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Abstract: As one of the oldest plants cultivated by humans, hemp used to be banned in the United
States but returned as a legal crop in 2018. Since then, the United States has become the leading hemp
producer in the world. Currently, hemp attracts increasing attention from consumers and scientists
as hemp products provide a wide spectrum of potential functions. Particularly, bioactive peptides
derived from hemp proteins have been proven to be strong antioxidants, which is an extremely
hot research topic in recent years. However, some controversial disputes and unknown issues are
still underway to be explored and verified in the aspects of technique, methodology, characteristic,
mechanism, application, caution, etc. Therefore, this review focusing on the antioxidant properties
of hemp proteins is necessary to discuss the multiple critical issues, including in vitro structure-
modifying techniques and antioxidant assays, structure-activity relationships of antioxidant peptides,
pre-clinical studies on hemp proteins and pathogenesis-related molecular mechanisms, usage and
potential hazard, and novel advanced techniques involving bioinformatics methodology (QSAR,
PPI, GO, KEGG), proteomic analysis, and genomics analysis, etc. Taken together, the antioxidant
potential of hemp proteins may provide both functional food benefits and phytotherapy efficacy
to human health.

Keywords: hemp; hemp peptide; antioxidant activity; structural characteristic; pathogenesis-related
molecular mechanism

1. Introduction

Excessive oxidation is one of the primary causes of mitochondrial damage, DNA
damage, cell pyroptosis, carcinogenesis, and chronic diseases [1–4]. Thus, the biological
system needs antioxidant defenses to protect the body against oxidative attacks [3]. In
general, antioxidants can be classified into three categories: (1) Hydrophilic and lipophilic
antioxidants [5]; (2) Endogenous and exogenous antioxidants [6–8]; and (3) Synthetic
and natural antioxidants. In recent decades, some antioxidants are being developed
as therapeutic agents, nutrition supplements, and food additives to enhance human
health [9–14]. However, the safety of antioxidants has been questioned. In a typical
example, butylated hydroxytoluene at high doses could induce the non-apoptotic cell death
of thymocytes in rat models [15,16]. Therefore, natural exogenous antioxidants such as
dietary hemp protein have attracted more attention over the past few years.

Throughout history, hemp is one of the oldest plants cultivated by humans [17]. It
was found around 800 B.C. Hemp used to be a legal crop before the nineteenth century
in the USA. However, the prohibition of hemp cultivation was imposed on the hemp
industry in 1970, because hemp contains two neurotoxic ingredients, cannabidiol and delta-
9-tetrahydro-cannabinol, which were unable to be legally described [18]. Hemp returned to
the USA. as a completely legal crop till the Agricultural Improvement of 2018 was signed
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by the USA president. As a result, it has stimulated an increasing number of researchers to
conduct various novel studies on hemp [19–21].

While bioactive peptides derived from hemp proteins have been proven to be strong
antioxidants, some controversial disputes and unknown issues are still underway to be
explored and verified in the aspects of technique, methodology, characteristic, mechanism,
application, caution, etc. Therefore, this review focusing on the antioxidant properties
of hemp proteins aims to discuss the multiple critical issues, including in vitro structure-
modifying techniques and antioxidant assays, structure-activity relationships of antioxidant
peptides, pre-clinical studies on hemp proteins and pathogenesis-related molecular mech-
anisms, usage and potential hazard, and novel advanced techniques. The antioxidant
potential of hemp proteins may provide both functional food benefits and phytotherapy
efficacy to human health.

2. Structure-Modifying Techniques

To better meet bioactive needs, complex protein structures need to be converted into
simple subunits, and short-chained peptides have to be separated from the aggregate
mass [22,23]. Usually, two effective and economical approaches, pH-shift and enzymatic
hydrolysis are employed to release specific peptides from protein.

2.1. pH-Shift

pH-shift is a straightforward structure-modifying method. When a protein is incubated
with an extreme alkaline or/and acidic, the structure of the protein is unfolded or/and
refolded so that more functional structures can be exposed [22,23].

2.2. Enzymatic Hydrolysis

In general, bioactive peptides are idle when they are encoded in the parent proteins.
However, once proteins are hydrolyzed by enzymes, they are able to play more physiolog-
ical roles in human health [24–26]. Clearly, the efficiency of hydrolysis can be impacted
by multiple factors such as the type of enzymes, hydrolysis time, pH value, temperature,
enzyme-substrate ratio, and sample-water ratio. Among these factors, enzyme specificity is
the most important factor in the cleavage of peptide chains [27,28]. Then, the degree of hy-
drolysis (DH) of the cleaved peptides can usually be evaluated by the O-phthaldialdehyde
(OPA) assay [28,29]. In the nutritional study conducted by Aiello et al. (2017), hemp protein
was hydrolyzed by pancreatin, pepsin, trypsin, and a mixture of enzymes (co-digested),
respectively. The highest DH of hemp protein was achieved by pancreatin (47.5%), followed
by trypsin (46.6%), co-digested (34%), and pepsin (19.7%) [30]. In another study, the an-
tioxidant activities of hemp protein hydrolyzed by six different digestive enzymes (pepsin,
alcalase, neutrase, flavourzyme, trypsin, and protamex) were tested. The results implied
that enzyme specificity is one of the determinants for high-value antioxidant products of
hemp protein [31].

3. Assessments of the Antioxidant Ability

A series of mature techniques such as reactive oxygen species (ROS) scavenging ability
assay, metal ion chelating capacity assay, and assessments of antioxidant enzymatic and
non-enzymatic activities have been constantly developed and widely applied to evaluate
the antioxidant activity of various natural proteins. Through these techniques, a large
amount of research work has made considerable contributions to the identification of
bioactive antioxidant peptides [32].

3.1. Reactive Oxygen Species Scavenging Ability

ROS including superoxide, hydroxyl, and peroxy radicals are characterized as a
cluster of oxidants or free radicals [3]. Free radical scavenging ability is one of the essential
functions of antioxidants, which is associated with hydrogen atom transfer (HAT) and
electron transfer (ET) [3,32].
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With the regard to the antioxidant ability assays caused by HAT-based reactions, the
Oxygen Radical Absorbance Capacity (ORAC) method is a common method to assess antiox-
idant activities [3,33,34]. The mechanism of the ORAC assay is as follows. One 2,2′-azobis
(2-amidinopropane) dihydrochloride (AAPH) molecule loses the dinitrogen
(R-N=N-R) to produce two radicals (R·). Under an O2-saturated condition, the radical ab-
stracts an O2 to generate a peroxyl radical (ROO·). ROO· reacts with a hydrogen atom (XOH)
to form hydroperoxide (ROOH) and an antioxidant radical (XO·) (R-N=N-R→2R· + N2;
R·+ O2→ROO·; ROO· + XOH→ROOH + XO·) [35–38].

Similarly, other standard antioxidant ability assays are usually employed to analyze the
antioxidant ability triggered by ET-based reactions, such as 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging activity, Ferric Reduction Antioxidant Power (FRAP) assay, and
Trolox Equivalent Antioxidant Capacity (TEAC) [3,33,34].

