seed meal, demonstrating not only the well-known properties of
the oil, such as high content of total phenols, flavonoids, and tocopherols, but also many
benefits of the hemp seed meal. The results indicated that part of the polyphenols and
tocopherols are retained, preserving the w-6/w-3 fatty acids ratio identified in the hemp
seed oil. This indicates a very relevant nutritional profile, rich in proteins and crude fibers,
thus suggesting its potential re-use as functional food.

In hemp flour, Buzzanca and Di Stefano [22] used UHPLC-ESI/Q-TOF-MS techniques
to show a greater content of bound phenols compared to free ones. The most abundant
free phenolic component found was cannaflavin C and the fundamental bound phenolic
components were protocatechuic acid, caffeic acid, hydroxycinnamic acid, and cannaflavin
C. Furthermore, high levels of EAAs (~16 g/100 g), gliadin, and glutenin-free protein
profiles were also detected. Interestingly, Sciacca et al. [44] performed a study, based on the
use combined metabolomics techniques (GC-MS, HPLC-FLD, HPLC-FLD, and GC-FID) to
explore the effects of incorporating different percentages of hemp seed flour into fortified
bread, evaluating the impact on organoleptic characteristics, total polyphenols, free radicals
scavenging activity, and amino acid content. In detail, by replacing various percentages of
durum wheat semolina with hemp seed flour, the researchers found that the fortified bread
exhibited increased antiradical and antioxidant activity, along with enhanced amino acid
content, in terms of glutamic acid, tyrosine, proline, and essential amino acids. Interestingly,
the sensory analysis confirmed a high acceptability of this nutrient-rich bread.

Many metabolomics studies used combined analytic techniques, particularly in the
analysis of lipids [50,154], polyphenolics [12,106], carotenoids [85], and terpenes [157].
This integrative approach has also been applied to the study of hemp seeds by-
products [22,23,44], helping to overcome the limitation of individual techniques and
providing more comprehensive and accurate results.
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Furthermore, phytosterols were studied using GC high-resolution techniques [83,158].
In fact, phytosterols exist in complex plant matrices, often alongside other compounds
that can interfere with their extraction and analysis. Therefore, the presence of these
components needs specialized extraction and analysis methods to accurately determine
phytosterols. Finally, combined and GC high-resolution techniques were applied for
exploring cannabinoids, due to their complex matrices.

4.4. Lipidomics in Hemp Seeds

Lipidomics, a relatively recent omics discipline introduced in the early 2000s [159,160],
enables the comprehensive profiling of the lipidome in plants and seeds, including hemp.
Its growing relevance reflects the increasing importance of lipid-based products in nutraceu-
tical, food, and clinical applications [161]. Despite the recognized richness of hemp seeds
in bioactive polyunsaturated fatty acids, their complete polar lipidome remains largely
unexplored [162].

Mass spectrometry (MS) is the method of choice for lipidomics, due to its high sen-
sitivity and specificity [163]. Techniques such as LC-MS, GC-MS, and Q-TOF are com-
monly used, along with ‘shotgun lipidomics’, a direct-infusion ESI-MS approach that
enhances the detection of specific lipid classes [164]. High-resolution MS (HRMS) further
improves compound identification in complex samples and has been applied in several
hemp seed lipidomics studies [161,162,165-167]. For example, Buré et al. [161] investi-
gated the phospholipid (PL) composition of oilseed cakes, including hemp, to support
by-product valorization. PLs, which represent ~0.6-2% of hemp seed lipids [168], are
essential for membrane structure and cellular regulation [169]. The study combined three
MS-based methods—shotgun, reverse-phase LC (RPLC), and normal-phase LC (NPLC)—to
obtain complementary data: shotgun for PL identification, RPLC-MRM for detecting minor
species, and NPLC for identifying lysophospholipids and cardiolipins.

Cerrato et al. [165] developed a protocol and analytical workflow for the determination
of polar lipids in hemp seeds. The method involved lipid extraction, isolation using
graphitized carbon black sorbent, and analysis via liquid chromatography (LC) coupled
with high-resolution mass spectrometry (HRMS). Using Lipostar software (https://www.
moldiscovery.com/software/lipostar/ (accessed on 17 May 2025)), ~190 polar lipids—
including sulfolipids and phospholipids—were identified. In a subsequent study, Cerrato
et al. [162] characterized lipid extracts from nine hemp seed varieties using an untargeted
HRMS-based platform. Compound Discoverer software (https://mycompounddiscoverer.
com/ (accessed on 17 May 2025)) enabled the detailed annotation of 184 lipid species,
including 26 fatty acids and 158 phospholipids, such as N-acylphosphatidylethanolamines.
The study also provided insights into the regiochemistry of free and conjugated fatty acids.
Kozub et al. [167] used LC-QTOF-MS to profile diacylglycerols (DAGs) and triacylglycerols
(TAGs) in cold-pressed oils from camelina, flax, and hemp seeds. They identified 36 DAGs
and 105 TAGs in hemp oil and proposed 27 lipidomic markers for oil authenticity testing.