In a study of hemp antioxidant ability [39], Lu et al. (2010) reported that hemp protein hy-
drolyzed by alcalase for 1 h, had good DPPH radical scavenging ability (3.75± 0.09 mg/mL),
superoxide radical scavenging ability (3.5 ± 0.1 mg/mL), hydroxyl radical scavenging
ability (7.25 ± 0.3 mg/mL), and FRAP ability (0.21 ± 0.03 mg/mL) [39]. Likewise, the
results of Frassinetti et al. displayed that hemp seed extracts had high ORAC activity
(127 ± 5 µmol TE/g), and DPPH radical scavenging activity (40 ± 2%) [40]. The likely
explanations for these results were that hemp antioxidant peptides contained the donors of
electrons and hydrogens, which could interrupt the radical-chain reactions, so they could
convert free radicals to stable species [39,40].

The free radical scavenging ability assays described above had already been extended
in the hemp application. For instance, a novel gluten-free cracker fortified with hemp
seed oil pressed-cake and decaffeinated green tea leaves was developed. The antioxidant
property of crackers was tested by DPPH (30.3 µmol TE/g d.w.). The overall score of
8.9 indicated it had good antioxidant properties. Moreover, the researchers further in-
terpreted that the crackers still had antioxidant properties even without green tea. They
implied that hemp seed as a nutritional food additive had promising applications in snack
marking [41].

3.2. Metal Ion Chelating Capacity

Additionally, metal (Fe) ion-chelating is a classical assay to assess the antioxidant abil-
ity of protein. Its chemical mechanism is related to Fenton reactions (Fe2+ + H2O2→Fe3+ +
OH− + OH; 2Fe3+ + H2O2→2Fe2+ + O2 + 2H+; Fe2+ + O2→Fe3+ + O2

−). Since iron
has high reactivity, ferrous chelators can minimize Fe2+, thereby disrupting harmful
metal-catalyzed oxidation and reducing the production of oxygen-free radicals [42,43].
Girgih et al. (2011) tested the antioxidant ability of hemp protein hydrolysate (alcalase)
and found that hemp hydrolysate had a strong metal ion chelating ability (72%) [44]. Simi-
larly, the work of Wang et al. elucidated that hemp protein hydrolysate (neutrase) had a
high metal ion chelating ability (1.7–1.8 mg/mL) and DPPH radical scavenging activity
(2.3–2.4 mg/mL) [45].

3.3. Assessments of Antioxidant Enzymatic and Non-Enzymatic Activities

The human body has its own endogenous antioxidants to defend against the damage
of ROS. These antioxidant-related mechanisms possess two arms, enzymatic antioxidants
and non-enzymatic antioxidants.

Enzymatic antioxidants including glutathione peroxidase (GPx), catalase (CAT) and
superoxide dismutase (SOD) can prevent ROS damage by converting superoxide radicals
to stable compounds. Due to this mechanism, they are favorable biological indicators
of antioxidant activity. Take SOD as a good example. The superoxide is formed from
an oxygen atom and an electron (O2 + electron→O2

·). It is a long-lived molecule that
can diffuse readily. The transition from superoxide to hydrogenous oxide is catalyzed
by SOD. Therefore, SOD activity can reflect the state of superoxide under the actions of
antioxidants [46,47]. In a cell culture experiment, Hong et al. (2015) illustrated that hemp
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seed extracted by ethanol and supercritical fluid could enhance the gene expression of
antioxidant enzymes (SOD, CAT, and GPx) in HepG2 cells [48]. Another in vivo exper-
iment conducted by Girgih, Abraham T. et al. demonstrated that the plasma SOD and
CAT activities in spontaneously hypertensive rats (SHRs) consuming the hemp diet were
significantly higher than those in the control group [46,49].

Non-enzymatic antioxidants including glutathione (GSH), bilirubin, α-tocopherol,
and ascorbic acid can also provide defense against ROS, clear up free radicals, and maintain
the balance of redox [46,47]. A relatively recent study by Kubiliene et al. (2021) indicated
that hemp extract could significantly reduce the level of GSH (26.81%) in the brain and liver
of mice [50]. Similarly, a decreasing concentration of GSH was detected in the splenocyte
cells treated with hemp derivatives [51]. These results supported that hemp could work
well as an antioxidant.

So far, we also completed a pilot experiment on the antioxidant ability of hemp protein.
In our pilot experiment, the hemp protein and soybean (control) were hydrolyzed by
neutrase and the hydrolyzates were further assessed by the ORAC method modified from
Ou et al. [52] and the metal iron chelating activity assay modified from Elias et al. [53].
The results in Table 1 showed that the antioxidant activities of hemp protein hydrolysate
were significantly higher than that of soybean protein hydrolysate (Table 1). This pilot
experiment paves the way for future in vitro and in vivo studies involving cell and small
animal models to explore more biological significance of hemp protein.

Table 1. In vitro antioxidant assays of soybean and hemp protein hydrolysates.

Soybean Hydrolysate Hemp Hydrolysate p Value

ORAC (µM trolox/g sample) 38.78± 0.362 0.539± 0.124 <0.001
Metal iron chelating activity (%) 42.71± 0.247 0.591± 0.152 <0.05

Note: Values are means± standard deviations, n = 3.

4. Structure-Activity Relationship of Antioxidant Peptides

Considering that the antioxidant activities of bioactive peptides are mainly associated
with the molecular weight (MW) of peptides, the compositions of amino acids, and the
sequences of amino acid groups [54–56], the structure-activity relationship of antioxidant
peptides can be studied by the two techniques below.

The first technique includes three traditional methods, membrane ultrafiltration (MU),
mass spectrometry (MS), and reverse-phase high-performance liquid chromatography
(RP-HPLC). They are extensively used to detect the relationship between the peptide
structure and antioxidant activity through the isolation and identification of peptides.
Membrane ultrafiltration separates the small MW of peptides from the large MW of peptides
by membranes with specific pore sizes [54]. MS analyzes the compositions of amino acids
using the optics principles [57,58]. RP-HPLC isolates bioactive peptides based on the
hydrophobic characteristics of peptide [30,59]. In practice, the hemp hydrolysates can be
filtered by MU first. Subsequently, the low MW of hemp hydrolysate can be tested through
in vitro and in vivo assays to detect its antioxidant abilities. Finally, the compositions and
structures of antioxidant peptides are verified by RP-HPLC and MS. This experimental
flow chart of antioxidant peptides is shown in Figure 1 [32].

The second technique is a novel bioinformatics method, quantitative structure-activity
relationship (QSAR) statistical model, which can predict the biological efficacy of peptides.
Although there are a lot of existing studies on the QSAR of anti-hypertensive peptides,
the number of studies on the QSAR of antioxidant peptides is far less than that of anti-
hypertensive peptides. This may be because antioxidant peptides have many dependent,
independent, and control variables, making the statistical analysis of antioxidant peptides
extremely complicated [60–65].
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4.1. Molecular Weight

Generally, the short-chain peptides derived from food protein have several physi-
ological benefits such as promoting the gastrointestinal digestion process, being more
absorbed into the blood circulation to reach target organs rapidly and preventing oxidative
damage [66–69]. Hence, Girgih et al. (2011) suspected that peptides with appropriately low
MW had strong antioxidant abilities. In their study, the hemp seed protein was hydrolyzed
by alcalase and separated by MU to obtain the low MW of peptide fractions, e.g., >5, 3–5,
1–3, and <1 kDa MW of peptides. The <1 kDa fractions demonstrated the highest DPPH
radical scavenging ability (24.2%) [44].

4.2. Composition of Amino Acids

Notably, the composition of amino acids is a determining factor in the antioxidant
activities of peptides. Amino acids can be divided into hydrophobic amino acids (Ala, Leu,
Met, Ile, Pro, Phe, Trp, Val) and hydrophilic amino acids. The hydrophilic amino acids can be
subclassified into neutral amino acids (Gly, Thr, Tyr Ser, Cys, Gln, Asn), acidic amino acids
(Asp, Glu), and alkaline amino acids (Lys, Arg, His) [70–72].

The hydrophobic amino acids serve as great hydroxyl radical scavengers owing to their
indole structure and the benzene ring, which can donate hydrogen in lipid peroxidation
reactions (RH + OH·→R· + H2O; R· + O2→ROO·; ROO· + RH→ROOH + R·) [3,27,54].
They deter lipid peroxidation reactions by converting hydrogen from the indole structure
and benzene ring to free radicals. That may be the reason why the hydrophobic amino
acids have a strong antioxidant ability [70–72].

For example, the peptides from tuna muscle exhibited strong antioxidant ability due to their
high proportion of hydrophobic amino acids [73]. Likewise, Chi et al. (2015) analyzed bluefin
protein and verified that peptides (Trp-Glu-Gly-Pro-Lys, Gly-Pro-Pro, Gly-Val-Pro-Leu-Thr)
containing high hydrophobic amino acid content could work well as natural antioxidants [74].

On the contrary, other scholars do not agree with above-mentioned perspective. They
think that hydrophilic amino acids, especially neutral amino and alkaline amino acids may have
good performance in antioxidant activities. For instance, Chen et al. (1996) discovered that the
bioactive peptide chains containing His were credited with good metal ion chelating ability due
to the presence of α-amido, carboxyl, and imidazole structures [66]. Moreover, Tian et al. (2005)
predicted Cys was one of the most active antioxidant amino acids by a QSAR model. It might
be associated with the number of strong disulfide bonds in a precursor molecule [75].

Additionally, the amino acid contents of hemp protein can be modified by physical
and chemical techniques. Table 2 exhibits that the amino acid contents of defatted hemp
seed, hemp protein hydrolysate, hemp protein isolations, and hemp protein fractions are
different, which verifies this viewpoint. Although the underlying mechanism is less clear, the
results of hemp protein studies listed in Table 2 can provide scholars with useful information
for reference. For example, the Arg content of hemp protein was the highest by enzymatic
hydrolysis treatment (pepsin and pancreatin) and the lowest by pH-shift treatment (acid
extraction). If the Arg content of hemp is studied, acid extraction might be avoided.
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Table 2. Amino acid compositions of hemp proteins and hydrolysates.

Amino Defatted Hemp Protein Hemp Protein Isolate Hemp Protein Fraction

His 3.07± 0.01 2.78± 0.03 1.09± 0.33 2.23± 0.20 2.85± 0.05 2.81± 0.47 2.61± 0.06 2.47± 0.01 2.47± 0.03 2.49± 0.08
Arg 12.68± 0.21 14.07± 0.40 6.05± 0.56 10.64± 0.92 13.44± 0.03 9.91± 0.91 13.87± 0.11 12.96± 0.13 13.6± 0.25 13.31± 0.24
Thr 3.79± 0.08 3.68± 0.29 2.06± 0.18 3.36± 0.37 3.79± 0.10 4.57± 0.35 3.60± 0.04 3.77± 0.35 4.01± 0.19 4.00± 0.19
Val 5.27± 0.11 4.66± 0.02 2.51± 0.09 3.90± 0.12 3.77± 0.40 4.98± 0.13 5.67± 0.14 5.26± 0.11 4.45± 0.19 4.24± 0.14
Met 2.14± 0.11 1.81± 0.39 1.83± 0.15 1.63± 0.05 3.79± 0.10 1.39± 0.06 1.94± 0.04 2.03± 0.06 1.85± 0.14 1.80± 0.15
Lys 3.78± 0.09 2.97± 0.06 1.20± 0.23 1.97± 0.18 0.89± 0.34 4.16± 0.87 3.19± 0.11 2.94± 0.14 2.56± 0.03 2.51± 0.07
Ile 4.23± 0.08 3.84± 0.07 1.93± 0.02 3.12± 0.10 3.02± 0.40 3.99± 0.08 4.15± 0.13 4.16± 0.11 3.98± 0.05 3.90± 0.04
Leu 7.12± 0.05 6.75± 0.04 3.13± 0.08 4.90± 0.19 7.13± 0.11 6.63± 0.23 9.91± 0.06 7.26± 0.10 5.15± 0.04 4.82± 0.43
Phe 4.76± 0.09 4.60± 0.04 2.34± 0.19 3.86± 0.42 5.12± 0.02 4.57± 0.11 7.68± 0.05 5.01± 0.14 3.21± 0.02 2.85± 0.40
Non-essential
Trp 0.76± 0.05 1.23± 0.16 0.04± 0.00 0.02± 0.00 0.55± 0.02 NA 1.58± 0.01 1.44± 0.15 1.16± 0.12 1.11± 0.02
Asp 11.34± 0.37 11.39± 0.03 4.06± 0.40 6.55± 0.48 12.35± 0.34 9.41± 0.39 9.49± 0.06 11.70± 0.29 12.79± 0.47 12.70± 0.11
Ser 5.57± 0.11 4.63± 0.09 2.37± 0.23 3.90± 0.31 6.31± 0.21 5.18± 0.02 4.73± 0.21 4.79± 0.19 4.69± 0.07 4.47± 0.38
Glu 18.41± 0.13 20.06± 1.34 6.92± 0.45 11.46± 0.82 18.86± 0.35 16.14± 0.26 15.18± 0.96 19.31± 1.04 22.71± 1.58 22.87± 1.02
Gly 4.74± 0.07 4.29± 0.23 2.01± 0.24 3.19± 0.29 4.79± 0.23 3.99± 0.06 3.23± 0.06 3.93± 0.07 4.54± 0.20 4.71± 0.44
Ala 4.89± 0.10 4.47± 0.16 1.79± 0.04 2.73± 0.09 5.01± 0.14 4.50± 0.36 4.91± 0.06 4.77± 0.12 4.30± 0.19 4.12± 0.09
Pro 2.66± 0.69 4.00± 0.07 1.73± 0.07 2.66± 0.10 3.02± 0.00 4.53± 0.39 3.19± 0.33 4.04± 0.56 4.23± 0.11 4.89± 0.73
Cys 1.22± 0.02 1.32± 0.23 0.71± 0.02 0.99± 0.06 0.89± 0.34 0.17± 0.01 0.29± 0.13 0.66± 0.01 1.26± 0.07 1.58± 0.28
Tyr 3.79± 0.08 3.45± 0.00 1.51± 0.13 2.71± 0.26 3.79± 0.10 3.67± 0.23 4.78± 0.02 3.50± 0.02 3.06± 0.06 3.62± 0.96
Reference [76] [59] [77] [77] [76] [7] [59] [59] [59] [59]

Note: Each value is the mean and standard deviation and all values are expressed in g of amino acid per 100 g of protein. NA is not available.
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4.3. Sequence of Amino Acids

Importantly, some scientists found that the amino acids of the same composition did
not have similar bioactive effects. They deemed that the sequence of the amino acids played
a significant role in antioxidant ability [55,56]. Despite the controversy, the following studies
are still good examples to interpret how the sequence of amino acids affects the antioxidant
activities of specific peptides. Chen et al. (1996) discovered that the metal ion chelating
capacity of His-Leu was higher than that of Leu-His, the same as His-His-Pro > Pro-His-His,
His-His-Leu-Pro > Pro-Leu-His-His, and His-His-Pro-Leu-Leu > Leu-Leu-Pro-His-His.
Apparently, His at the N-terminus of antioxidant peptides had better metal ion chelating
capacity [66]. In contrast, other scholars consider that the peptides containing hydrophobic
amino acids at the N-terminal and hydrophilic amino acids at the C-terminal have high
free radical scavenging ability. Bougatef and his coworkers studied seven peptides from
ardinella, Pro-His-Tyr-Leu, Gly-Ala-His, Gly-Ala-Leu-Ala-Ala-His, Leu-His-Tyr, Gly-Gly-
Glu, Leu-Ala-Arg-Leu, and Gly-Ala-Trp-Ala. They stated that the Leu-His-Tyr had the
highest antioxidant ability (DPPH 63± 1.57%) [78].