Bakhytkyzy et al. [166] established a micro-solid phase extraction platform combined
with HRMS to annotate and quantify over 60 lipids in hemp seed oil. Identified classes
included LPC, LPE, PC, PE, DG, and TG. A multivariate analysis showed strong lipidomic
similarities among flax, hemp, and chia seeds, with ALA and LA present across all the
lipid classes. Together, these studies underscore the growing potential of lipidomics to
deepen our understanding of hemp seed lipid composition, support the valorization of
by-products, and guide the development of nutritionally enhanced cultivars and functional
food applications.
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4.5. Ionomics in Hemp Seeds

One of the earliest studies exploring the minerals composition of hemp seeds was con-
ducted by Callaway et al. [6]. However, to date, the mineral profile of hemp seeds remains
relatively underexplored, particularly through omics approaches such as ionomics. Elemen-
tal analysis methods typically rely on the electronic properties of atoms [170]. Among these,
inductively coupled plasma (ICP)-based techniques, such as ICP optical emission spec-
troscopy (ICP-OES) or mass spectrometry (ICP-MS), are widely employed. ICP generates a
high-temperature plasma in which atoms are ionized, enabling sensitive detection [170].
While ICP-OES is effective for quantifying major elements, it is generally less sensitive than
ICP-MS [170]. The flame atomic absorption spectroscopy (AAS), another technique used in
hemp seed ionome studies [171], also relies on atomic electronic transitions; however, it is
is slower and less sensitive compared to ICP-based methods [172].

Lan et al. [173] employed ionomics (inductively coupled plasma coupled to optical
emission spectrometry—ICP-OES) to explore how growing conditions affect the seed
composition and particularly the mineral composition of industrial hemp varieties. Their
findings revealed significant variations in the levels of Ca, Na, K, Fe, and Mn across different
hemp varieties, while P and Mg remained consistent. By metabolomics techniques, oils
were also analyzed and results showed that most of the hemp seeds varieties differed
significantly for the fatty acid profile.

In a separate study, Siano et al. [40] evaluated the mineral composition of ‘Fedora’
seeds using ICP-OES. Their results indicated higher concentrations of Fe, followed by
Zn, Mn, and Cu, while molybdenum (Mo), nickel (Ni), and cobalt (Co) were present
in minor amounts. The study, by metabolomics approaches, also explored other hemp
seed nutrients, such as fatty acids, phytosterols, and phenols. The fatty acid w-3/w-6
fraction is in agreement with the nutritionally optimal 3/1 ratio. 3-sitosterol and other
phytosterols sterols dominated the unsaponifiable fraction. Hemp seeds, flour, and oil
contained 767 + 41, 744 £ 29, and 21 & 5 mg GAE/Kg total polyphenols, respectively.

Recently, Esteban et al. [171] determined the mineral and antinutrient (phytates)
contents of several varieties of whole and hulled hemp seeds. AAS was used for mineral
element analysis. By using UV /visible spectroscopy techniques, the study showed that P
was the most abundant mineral component with higher values in hulled seeds (1.1 g/100 g)
compared to whole seeds. Conversely, K, Mg, Zn, Ca, Mn, and Cu amounts were prevalent
in whole seeds. However, the study also highlighted that the presence of phytates, which
were abundant in hulled hemp seeds, could reduce mineral bio-accessibility, compromising
P, Fe, and Zn absorption.

Furthermore, Ramos-Sanchez et al. [174] characterized a large set of hemp seed prod-
ucts and by-products, such as hemp seed oil, dehulled seeds, proteins, and cake, at macro-
and micro-nutrient and bio-active levels. Focusing on the quantification of the micro-
element content, the analysis was performed by the ICP-MS technique, and it was found
that all the investigated products were promising sources of micro-nutrients like potassium,
magnesium, and phosphorus. These results indicate that the manufacturing processes
of the hemp seeds into hemp seed-based samples do not affect the mineral content pro-
file. This implies that factors including the type of raw material (whole seeds or hemp
seed hearts) and the temperature used during line processing do not lead to substantial
alterations in the micronutrient composition.

4.6. Proteomics in Hemp Seeds

Hemp seed proteome was initially investigated only in the Korean cultivar Che-
ungsam [66], where the use of conventional techniques, such as 2-D electrophoresis, MS,
and search in the nr-NCBI protein database allowed the identification of 168 unique protein
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spots. However, only one was assigned to C. sativa, while most of them were referred
to other plants. Aiello et al. [41] performed on the seeds of the French cultivar “Futura”
further proteomic analysis extending the initial C. sativa proteome, identifying in total
181 expressed proteins. Combinatorial peptide ligand libraries (CPLLs) were used for pro-
tein equalization [175]. Subsequently, Mamone et al. [176] investigated the proteome of the
Italian variety “Carmagnola”, identifying 6 and 30 proteins by searching the C. sativa and
Arabidopsis thaliana database. In addition, they showed that only 12 of the protein fragments
were conserved after the in vitro brush border membrane digestion of hemp protein isolate.
Several other studies were carried out on the hemp seed proteome, enriching the previous
knowledge with new evidence [46], and also exploring the influence of several factors, such
as the extraction methods [177] and the environments conditions [42,43].

In recent years, several proteomic techniques have been employed to characterize
the protein composition of hemp seeds. The most commonly used protein extraction and
separation techniques include sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), which separates proteins based on molecular weight, and two-dimensional gel
electrophoresis (2D-GE), which resolves proteins by both isoelectric point (pI) and molecular
size. Both techniques have been widely applied on several hemp seeds [42,43,45,55,178].

For protein identification and quantification, mass spectrometry (MS) remains the gold
standard. Techniques such as matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) MS, suitable for peptide mass fingerprinting, and electrospray ionization
quadrupole time-of-flight (ESI-QTOF) MS, ideal for peptides/proteins sequencing, have
been effectively used in hemp seed proteomics [42,43]. These are often coupled with
LC forming LC-MS or LC-MS/MS platforms, which enhance separation and detection
sensitivity [41,46].

Size exclusion chromatography—high-performance liquid chromatography (SEC-
HPLC) has also been employed in hemp seeds proteomics [55], offering high-resolution,
rapid, and reproducible separation based on molecular size. While HPLC/UV/RI (re-
fractive index) is not a core proteomics tool, it is valuable for protein purification and
quantification. Similarly, multi-angle light scattering (MALS) is primarily used for protein
biophysical characterization rather than protein identification. A notable study by Zha
etal. [179] applied a combined SEC-HPLC-UV/RI/MALS approach to characterize hemp
protein isolates (HPIs), demonstrating the utility of this integrated method.

More recently, shotgun proteomics has emerged as a powerful, high-throughput tool to
explore hemp seed proteome [176,177,180]. Unlike top-down approaches that analyze intact
proteins, shotgun proteomics involves enzymatic digestion into peptides, followed by LC-
MS/MS analysis. This method enables the identification and quantification of thousands
of proteins in a single run and is particularly effective for characterizing hydrophobic and
low-abundance proteins.

Many proteomics studies investigated the hemp seed protein profile, and confirmed
that, like the other components of hemp seeds, it is affected by environmental conditions.
For instance, in Cattaneo et al. [42], the impact of mountain environments on the protein
content of two hemp cultivars (Finola and Futura 75) seeds was investigated. Using a
combination of analytical techniques, including SDS-PAGE, 2D-gel electrophoresis, and
mass spectrometry-based methods, the study demonstrated that mountain environments
have a more pronounced influence on the protein profile of Finola seeds. Furthermore,
Finola seeds of plants cultivated in mountain conditions exhibited a higher overall protein
content compared to those coming from plants grown in the experimental area. Subse-
quently, Cattaneo et al. [43] investigated the impact of hemp varieties and environments on
seed protein profiles and antioxidant activity. Utilizing MALDI-TOF mass spectrometry,
the study proved the power of this technique in discriminating between hemp cultivars.
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Furthermore, a detailed fingerprinting analysis revealed that proteins coming from seeds
collected in the mountain site showed a higher radical scavenging activity and higher levels
of lower molecular weight compounds compared to reference seeds.

Aiello et al. [41], through a protein—protein association network, correlated hemp
seed proteins previously identified with SDS-PAGE and nLC-ESI-MS/MS techniques, thus
providing a comprehensive proteome characterization.

A recent study [46] investigated the proteome of whole-seed, dehulled seed, and hull
on two cultivars, Santhica 27 and Uso-31, by using LC-MS/MS techniques. More specifically,
seed storage proteins were the most abundant class, with averages of approximately 65%,
71%, and 57% for whole seeds, dehulled seeds, and hulls, respectively. Edestins were the
most abundant proteins, followed by vicilin-like proteins and albumins. Furthermore,
proteins related to defense and stress responses were more abundant in hulls than in
dehulled seeds, demonstrating their potential as a protein source of interest.

The two most abundant HPI fractions, water-soluble albumin and salt-soluble globulin,
have been extensively studied through proteomics-based studies. Malomo and Aluko [181]
utilized defatted hemp seed meal to extract these proteins, and assessed their structural
and functional properties. Their findings showed that albumin exhibited significantly
higher protein solubility than globulin, while both proteins demonstrated similar emulsion
forming ability.

Mamone et al. [176] investigated the HPI allergenicity, aware of the fact that the
introduction of hemp-based products, such as HPJ, in the diet of some individuals, could
lead to a sensitization to plant-derived allergens. They showed that all known hemp
allergens, including the major thaumatin-like protein and LTP, were entirely eliminated by
the HPI production process. Previous allergens of hemp have already been reported [182],
including nsLTP/PR-14 (Can s 3, 10 kDa); profilin (14 kDa); oxygen-evolving enhancer
protein (23 kDa); TLP/PR-5 (38 kDa); and ribulose-1,5-biphosphate carboxylase/oxygenase
(Can s RuBisCo, 50 kDa). However, of these allergenic proteins, only RuBisCo has been
detected in hemp seeds [41,66]. Therefore, all these data support the use of HPI as an
ingredient for hypoallergenic foods.

A series of studies exploiting shotgun proteomics also proved that different extraction
and/or dehydration methods can strongly affect hemp seed proteomes, with micellisation
yielding more albumin, oleosin, and sulphur amino acids than alkaline extraction, and
dehydration reducing the retention of allergenic proteins [177].

Other omics studies investigated how extraction methods influence HPI and HPC,
focusing on yield, solubility, and biological functionality with the aim to find efficient
extraction processes able to optimize these parameters and boost the recovery of protein
fractions rich in essential amino acids. The dehulling process has an impact on composition
and functional characteristics of HPI. This technique significantly increases the HPI recovery
yield, also resulting into a major accumulation of terpenes. However, dehulled HPIs show
a lower thermal stability than non-dehulled HPIs, as demonstrated by means of SDS-PAGE,
and other techniques suitable to characterize proteins, such as SEC combined HPLC/UV /RI
and MALS [55].