Specially, Xu et al. (2004) studied the antioxidant peptide, Leu-Asp-Tyr-Glu from
corn. In their opinion, the reason why this peptide had a strong antioxidant ability was
that Tyr was adjacent to Asp and Glu, so the hydrogen donating capacity of Tyr could be
enhanced. The carboxylate of Asp and Glu could attract electrons, and then the density of
the electron cloud in phenolic hydroxyl of Tyr was decreased. These reactions made it easier
for hydrogen of Tyr to be released [79]. Similar results had been observed by Bamdad et al.
(2005) that among the six peptides from barley protein, Pro-Tyr-Pro, Gln-Pro-Tyr-Pro-Gln,
Gln-Gln-Pro-Tyr-Pro-Gln, Gln-Pro-Gln-Pro-Tyr-Pro-Gln, Thr-Gln-Gln-Pro-Tyr-Pro-Gln, and
Glu-Pro-Tyr-Pro-Glu, Gln-Pro-Tyr-Pro-Gln had the strongest antioxidant ability since it con-
tained symmetrically repeated sequences. The Gln and Pro near Tyr could help release the
hydrogen in the phenolic hydroxyl of Tyr, boosting the antioxidant ability of peptides [80].

Surprisingly, in alignment with these results, a recent QSAR study also observed
that Tyr, Trp, or Cys located at the C-terminal position played a more dominant role in
antioxidant activity than other C-terminal residues. Based on the predicted antioxidant
values of 7870 unknown tripeptides, Du et al. compared 14 popular machine learning
methods for the QSAR models and then screened tripeptides to identify critical amino
acid features that determine the antioxidant activity. Later, they found that potentially
high antioxidant activity tripeptides all have a Tyr, Trp, or Cys residue at the C-terminal
position [65].

Supplementarily, Table 3 shows the amino acid sequence of nutritious food with
antioxidant ability, which can also support the above viewpoints. However, the structure-
activity relationship of antioxidant peptides has not been completely understood. More
studies on the advanced structure-modifying techniques such as glycosylation and high-
intensity ultrasound, the structure identification of antioxidant peptides, as well as the
correlation between antioxidant protein and other antioxidant phytochemicals that can
fortify protein function such as polyphenols are required to expand the utilization of the
hemp protein as a functional food [81–85].

Table 3. Amino acid sequence of antioxidant peptides.

Protein Resource Hydrolytic Enzyme In Vitro Antioxidant Assays Amino Acid Sequence Reference

Sardine Muscle Pepsin Superoxide radical scavenging activity,
hydroxyl radical scavenging activity.

Leu-Gln-Pro-Gly-Gln-Gly-
Gln-Gln [86]

Casein Pepsin
Superoxide radical scavenging activity,
hydroxyl radical scavenging activity,
DPPH radical scavenging activity.

Tyr-Phe-Tyr-Pro-Glu-Leu [87]
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Table 3. Cont.

Protein Resource Hydrolytic Enzyme In Vitro Antioxidant Assays Amino Acid Sequence Reference

Royal Jelly Protease N

Superoxide radical scavenging activity,
hydroxyl radical scavenging activity,
hydrogen peroxide scavenging activity,
metal chelating activity.

Ala-Leu, PheLys, Phe-Arg,
lle-Arg, Lys-Phe, Lys-Leu,
Lys-Tyr, Arg-Tyr, Tyr-Asp,
Tyr-Tyr, Leu-Asp-Arg,
Lys-Asn-Tyr-Pro

[88]

Egg White Pepsin ORAC, low-density lipoprotein lipid
oxidation induced by Cu2+.

Tyr-Ala-Glu-Glu-Arg-Tyr-Pro-
Ile-Leu [89]

Porcine Myofibrillar Actinase E, Papain

DPPH radical scavenging activity,
metal ion chelating activity,
hydroperoxides in a
peroxidation system.

Asp-Ser-Gly-Val-Thr,
Ile-Glu-Ala-Glu-Gly-Glu, Asp-
Ala-Gln-Glu-Lys-Leu-Glu,
Glu-Glu-Leu-Asp-Asn-Ala-
Leu-Asn,
Val-Pro-Ser-Ile-Asp-Asp-Gln-
Glu-Glu-Leu-Met

[90]

Sardinelle Alcalase
DPPH radical-scavenging assay, the
lipid peroxidation inhibition activity,
reducing power assay.

Leu-Ala-Arg-Leu,
Gly-Gly-Glu, Leu-His-Tyr and
Gly-Ala-Leu-Ala-Ala-His

[78]

Barley Alcalase, Flvourzyme
and Pepsin

DPPH radical scavenging assay,
superoxide radical scavenging assay,
hydroxyl radical scavenging assay,
metal chelating activity, ORAC.

Pro-Tyr-Pro,
Gln-Pro-Tyr-Pro-Gln,
Gln-Gln-Pro-Tyr-Pro-Gln,
Gln-Pro-Gln-Pro-Tyr-Pro-Gln,
Thr-Gln-Gln-Pro-Tyr-Pro-Gln,
Glu-Pro-Tyr-Pro-Glu

[80]

Corn Alcalase Superoxide dismutase activity. Leu-Asp-Tyr-Glu [79]

5. Pre-Clinical Studies on Hemp Seed and Pathogenesis-Related
Molecular Mechanisms

Moreover, health professionals have been increasingly interested in the phytotherapy
efficacy of hemp seed such as anti-inflammatory, anticancer, and anti-hypertension due to
its strong antioxidant ability. This offers a wide range of potential pharmacology for chronic
diseases involving inflammatory diseases, cancer, and hypertension [7,40,67,68,91–95].

5.1. Anti-Hypertension Effect

The rennin-angiotensin-aldosterone system (RAAS) is the primary vasopressor system
in human beings. The angiotensinogen produced from the liver is firstly cleaved by
renal renin to generate angiotensin I. Next, the angiotensin-converting enzyme (ACE)
removes the C-terminal dipeptide of angiotensin I to form angiotensin II, an effective
vasoconstrictor peptide. Subsequently, increasing angiotensin II levels enables the nitric
oxide synthase (NOS) to convert L-arginine into L-arginine and nitric oxide (NO), which is a
potent vasodilator [49,96,97]. Furthermore, excessive ROS affects the levels of Asymmetric
dimethylarginine (ADMA), an endogenous inhibitor of NOS. When ADMA reaches a
certain level, peroxynitrite can be produced by uncoupled NOS isoenzymes, causing a
decrease in NO bioavailability. These reactions lead to NO disequilibrium and then induce
high blood pressure. Therefore, maintaining the balance of ROS and NO is an effective
strategy for hypertension treatment (Figure 2) [98].

In these metabolic pathways, hemp protein hydrolysate (HPH) can play an anti-
hypertensive role due to its peptide characteristics such as the high contents of arginine
and the bioactive peptides (e.g., Trp-Tyr-Thr, Ser-Val-Tyr-Thr, Ile-Pro-Ala-Gly-Val), which
can increase the No levels, reduce oxidative stress, and suppress the renin and ACE
activities [49,97,99] carried out two animal experiments and suggested that hemp products
had both anti-hypertension and antioxidant effects. Firstly, 36 spontaneously hypertensive
rats (SHRs) were treated with saline, captopril, and hemp protein, respectively. The
systolic blood pressure (SBP), plasma ACE activity, and renin level of SHRs treated with
hemp hydrolysate were lower than those in the control group. Subsequently, another rat
experiment was conducted to identify the antioxidant ability of hemp protein. 32 SHRs
were equally divided into three groups. They were fed with diets containing 1.0%, 0.5%
and 0% (w/w) hemp hydrolysate, respectively. The plasma SOD and CAT activities in
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SHRs fed the hemp diets were significantly higher than those in the control group [49,97].
Thus, they suggested that the antioxidant peptides derived from hemp seed might be a
promising therapeutic agent for hypertension since these hemp bioactive peptides could
improve the activities of antioxidant enzymes, lower ROS and oxidative stress and finally
reduce the level of ACE, renin, and blood pressure [44,49,97,100].
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5.2. Anti-Inflammatory Effect

In theory, NF-κB (Nuclear Factor κB) dimer is a pleiotropic transcription factor, so
the NF-κB signaling pathway can regulate the expression of many genes on inflammation.
NF-κB exists in the cells in the form of the NF-κB-IκB (Inhibitor of NF-κB) complex. When
ROSs attack the cells, IKKβ (inhibitor of κB Kinase β) can be phosphorylated and activated.
Next, NF-κB dimer can be released from NF-κB-IκB by phosphorylated IKKβ. NF-κB
dimer contains two critical DNA binding domains, the N-terminal Rel homology domain
(RHD) and the C-terminal transcription activation domain (TAD). Once NF-κB no longer
binds with IκB, RHD and TAD can be exposed. Free NF-κB dimer is further activated
by multiple posttranslational factors. Meanwhile, NF-κB dimer relocates to the nucleus
and binds to specific DNA sequences that can match with RHD and TAD such as some
promoters and enhancers. These reactions boost transcriptions of proinflammatory genes
and generate inflammatory cytokines such as tumor necrosis factor (TNF-α), interleukin
(IL)-1β, and IL-6 (Figure 3) [76,101–107].
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on NF-κB and Keap1-Nrf2 signaling pathway. ROS, reactive oxygen species; IKKβ, inhibitor of κB
Kinase β; NF-κB, Nuclear Factor κB; Keap1, Kelch-like ECH-associated protein 1; Nrf2, nuclear factor
erythroid 2-related factor 2; ARE, antioxidant response elements; CAT, catalase; SOD, superoxide
dismutase; GPx, glutathione peroxidase; HO-1, Heme Oxygenase-1; P, phosphorylation; TNF, tumor
necrosis factor; IL, interleukin;
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Keap1-Nrf2 (Keap1, Kelch-like ECH-associated protein 1; Nrf2, nuclear factor ery-
throid 2-related factor 2) is another vital antioxidant and anti-inflammatory signaling
pathway. In this signaling pathway, hemp bioactive peptides can promote the uncoupling
of the Keap1-Nrf2 complex [108–110]. On the one hand, the released Nrf2s enter the cell
nucleus and bind to antioxidant response elements (ARE), upregulating the gene expres-
sion of various antioxidant enzymes including Heme Oxygenase-1 (HO-1), Nicotinamide
Adenine Dinucleotide Phosphate Quinone Oxidoreductase 1 (NQO), SOD, GSH-Px, and
CAT, to improve the antioxidant activities. On the other hand, the released Keap1 can bind
to IKKβ to inhibit the activities of IKKβ so that the NF-κB-IκB complex would be steady.
Consequently, the progression of inflammation may be slowed down due to the low levels
of inflammatory cytokines (Figure 3) [111–116].

Using BV-2 microglial cell model, Noelia et al. reported that hemp has potential
pharmaceutical value on anti-inflammatory effect. The defatted hemp meal was initially
hydrolyzed by flavourzyme and alcalase under multiple conditions. Among the bioactive
hemp protein hydrolysates, HPH20A (alcalase for 20 min) and HPH60A + 15AF (alcalase
for 60 min and flavourzyme for 15 min) were selected for further experiment of cell model
because of their high DH values. The lipopolysaccharide (LPS)-stimulated BV-2 microglial
cells were treated with HPH60A + 15AF and HPH20A at 50 and 100 µg/mL-1, respectively.
The results indicated that both HPH60A + 15AF and HPH20A could up-regulate the gene
expression of interleukin (IL)-10 and suppress the mRNA transcriptional levels of IL-1β,
TNF-α, and IL-6 in BV2 microglia cell [76]. Moreover, in (LPS)-stimulated BV2 microglia
cells, Wang et al. (2019) also found that hemp seed (cannabisin) could suppress the mRNA
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levels of TNF-α and IL-6. More importantly, the expression level of Sirtuin 1(SIRT1), which
can attenuate inflammation was improved since the inhibitor of SIRT1 was suppressed.
At the same time, as Nrf2 was released under the effect of hemp derivant, the expression
level of HO-1 was increased, and then ROS was reduced. Thus, hemp seed had both
anti-inflammatory and antioxidant abilities to inhibit inflammatory progression related to
NF-κB and Keap1-Nrf2 signaling pathways [117].

5.3. Anti-Cancer Effect

Strictly speaking, Akt (Protein kinase B)/GSK-3β (Glycogen synthase kinase-3β)/β-catenin
signaling pathway is recently discovered for the etiology of cancer diseases. β-catenin, a
transcription factor, can improve the transcription levels of oncology genes and promote
the progression of cancer. Wei et al. proposed a hypothesis that HPH might have an
anti-cancer ability by suppressing Akt/GSK-3β/β-catenin signaling pathway. HPH is
likely to activate Akt, which then phosphorylates and inactivates GSK-3β. Subsequently,
β-catenin can be phosphorylated by inactive GSK-3β. The phosphorylated β-catenin is
further ubiquitinated and degraded. As a result, less β-catenin can be released from the
complex and enter the cell nucleus. Lastly, the gene expressions of oncology genes are
inhibited (Figure 4) [118–124].

In the study of Wei et al. (2021), hemp proteins hydrolyzed by neutral protease and
papain was filtered by Ultrafiltration first. Subsequently, hepatocyte tumor cells (Hep3B)
and normal hepatocyte cells (L02) were treated with the low MW of HPH for 24 h. In
Hep3B cells, the cellular viability, the cell proliferation, the cell migration, the levels of Bcl-2
(anti-apoptotic protein), and the phosphorylation of Akt were decreased. Meanwhile, Bax
(pro-apoptotic protein), caspase 3 (pro-apoptotic protein), as well as the phosphorylation
of GSK-3β and β-catenin were increased. However, in L02 cells, there were no statistical
differences. These results verified that HPH could promote the apoptosis progress of cancer
cell through Akt/GSK3β/β-catenin signaling pathway [123].
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binds with IκB, RHD and TAD can be exposed. Free NF-κB dimer is further activated by 
multiple posttranslational factors. Meanwhile, NF-κB dimer relocates to the nucleus and 
binds to specific DNA sequences that can match with RHD and TAD such as some pro-
moters and enhancers. These reactions boost transcriptions of proinflammatory genes and 
generate inflammatory cytokines such as tumor necrosis factor (TNF-α), interleukin (IL)-
1β, and IL-6 (Figure 3) [76,101–107]. 