It was demonstrated that a specific mechano-chemical process, based on the use of
the ball milling method, improves the solubility of proteins [183]. By using this grinding
method, which generates localized high pressure, it was also shown that the careful ad-
justment of extraction parameters can significantly increase yield and optimize protein
functionality [183].

Moreover, different solvents may have an impact on proteins extracted from hemp
seed meal. In fact, the test of several aqueous NaOH, KOH, NaHCO3, and NaCl solvents,
at different concentrations, has demonstrated that, while alkali-based solvents provide a
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higher extraction yield, extraction with water provides the highest proportion of proteins
containing essential amino acid [178].

Further advancements were made by Cabral et al. [45], who investigated the effect
of extraction methods on HPI from defatted hemp seed meal. They analyzed techniques
based on high-pressure processing (HPP) pre-treatments combined with conventional or
ultrasound-assisted extraction (UAE) methods. The study revealed that the maximum
protein recovery (~62%) and the highest protein purity (~75%) were achieved with HPP
(200 MPa) and UAE. Notably, the UAE method improved the extraction of all amino acids
compared to the conventional extraction method, independently from HPP pre-treatments.
Furthermore, ultrasound-based protein extraction methods are identified as a green and
efficient alternative to conventional methods [184].

5. Multi-Omics in Hemp Seeds

Next-generation sequencing (NGS) technologies have revolutionized plant biology
by enabling the elucidation of complex molecular processes in crops known for their
nutritional and therapeutical properties [185]. Building on this, integrated multi-omics
approaches, combining genomics, transcriptomics, proteomics, metabolomics/lipidomics,
ionomics, and other omics layers have been developed across a wide range of crop species.
These approaches allow for the discovery of synergies among heterogeneous datasets,
offering a holistic view that overcomes the limitations of single omics studies. By integrat-
ing data across biological levels, multi-omics enhances our understanding of molecular
mechanisms, improves predictive power for complex traits, and reveals regulatory net-
works underlying key agronomic, nutritional, and therapeutic traits [186]. The increasing
availability of high-throughput technologies has facilitated the generation, integration,
and interpretation of large-scale multi-omics datasets. In parallel, the development of
advanced computational algorithms has enabled the reconstruction of complex regulatory
networks and the identification of biomarkers, accelerating research and applications in
plant science [187].

In hemp, multi-omics approaches have enabled comprehensive hemp genetic and
metabolic mapping, detailed characterization and exploration of sub-species relation-
ships, genotypes and phenotypes associations, and the discovery of novel metabolites and
biomarkers relevant to breeding programs [36]. However, many of these studies have
applied omics techniques in parallel rather than through fully integrated data models.
While this strategy has yielded valuable insights, true multi-omics integration—requiring
sophisticated bioinformatics pipelines—remains a challenge [187,188]. However, discov-
eries have been made through the analysis of each omics dataset individually and then
comparing the results to find for correlations.

Several studies exemplify the power of multi-omics in hemp seed research. For in-
stance: (i) Nie et al. [76] combined transcriptomics and metabolomics to identify key
genes and metabolic pathways involved in fatty acids biosynthesis; (ii) Docimo et al. [67]
integrated genomic, transcriptomic, and proteomic data to elucidate the primary struc-
ture and gene expression of health-promoting seed proteins, laying the groundwork for
future bioactive peptide research; (iii) Ponzoni et al. [64], similarly combined genomic
and transcriptomic data to provide a detailed analysis of hemp seed proteins; and (iv)
Duan et al. [151], used transcriptomic and metabolomic integration to highlight the role of
transcription factor genes, such as MYB, NAC, and GRAS, in the regulation of metabolites
accumulation during hemp seed development.

Beyond plant biology, multi-omics approaches have also been applied to explore
the clinical potential of hemp seeds. For example, Lu et al. [78] used metabolomics and
16S rRNA gene sequencing to demonstrate that Bama hemp seed oil modulates aging-
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related biomarkers and gut microbiota composition in rats. Furthermore, Yu et al. [47]

combined metabolomics, proteomics, and transcriptomics to show the therapeutic potential

of hemp oil in colorectal cancer. Meanwhile, Gong et al. [189] integrated transcriptomic

and metabolomic data to uncover the protective effects of hemp oil against non-alcoholic

steatohepatitis in mice.

These studies underscore the value of multi-omics in providing more comprehensive

and reliable insights than single-omics approaches. Table 3 summarizes omics studies

focused on nutrients and bioactive compounds in hemp seeds, while Table 4 presents those

conducted on hemp seed by-products.

Table 3. Relevant omics studies on nutrients and bioactive compounds in hemp seeds, grouped

according to the omics approach.