 
Figure 3. The mechanism of antioxidant and anti-inflammatory properties of hemp bioactive pep-
tides on NF-κB and Keap1-Nrf2 signaling pathway. ROS, reactive oxygen species; IKKβ, inhibitor 
of κB Kinase β; NF-κB, Nuclear Factor κB; Keap1, Kelch-like ECH-associated protein 1; Nrf2, nuclear 
factor erythroid 2-related factor 2; ARE, antioxidant response elements; CAT, catalase; SOD, super-
oxide dismutase; GPx, glutathione peroxidase; HO-1, Heme Oxygenase-1; P, phosphorylation; 
          represents promote or active;            represents inhibit or inactive. 

Keap1-Nrf2 (Keap1, Kelch-like ECH-associated protein 1; Nrf2, nuclear factor 
erythroid 2-related factor 2) is another vital antioxidant and anti-inflammatory signaling 
pathway. In this signaling pathway, hemp bioactive peptides can promote the uncoupling 
of the Keap1-Nrf2 complex [108–110]. On the one hand, the released Nrf2s enter the cell 
nucleus and bind to antioxidant response elements (ARE), upregulating the gene 

represents inhibit or inactive.

Another good experiment on the anti-cancer ability of hemp seed protein was con-
ducted by Lu et al. (2010). Hemp seed protein was hydrolyzed by alcalase to generate
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bioactive ingredients. These bioactive ingredients were separated, purified, and identified
by macroporous adsorption resin, gel filtration, RP-HPLC and MS to further obtain two an-
tioxidant peptides, His-Val-Arg-Glu-Thr-Ala-Leu-Val and Asn-His-Ala-Val. The apoptosis
levels of the hydrogen-peroxide-stimulated PC 12 cells treated with hemp peptides were
evaluated. The results demonstrated the hydrogen peroxide-induced cell toxicities were
significantly mitigated by hemp antioxidant peptides [39].

6. Hemp Seed Protein Product and Usage

Compared with other plant foods, hemp seed is a superior nutraceutical resource,
since hemp seed protein has a balanced amino acid profile and contains a great amount of
essential amino acids such as His, Arg, Met and Leu. Hemp seed can provide sufficient
amino acids to meet the daily requirements of children according to the recommendations
of the Food and Agriculture Organization (FAO), World Health Organization (WHO), and
United Nations University (UNU) (Table 4) [125–127]. Therefore, hemp protein products
can be recommended for people with low-protein intakes, vegans and vegetarians, lactose
intolerant people, patients with osteoporosis, athletes, dieters, children, etc. In recent
years, hemp protein has been directly added to daily diets through advanced food science
technologies, such as bakery products, milk, and meats for health benefits [128–131]. For
instance, hemp flour could be blended into gluten-free bread. It limited the recrystallization
of amylopectin and the hardening of crumb (the main symptom of bread staling) during
bread storage [132]. Meanwhile, gluten-free bread fortified with hemp provided a higher
intake of macroelements and microelements, especially proteins and iron. 10% of hemp
derivatives could keep the balance between nutraceutical value and bread quality [130].
Additionally, hemp derivatives were applied to meat products. The quality of pork loaves
added with hemp ingredients was evaluated by Zajac et al. (2019). The contents of fiber,
magnesium, manganese, iron, copper, and polyunsaturated fatty acids in meat products
were elevated, but the microbial growth was not affected. It can be generalized that hemp-
treated meat products are healthy foods [131]. Specifically, hemp as a vegetable protein
might be a good way to improve nutritional level of yogurt. In reviewing a recent literature,
the authors studied that the fortification of plant protein-mixed yogurt. The effects of
5 vegetable proteins (hemp, pea, soy, wheat, and pumpkin) as additives were determined by
rheological, physicochemical, and sensory properties of yogurt before pasteurization [129].
Hemp protein had the lowest syneresis value and the high viscosity. Furthermore, the
yogurt fortified with hemp proteins also displayed an increase in acidity. These results
revealed that the addition of hemp had good performance in dairy products [129,133,134].

Table 4. Amino acid compositions of dietary protein and the FAO/WHO/UNU suggested requirements.

Amino
Acids

Hemp
Seed

Brown
Rice Soybean Brown

Rice Oat Pea Potato Wheat Fababean Corn Infant
(FAO/WHO/UNU)

Child 2–5 Years Old
(FAO/WHO/UNU)

Essential
His 3.07 1.8 2.3 1.8 0.9 1.6 1.4 1.7 2.7 2.2 2.6 1.90
Arg 12.68 6.3 1.8 6.3 3.1 5.9 3.3 4.1 11.2 6.3 NA NA
Thr 3.79 2.9 7.9 2.9 1.5 2.5 4.1 2.3 3.1 3.4 4.3 3.40
Val 5.27 4.6 5.9 4.6 2.0 2.7 3.7 3.6 6.8 7.3 5.5 3.50
Met 2.14 2.3 1.7 2.3 0.1 0.3 1.3 1.1 0.7 1.6 NA NA
Lys 3.78 2.4 9.7 2.4 1.3 4.7 4.8 2.0 7.5 4.3 6.6 5.80
Ile 4.23 3.5 4.3 3.5 1.3 2.3 3.1 3.2 4.3 2.6 4.6 2.80

Leu 7.12 6.4 10.2 6.4 3.8 5.7 6.7 6.7 9.6 10.4 9.3 6.60
Phe 4.76 4.4 2.6 4.4 2.7 3.7 4.2 2.3 5.1 4.1 NA NA

Non-essential
Trp 0.76 1.2 1.1 1.2 NA NA NA 1.2 NA NA NA NA
Asp 11.34 6.9 10.2 6.9 NA NA NA 4.5 7.6 7.1 NA N
Ser 5.57 3.9 4.6 3.9 2.2 3.6 3.4 4.2 5.6 5.5 NA NA
Glu 18.41 13.9 17.5 13.9 11.0 12.9 7.1 36.1 18.1 18.7 NA NA
Gly 4.74 3.5 3.6 3.5 1.7 2.8 3.2 3.3 5.3 6.6 NA NA
Ala 4.89 4.5 4.8 4.5 2.2 3.2 3.3 2.8 4.7 7.6 NA NA
Pro 2.66 2.9 5.7 2.9 2.5 3.1 3.3 8.4 5.4 9.0 NA NA
Cys 1.22 1.7 2.1 1.7 0.4 0.2 0.3 2.0 1.0 1.9 NA NA
Tyr 3.79 4.3 1.1 4.3 1.5 2.6 3.8 4.0 1.3 1.4 1.7 1.10

Reference [76] [135] [135] [135] [136] [136] [136] [137] [138] [138] [139] [140]

Note: The values of soybean, rice and whey are presented in g per 100 g protein isolated. Other values are
presented in g per 100 g raw material. NA is not available.
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7. Potential Hazard