Nutrients and

Bioactive Omics Her.np Main Main Results References
Compounds Approach Variety Methods
- Oil: 269 to 306 g/kg and crude
protein: 238 to 280 g/kg;
- Dominant FAs: LA (597 g/kg)
PUFAs, C"g‘Ma' dA;‘ka' and ALA (170 g/kg);
tocopherol crude . Jutta and Yvonne, GC and - For all cultivars, y-tocopherol
. Metabolomics  Delores, CFX-1, [39]
proteins, and GC-FID than 8-tocopherol (2481 vs.
. CFX-2, and CRS-1, .
phenolics and Finola 774 ug/g);
- Anka richest in phenols
(5.16 g/100 g) and CRS-1 lowest
(1.37 g/100 g).
T . - 236 metabolites detected, and
FAs, V\ﬁ) actcedss.lons GC-MS 43 significantly different
phenolics, amino Untargeted cutivated in (p £0.05);
. . Madhya Pradesh and . . L . [17]
acids, and metabolomics L High-altitude accession: exclusive
L. and in Himachal HPLC .
cannabinoids LA and ALA, higher phenols and
Pradesh .
flavonoids.
- 1001 metabolites. Including
Lipids. Ii 43 terpenoids, 6 tannins,
ﬂlpl S 1g.1:;ms, 149 phenolic acids, 159 lipids,
avanonoids, . UHPLC- 18 lignans and coumarins,
EAAs, Targeted Seven Chinese
hacrid tabolomi h ot QQO- 13 flavanones, 5 flavanonols, [12]
se.ltc cha-r es:i metabolomics emp vanetes MS/MS 9 anthocyanidins, 51 flavones,
Vi amlg}s, ag 55 flavonols, 103 amino acid and
cannabinoids derivatives, 47 saccharides,
13 vitamins, and 10 cannabinoids.
- Enectarol: highest total lipid
content and best antioxidant
activity. Carmaenecta: best FA
profile. Enectaliana: highest
GC-FID . . S
FAs Targeted Carmaenecta, and crude protein and dietary fiber;
phenolics, crude 4 f[gb lomi Enectaliana, and HPLC- High EFAs and oleic acid. [154]
proteins, and fibers metabolomics Enectarol MS Insoluble fibers: cellulose (46%),

lignin (31%), and hemicellulose
(22%);

Crude proteins: ~19 g/100 g to
39¢g/100 g.
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N.utrle.nts and Omics Hemp Main .
Bioactive . Main Results References
Approach Variety Methods
Compounds
- Felina 32, Chamaeleon oils:
Felina 32, highest LA (59%) and ALA (18%);
FA.S (LA, .ALA’ and Metabolomics Chamaeleon, GC-FID - Finola, Uso31 oils: highest [52]
v-linolenic acid) . ¢ &
Uso31, and Finola y-linolenic acid (5-6%);
- All: high oxidation stability.
Diet including hemp seeds:
- increased PUFA, including LA
FAs (LA, ALA and ALA;
cholesterol, and Metabolomics _ GC-FID - Cholesterol unaffected, except for  [89]
tocopherol 10% hemp seed group;
- 30% hemp seed group: highest
tocopherol content.
- Polysaccharides hulls: cellulose
(22.0-36.7%) and xylan
Carbohvdrat (5.7-17.1%), whereas whole seeds
art oy l'ralss, 20 hemp cultivars ~ HPLC contained xyloglucan and pectin;
p;() f;?s’a;%l S Metabolomics and advanced and - Cellulose and lignin are localized ~ [155]
I; yiate, breeding lines GC-FID in hull;
1gnin - Protein: 19.5-27%;
- Lipid: 26.5-38% and omega-6:3
ratio: 2-5.
Polysaccharides . - Hemp seeds: 33% uronic acids
(soluble) Metabolomics ~ Futura 75 HPLC and 53% total sugars. [11]
- 89 volatile compounds (E-nose)
and 77 (GC-MS);
i GonMs e
P ’ Metabolomics  _ and P ! . [157]
[-pinene, and GC-O a-phellandrene, linalool, and
linalool) 1,3,8-p-menthatriene;
- 16 odor-active compounds
(GC-0).
- Roasting (63 °C, 15 min): 45%
higher extraction yield, and 80%
. higher oxidative stability. Oil
Oils, terpenes , GC-FID yield: 23.09%, TPC: 121.21 mg
(B—myrcene, and Metabolomics _ and GAE/kg, and OSL: 2137 h; [121]
D-limonene) SPME . o
- Main volatiles: 3-myrcene
(3170-1178 ng/g) and
D-limonene (1347470 ng/g).
- Main bioactives: cinnamic acid
Kongo Hanf, amides and lignanamides.
FAs, Unt ted Spanish accession, Spanish accession Kongo Hanf,
Lignanamides, and nrargeted. French accession, LC-MS and French accession: highest [156]
metabolomics

HCAAs

and Italian Eletta
Campana

concentrations;
Italian cultivar Eletta Campana:
highest FAs.
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Table 3. Cont.
N.utrle.nts and Omics Hemp Main .
Bioactive . Main Results References
Approach Variety Methods
Compounds
The phenolic profile was
investigated and the extraction
process optimized;
Phenylpropanoids, The total antioxidant capacity
HCAAs HPLC- (TAC) test using an
i ", Metabolomics _ DAD/ESI- . [106]
ignanamides, and acetone—water solvent is the
.. MS/MS . L
cannabinoids optimal combination to extract
more phenols and have potent
antioxidant activity (~259 mg TE
per g extract).
HPLC- 26 phenylpropionamides,
ESI-Q- including hydroxycinnamic acid
Lignanamides and . . TOF- amides, and lignanamides;
HCAAs Metabolomics  CRS1 variety MS/MS. 25-78% increase in total [110]
HPLC- phenylpropionamide in hemp
DAD seed hull after extrusion.
Polyphenols and flavonoids
Polyphenols, HPLC-Q- explain antioxidant activity
Flavonoids, crude =~ Metabolomics — _ TOF- (~2720 uM Trolox equivalents); [113]
lipids, and fiber MS/MS Bioactives stable after in vitro
digestion.
1020 metabolites, including
177 flavonoids, 156 phenolic acids,
134 lipids, 113 amino acids and
Lipids, flavonoids, Hem ds of derivatives, 106 alkaloids,
amino acids, Targeted emp s.eue SOt UPLC- 85 organic acids, 65 nucleotides 50]
lignans coumarins, metabolomics Seven virages m MS/MS and derivatives, 39 lignans and [
. Bama County . .
and terpenoids coumarins, 12 terpenoids, and
7 tannins;
DPPH free radical activity:
77.19-91.97%.
Phytosterol Italian (IT) and iﬁGC ?ﬁ?ﬁ;:;:?g}ént: p-sitosterol and
(bsitosterol and. - Metabolomics - Bxtra-Buropean— yypy . psitosterol: 64.5-68% of total [
P 1es GC-FID phytosterols.
FAs (ALA, LA), Finola: hlghest oil, protem,:

lvbhenol Santhica 27. Fed Compositions (g/100 g): oil:
POYPREnos, o ea <7, redora 8.5-29%, protein: 12-25.4%, and
proteins, 32, Felina 32, . o .

1 id Metabolomi Fut 75 T HPLC- carbs: 41-74.5%; 53
polysaccarides, etabolomics  Tutura 7o, lygra, ) \py PUFAs: 53.4% LA, 12% ALA, and 1)
and Bialobrzeskie, and o . L .

. . . 3% y-linolenic acids. Lutein: 1.5
bioactive Finola
compounds (Futura) to 3.4 mg 100/g

p (Santhica).

. Oils omega-6/omega-3 ratio:
Oils, . Thirteen different UHPLC, 1.7-2.3. Carotenoids:
carotenoids, . . HPLC-

Metabolomics ~ commercial hemp 0.3-1.7 ug/g; [85]

phenols, and varieties UV, and Phenols: 22-161 mg GAE/
tocopherols HPLC ) 5 &

Tocopherols: 3.5-13.25 mg/100 g.
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N.utrle.nts and Omics Hemp Main .
Bioactive . Main Results References
Approach Variety Methods
Compounds
THC, cannabidiol, 30
L. . UHPLC- cannabinoids identified. Each
Phytocannabinoids ~ Metabolomics HRGC/MS contributes to bioactivity and [158]
chemical profile.
Shgtgun Shotgun: identified PL species.
an RPLC: minor species. NPLC:
RPLC lysophospholipids, and
PL, ALA, and LA Lipidomics C. sativa associated e / [161]
to cardiolipins;
MRM- E:rr:ehna cake higher ALA than
NPLC p-
FA, PL, and minor .. . Nine hem 184 lipids: 26 FAs, 158 PLs,
lipid classes Lipidomics varieties P HRMS including rare subclasses like N-  [162]
acylphosphatidylethanolamine.
Camelina, flax, and hemp oils: 40
LC-Q DAGSs and 118 TAGs (camelina);
DAGs and TAGs Lipidomics C. sativa TOE-MS 39 DAGs and 110 TAGs (flax); and  [167]
36 DAGs and 105 TAGs (hemp).
27 markers for authenticity.
LPC, LPE, PC, DG, . . . 65 lipids in 30 commercial oil
and TG Lipidomics C. sativa HRMS seed samples were identified. [166]
Protein yield per growth area and
IS’EEJ_E variety:
Proteins 2D- i Crodo—53.6 £+ 5.3 mg/mL
(11S edestin, 25 . Futura 75 and 8¢ (Futura 75), 56.2 + 5.3 mg/mL
. Proteomics . elec- . . [42]
al-bumin, and 7S Finola trophore- (Finola);
vicilin-like) P Viganella—61.2 + 3.5 mg/mL
S1s, an (Futura 75), 34.9 + 7.2 mg/mL
MS .
(Finola).
SDS-
PAGE
Proteins separa-
(11S edestin, 2S . tion and .
al-bumin, 7S Proteomics Futura ALC-ESL- 181 expressed proteins. [41]
vicilin-like, etc.) MS/MS
identifica-
tion
Proteins 2D-gel .168 u.n}que protelq spots
. elec- identified, categorized by
(11S edestin, 2S . . . >
. Proteomics Cheungsam trophore- biological function, such as [66]
al-bumin, 7S . . . .
AT sis and involvement in plant metabolism
vicilin-like, etc.)
MS and stress response.
Minerals (Fe, Zn, GC-FID, Hemp seeds, flour, and oil:
Mn, Cu, Mo, Nj, Metabolomi Hem not ICP-OES, 767 £41,744 £+ 29, and 21 + 5mg
and Co), FAs, Z poomices F ed b genotype and RP- GAE/kg total polyphenols, resp.;  [40]
phytosterols, and and ionotes edora HPLC- Trace elements concentration: Fe
phenols DAD >Cu>Ni>Mn.
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Table 3. Cont.
N.utrle.nts and Omics Hemp Main .
Bioactive . Main Results References
Approach Variety Methods
Compounds
. Bialobrzeskie, - Phigher in hulled seeds (1.1
Minerals Carmagnola, /100 g). K, Mg, Zn, Ca, Mn, and
(P, K, Mg, Zn, Ca, Metabolomics Fedora 17, Felina UV /visible &/ 200 8)- B Vg, 40, -4, o
Cu higher in whole seeds;
Mn, and Cu) and and 32, KC Dora, spec- . [171]
X . . . . . - Phytates in hulled seeds may
antinutrients ionomics Kompoltl, Santhica troscopy .
compromise P, Fe, and Zn
(phytates) 27, and .
. . absorption.
Tiborszallasi
. - Fe (46.7%), Mn (169.1%), Cu
Minerals (Ca, Na, . GC-FID (29.0%), Zn (28.2%), P (41.0%),
K, Fe, Mn, P, and Metabolomics . o/ .
Mg), crude and ionomics Industrial hemps and and Mg (33.7%); [173]
N ICP-OES -  Crude protein: 32.7% to 35.9%;
protems, and £As oil: 24.3% to 28.1%.
Lipids (ALAand  [O0N  Bamacountyhemp  MSand © (SVEROR P00 el
LA) . P seeds varieties qRT-PCR preg &
tomics development stages.
- 11S edestins rich in arginine and
Protei glutamic acid;
roems Genomics and GWAS - TypeB edestin abundant in
(11S edestin, 2S . . d hionine:
l-bumin. and 7S transcrip- Futura and cysteine and methionine; [64]
a. e ey tomics qRT-PCR - Identified 6 edestin genes, 2 2S
vicilin-like) . A
albumin genes, and 1 7S-vicilin
like gene.
. - Identified 4 edestin typel
Proteins Genomics, tran- qRT-PCR CsEdelA, CsEdelB, CsEdel1C, and
. scriptomics, Carmagnola and SDS . [67]
(11S edestin) d prot . PAGE CsEde1D) and 3 edestin type2
and proteormics (CsEde2A, CsEde2B, and CsEde2C).
Health-promoting
metabolites
(cannflavins (A, B, Targeted UHPLC- - Gradual decrease in gene
and C), . ESI- . .
. . .. metabolomics Bama hemp seeds expression and metabolite
trigonelline, citric q . .. MS/MS lation duri d [151]
acid, an .transcrlp— varieties and zccurlnu ation during see
vitexin, choline tomices RNA-Seq evelopment.