However, hemp is a mild allergen for special populations because it can directly trigger
side effects such as wheal, pruritus, and severe symptoms caused by type I hypersensitiv-
ity [141,142]. A case report showed that a 30-year-old man who worked in hemp harvesting
suffered from contact urticaria. It demonstrated that hemp might be a resource of occu-
pational allergen [141,143]. Additionally, hemp is an indirect allergen. When consumed
with other specific plant allergens, hemp would magnify the adverse reactions, which are
called “cannabis-fruit” or “cannabis-vegetable” syndromes [142,144]. To improve beneficial
functions and alleviate side effects, the experiments on hemp seed proteome have emerged
in recent years. Scientists identified the proteomic profile of hemp seed by gel electrophore-
sis, MS. Followed by bioinformatics methods such as protein–protein interactomics (PPI)
network analysis, Gene ontology (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) pathways analysis, the correlation between the proteomic characteristics of hemp
seed and its related physiological functions involving energy regulation, metabolism, stress
response, cytoskeleton, and binding, protein synthesis was studied (Figure 5) [145,146].
Fortunately, two major hemp allergens, thaumatin-like protein and lipid transfer protein
had been found and they could be purged by the food processing techniques [147]. The
more negative properties of hemp seed protein can be discovered and eliminated, the more
beneficial hemp seed protein will be.

1 

 

 

Figure 5. The experimental flow chart of protein profile.

Finally, protein is one of the most essential macronutrients for human beings. Since
the excessive intake of animal protein is associated with a high risk of chronic diseases,
hemp protein products gradually become a good alternative to animal protein. However,
excessive protein may bring about side effects because the body dose not store proteins.
Long-term and high-protein intake may increase the renal glomerular filtration rate and im-
pose a significant metabolic burden on kidneys, thus leading to kidney damage, especially
for those who already have chronic kidney diseases, such as diabetic nephropathy and
nephrotic syndrome. Therefore, regular clinical follow-ups with healthcare professionals
are essential for individuals consuming protein products. On the one hand, it is important
to discuss the dosages of hemp protein intake with healthcare professionals, who can iden-
tify the best dietary intervention course for consumers. On the other hand, it is necessary
to take into account the anti-nutritional compounds.

8. Conclusions and Future

Hemp seed is a novel protein-rich functional food with promising phytotherapy ef-
ficacy. The research and applications on hemp are relatively few compared with other
plant foods. Thus, hemp intrigues the growing interest of scientists. This review focuses
on the antioxidant ability of hemp seed protein and summarizes the characteristics of an-
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tioxidant peptides. It found that the structure-activity relationship of antioxidant peptides
is impacted by multiple factors involving the molecular size, the compositions of amino
acids and the sequences of amino acids. Considering the positive pre-clinical properties
of hemp protein, many scholars offered a broad spectrum of potential pharmacology on
various diseases such as hypertension, inflammatory diseases, cancer. Since hemp seed is
still an underexploited food, more high-quality experiments such as proteomic analysis, ge-
nomics analysis, and the clinical trials of large sample size are warranted for more scientific
evidence. Despite the current limitations of hemp protein products, we believe they will
be better applied to human health worldwide with the development of food, agriculture,
biology, and medicine technologies. We are looking forward to seeing a brilliant future of
hemp protein.
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85. Karabulut, G.; Feng, H.; Yemiş, O. Physicochemical and Antioxidant Properties of Industrial Hemp Seed Protein Isolate Treated
by High-Intensity Ultrasound. Plant Foods Hum Nutr. 2022, 77, 577–583. [CrossRef] [PubMed]

86. Suetsuna, K.; Ukeda, H. Isolation an octaperptide which possesses active oxygen scavenging activity from peptic digest of sardine
muscle. Nippon. Suisan Gakkaishi 1999, 65, 1096–1099. [CrossRef]

87. Suetsuna, K.; Ukeda, H.; Ochi, H. Isolation and characterization of free radical scavenging activities peptides derived from casein.
J. Nutr. Biochem. 2000, 11, 128–131. [CrossRef]

88. Guo, H.; Kouzuma, Y.; Yonekura, M. Structures and properties of antioxidative peptides derived from royal jelly protein.
Food Chem. 2009, 113, 238–245. [CrossRef]

89. Dávalos, A.; Miguel, M.; Bartolomé, B.; López-Fandiño, R. Antioxidant Activity of Peptides Derived from Egg White Proteins by
Enzymatic Hydrolysis. J. Food Prot. 2004, 67, 1939–1944. [CrossRef] [PubMed]

90. Saiga, A.; Tanabe, S.; Nishimura, T. Antioxidant Activity of Peptides Obtained from Porcine Myofibrillar Proteins by Protease
Treatment. J. Agric. Food Chem. 2003, 51, 3661–3667. [CrossRef]

91. Wang, S.; Meckling, K.A.; Marcone, M.F.; Kakuda, Y.; Tsao, R. Can phytochemical antioxidant rich foods act as anti-cancer agents?
Food Res. Int. 2011, 44, 2545–2554. [CrossRef]

92. Zuardi, A.W.; Antonio, C.; Zuardi, W.; Candido, A.; Lima, P.; Recreio, J.D. Cannabidiol, from an inactive cannabinoid to a drug
with wide spectrum of action. Rev. Bras. Psiquiatr. 2008, 30, 271–280. [CrossRef]

93. Fouad, A.A.; Albuali, W.H.; Mulhim, A.S.; Jresat, I. Cardioprotective effect of cannabidiol in rats exposed to doxorubicin toxicity.
Environ. Toxicol. Pharmacol. 2013, 36, 347–357. [CrossRef]

94. Chagas, M.H.N.; Zuardi, A.W.; Tumas, V.; Pena-Pereira, M.A.; Sobreira, E.T.; Bergamaschi, M.M.; Dos Santos, A.C.; Teixeira,
A.L.; Hallak, J.E.C.; Crippa, J.A.S. Effects of cannabidiol in the treatment of patients with Parkinson’s disease: An exploratory
double-blind trial. J. Psychopharmacol. 2014, 28, 1088–1098. [CrossRef]

95. Xu, Y.; Li, J.; Zhao, J.; Wang, W.; Griffin, J.; Li, Y.; Bean, S.; Tilley, M.; Wang, D. Hempseed as a nutritious and healthy human food
or animal feed source: A review. Int. J. Food Sci. Technol. 2020, 56, 530–543. [CrossRef]

96. Aluko, R.E. Antihypertensive Peptides from Food Proteins. Annu. Rev. Food Sci. Technol. 2015, 6, 235–262. [CrossRef]
97. Girgih, A.T.; He, R.; Malomo, S.; Offengenden, M.; Wu, J.; Aluko, R.E. Structural and functional characterization of hemp seed

(Cannabis sativa L.) protein-derived antioxidant and antihypertensive peptides. J. Funct. Foods 2014, 6, 384–394. [CrossRef]
98. Tain, Y.-L.; Hsu, C.-N. Oxidative Stress-Induced Hypertension of Developmental Origins: Preventive Aspects of Antioxidant