Table 4. Relevant omics studies in hemp seed by-products, grouped according to the type of by-

product.
Nutrients and o Variety Main ) Properties of Hemp
Bioactive Main Results Reference
Approach of Hemp Methods Seed by-Products

Compounds
11S edestin, 25 Metabolomics ~ Santhica27 ~ LC-MS/MS Average storage Thehullscan  [46]
albu.m.ip, apd and proteomics  and Uso-31 and proteins content: be an essential
7S vicilin-like SDS-PAGE 65%, 71%, and source of

57% for whole proteins to be
In whole, seeds, dehulled used in medical
dehulled seed, seeds, and hulls, or biotechnolog-
and hull resp.; ical areas.

- Proteins defense
and stress
responses

abundant in hull
seeds.
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Table 4. Cont.
gil:):‘éfi?r and Omics Variety Main Main Results Properties of Hemp Reference
Approach of Hemp Methods Seed by-Products
Compounds
Phenolics, oils, = Metabolomics Bama and LH-20 gel Oil yield of seed Hemp seed hull [16]
and proteins Yunma chromatog- hull: 10.2% and is a source of
raphy and 9.8%, in Bama natural
HPLC and Yunma resp.; antioxidants;
methods Oil content: 1 The defatted
In whole and g/100 g after the hemp seed
dehulled seed, defatting process. kernel is a
and hull Protein content: source of
65.06% and protein.
67.06% in Bama
and Yunma resp.;
Dominant
phenolics content
in hull than in
kernel.
HPI Proteomics Carmagnola LC-ESI- HPI content: The bioactivity [176]
MS/MS, ~86% protein, of HPI
and SDS mainly edestins. hydrolysates;
PAGE Precursors of The use of HPI
bioactive as an ingredient
In flour peptides; for
Allergens: hypoallergenic
thaumatin-like foods;
protein and LTP Hemp flour and
eliminated by the HPI showed a
HPI production high degree of
process. digestibility.
FAs, Metabolomics  _ GC-MS, TPC: ~0.73-1.73 Durum wheat  [44]
polyphenols, HPLC-FLD, mg GAE/g; enriched with
and HPLC-FLD, Antiradical 10% hemp flour
amino acids and activity: maintains
GC-FID ~1.17-3.18 mmol excellent
TEAC/100; rheological
In flour omega3 content: characteristics;
8.1-10%. Higher w3
content and
antioxidant
properties.
HCAAs, Metabolomics Cannabis UHPLC- Protocatechuic Hemp seed [22]
caffeic acid, sativa ESI/QTOF- acid, caffeic acid, flour can be
cannaflin C, MS hydroxycinnamic included in the
FAs, EAAs, acid, and preparation of
gliadin, and cannaflavin C. functional
glu’fegin-free EAAs content: foods;
proteins ~16 g/100g), It is appropriate
dominat gliadin for celiac
In flour disease foods.

and glutenin-free
proteins;

FAs (~8%): LA
(~54%) and ALA
(~16%).
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Table 4. Cont.
N.utrle.nts and Omics Variety Main . Properties of Hemp
Bioactive Main Results Reference
Approach of Hemp Methods Seed by-Products

Compounds

HPI Proteomics _ SDS-PAGE Protein recovery - Hemp seed [178]
extraction: meal is a
60-78% (alkaline potential
solution), 20-48%, alternative

In meal and 21% (NaCl source for food
solution and proteins.
reference, resp.);

- Dominant EAAs
in water solution.

HPI Proteomics - SDS-PAGE - Protein recovery - The [45]
(~62%) with HPP optimization of
and protein oil extraction
purity (~75%) methods allows
with HPP (200 the

In meal MPa) and UAE; improvement

- UAE improves of HPI
the extraction of biological
all amino acids, properties;
independently - Antimicrobial,
from HPP anti-obesity,
pre-treatments. and antioxidant
properties.
HPI Metabolomics Different SDS-PAGE, HPI yield: ~24% - HPIs showed [55]
and proteomics  industrial SEC-HPLC- and ~17%, from high amounts
hempseeds UV/RI/MALS, dehulled and of glutamic
cultivars from  CD spec- non-dehulled acid, arginine,
Crop year troscopy hemp seed, resp. and aspartic
2017 and DSC, acid;
and - This amino acid
In meal HS-SPME- profile is
GC-MS characterized
by activities
property for
human health;
- Antioxidant
and anti-
inflammatory
activities.

HPC Proteomics Futura 75 SDS PAGE - The ball milling - Hemp protein [183]
improves the functionality,

In meal solubility of such as surface
proteins extracted activity and
at pH 8. solubility, can

be optimized.

HPI Metabolomics _ HPLC Higher ALB _ ALB fraction [181]
solubility and could be a good
foaming capacity ingredient for
than GLB; food foam

In meal - Emulsion formulation;
forming ability -  GLBand ALB
similar for both in the
proteins. preparation of

food emulsions.
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Table 4. Cont.
N.utrle.nts and Omics Variety Main . Properties of Hemp
Bioactive Main Results Reference
Approach of Hemp Methods Seed by-Products
Compounds
Phenols, Metabolomics USO 31 and LC-DAD- - TPC:56.93-77.89 Hemp seed [23]
tocopherols, Futura 75 ESI-MS ug/100 FW), meal potential
FAs, proteins, tocopherols: re-use in the
and crude 81.69-101.45 nutraceutical
fibers mg/100 g FW), field;
In meal and omega- It is rich in
6/omega-3 ratio EAAs;
(3:1) in USO 31 Antioxidant
(about two times properties.
higher than
Futura 75);
- Proteins:
29.88-31.44 g/100
g FW, and crude
fibers:
18.39-19.67 g/100
g.
Hemp seed Metabolomics, UPLC-MS, HOE effects: HOE shows [47]
oil extract proteomics, and GC-MS, and alterations in functional
(HOE) transcriptomics RNA-Seq purine properties
metabolism inhibiting
pathways, colorectal
down-regulates cancer cell
c-MYC, and proliferation.
inhibition of the
expression of cell
cycle-related
proteins.
Minerals (K, Metabolomics ICP-MS - Protein-46- Hemp seed [174]
Mg, P, Mn, and  and product: amounts by-products
Fe), proteins, proteomics of K ~1431 meet the
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6. Conclusions

This review highlights the growing body of omics-based research focused on the
nutritional and bioactive components of hemp seeds and their bio-products. Among the
various omics disciplines, metabolomics emerged as the most widely applied approach. A
range of metabolomics techniques, selected based on the specific class of compounds under
investigation, has significantly advanced both the qualitative and quantitative profiling of
hemp seed composition. These methods, along with weighted gene correlation network
analysis, have been instrumental in identifying key metabolites. Despite these advances,
notable gaps remain. The polar lipidome of hemp seeds is still largely unexplored, even
though these seeds are known to be rich in biologically active polyunsaturated fatty acids—
a key area of interest for lipidomics. Similarly, the mineral profile of hemp seeds has
received limited attention, particularly through omics approaches such as ionomics.

Proteomics, on the other hand, has seen substantial development. Given the increasing
industrial interest and the changes of legal restrictions on the cultivation of low-THC
cannabis cultivars in several countries, updates to the proteomic database for hemp seed
are anticipated as research progresses in the upcoming years. Numerous studies have
demonstrated its effectiveness in profiling thousands of proteins with varying abundance in
hemp seed samples. The proteomics findings discussed in this review revealed significant
quantities of proteins, including bioactive and functional peptides, present in hemp seeds
both pre- and post-processing. The chemistry and quality characteristics of these proteins
make them suitable for applications in food and in feed industries.

Genomics has also contributed to our understanding of hemp seed biology, particu-
larly in elucidating molecular pathways involved in the biosynthesis of key compounds.
However, a critical gap remains: GWAS and GS approaches targeting specific seed traits—
such as oil composition or protein content—are still lacking. These tools could greatly
enhance our understanding of the genetic basis of these traits. In transcriptomics, the litera-
ture is similarly sparse. Only a few studies have investigated gene expression regulation
during seed development, a crucial aspect for improving seed yield and quality.

Multi-omics approaches that integrate genomics, metabolomics, proteomics, and
transcriptomics have demonstrated the potential of hemp seeds in both nutraceutical and
medical contexts. However, the studies conducted so far often lack true data integration
and do not employ systems biology or network modelling approaches. The application
of such integrative frameworks could significantly enhance our ability to model and
predict the interactions among genes, proteins, and metabolites, ultimately deepening our
understanding of their roles in human health.

This review aims to provide a comprehensive resource for researchers exploring the
hemp seed transcriptome, metabolome/lipidome, ionome, and proteome. By advancing
the understanding and utilization of hemp seeds and their by-products in food, feed, and
medical applications, we hope to contribute to positioning hemp as a sustainable and
valuable resource for the future.
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