Therapy. Antioxidants 2022, 11, 511. [CrossRef] [PubMed]

http://doi.org/10.3390/md13052580
http://doi.org/10.1016/j.jff.2014.10.027
http://doi.org/10.1007/s13594-015-0226-5
http://doi.org/10.1039/C9FO01904A
http://www.ncbi.nlm.nih.gov/pubmed/31576391
http://doi.org/10.1007/s11694-013-9168-x
http://doi.org/10.1016/j.foodchem.2009.05.021
http://doi.org/10.1016/j.jff.2015.06.055
http://doi.org/10.1016/j.foodchem.2022.134231
http://doi.org/10.1016/j.foodchem.2022.133170
http://doi.org/10.1016/j.foodchem.2022.132697
http://doi.org/10.3390/molecules26247699
http://doi.org/10.1007/s11130-022-01017-7
http://www.ncbi.nlm.nih.gov/pubmed/36227525
http://doi.org/10.2331/suisan.65.1096
http://doi.org/10.1016/S0955-2863(99)00083-2
http://doi.org/10.1016/j.foodchem.2008.06.081
http://doi.org/10.4315/0362-028X-67.9.1939
http://www.ncbi.nlm.nih.gov/pubmed/15453585
http://doi.org/10.1021/jf021156g
http://doi.org/10.1016/j.foodres.2011.05.021
http://doi.org/10.1590/S1516-44462008000300015
http://doi.org/10.1016/j.etap.2013.04.018
http://doi.org/10.1177/0269881114550355
http://doi.org/10.1111/ijfs.14755
http://doi.org/10.1146/annurev-food-022814-015520
http://doi.org/10.1016/j.jff.2013.11.005
http://doi.org/10.3390/antiox11030511
http://www.ncbi.nlm.nih.gov/pubmed/35326161


Molecules 2022, 27, 7924 18 of 19

99. Samaei, S.P.; Martini, S.; Tagliazucchi, D.; Gianotti, A.; Babini, E. Antioxidant and Angiotensin I-Converting Enzyme (ACE)
Inhibitory Peptides Obtained from Alcalase Protein Hydrolysate Fractions of Hemp (Cannabis sativa L.) Bran. J. Agric. Food Chem.
2021, 69, 9220–9228. [CrossRef] [PubMed]

100. Girgih, A.T.; Udenigwe, C.C.; Li, H.; Adebiyi, A.P.; Aluko, R.E. Kinetics of Enzyme Inhibition and Antihypertensive Effects of
Hemp Seed (Cannabis sativa L.) Protein Hydrolysates. J. Am. Oil Chem. Soc. 2011, 88, 1767–1774. [CrossRef]

101. Surh, Y.-J.; Chun, K.-S.; Cha, H.-H.; Han, S.S.; Keum, Y.-S.; Park, K.-K.; Lee, S.S. Molecular mechanisms underlying chemopre-
ventive activities of anti-inflammatory phytochemicals: Down-regulation of COX-2 and iNOS through suppression of NF-κB
activation. Mutat. Res. Mol. Mech. Mutagen. 2001, 480, 243–268. [CrossRef]

102. Libby, P. Inflammatory Mechanisms: The Molecular Basis of Inflammation and Disease. Nutr. Rev. 2007, 65, S140–S146. [CrossRef]
103. Hayden, M.S.; Ghosh, S. NF-κB, the first quarter-century: Remarkable progress and outstanding questions. Genes Dev. 2012, 26,

203–234. [CrossRef]
104. Smale, S.T. Dimer-specific regulatory mechanisms within the NF-κB family of transcription factors. Immunol. Rev. 2012, 246,

193–204. [CrossRef]
105. Hayden, M.S.; Ghosh, S. Shared Principles in NF-κB Signaling. Cell 2008, 132, 344–362. [CrossRef] [PubMed]
106. Ahmad, R.; Rasheed, Z.; Ahsan, H. Biochemical and cellular toxicology of peroxynitrite: Implications in cell death and autoim-

mune phenomenon. Immunopharmacol. Immunotoxicol. 2009, 31, 388–396. [CrossRef] [PubMed]
107. Pereira, S.G.; Oakley, F. Nuclear factor-κB1: Regulation and function. Int. J. Biochem. Cell Biol. 2008, 40, 1425–1430. [CrossRef]

[PubMed]
108. Lee, M.J.; Park, S.H.; Han, J.H.; Hong, Y.K.; Hwang, S.; Lee, S.; Kim, D.; Han, S.Y.; Kim, E.S.; Cho, K.S. The effects of hempseed

meal intake and linoleic acid on drosophila models of neurodegenerative diseases and hypercholesterolemia. Mol. Cells 2011, 31,
337–342. [CrossRef] [PubMed]

109. Luo, Q.; Yan, X.; Bobrovskaya, L.; Ji, M.; Yuan, H.; Lou, H.; Fan, P. Anti-neuroinflammatory effects of grossamide from hemp seed
via suppression of TLR-4-mediated NF-κB signaling pathways in lipopolysaccharide-stimulated BV2 microglia cells. Mol. Cell
Biochem. 2017, 428, 129–137. [CrossRef]

110. Wen, Z.-S.; Xue, R.; Du, M.; Tang, Z.; Xiang, X.-W.; Zheng, B.; Qu, Y.-L. Hemp seed polysaccharides protect intestinal epithelial
cells from hydrogen peroxide-induced oxidative stress. Int. J. Biol. Macromol. 2019, 135, 203–211. [CrossRef]

111. Lee, J.-M.; Johnson, J.A. An important role of Nrf2-ARE pathway in the cellular defense mechanism. BMB Rep. 2004, 37, 139–143.
[CrossRef]

112. Lee, D.-F.; Kuo, H.-P.; Liu, M.; Chou, C.-K.; Xia, W.; Du, Y.; Shen, J.; Chen, C.-T.; Huo, L.; Hsu, M.-C.; et al. KEAP1 E3
Ligase-Mediated Downregulation of NF-κB Signaling by Targeting IKKβ. Mol. Cell 2009, 36, 131–140. [CrossRef]

113. Yao, J.; Zhao, L.; Zhao, Q.; Zhao, Y.; Sun, Y.; Zhang, Y.; Miao, H.; You, Q.-D.; Hu, R.; Guo, Q.-L. NF-κB and Nrf2 signaling
pathways contribute to wogonin-mediated inhibition of inflammation-associated colorectal carcinogenesis. Cell Death Dis. 2014,
5, e1283. [CrossRef]

114. Awuh, J.A.; Haug, M.; Mildenberger, J.; Marstad, A.; Do, C.P.N.; Louet, C.; Stenvik, J.; Steigedal, M.; Damås, J.K.; Halaas, Ø.; et al.
Keap1 regulates inflammatory signaling in Mycobacterium avium -infected human macrophages. Proc. Natl. Acad. Sci. USA 2015,
112, E4272–E4280. [CrossRef]

115. Jeong, W.-S.; Jun, M.; Kong, A.-N.T. Nrf2: A Potential Molecular Target for Cancer Chemoprevention by Natural Compounds.
Antioxidants Redox. Signal. 2006, 8, 99–106. [CrossRef] [PubMed]

116. Yu, M.; King, B.; Ewert, E.; Su, X.; Mardiyati, N.; Zhao, Z.; Wang, W. Exercise Activates p53 and Negatively Regulates IGF,1
Pathway in epidermis within a skin cancer model. PLoS ONE 2016, 11, e0160939. Available online: http://hdl.handle.net/2097/3
4600 (accessed on 13 November 2022). [CrossRef] [PubMed]

117. Wang, S.; Luo, Q.; Fan, P. Cannabisin F from Hemp (Cannabis sativa) Seed Suppresses Lipopolysaccharide-Induced Inflammatory
Responses in BV2 Microglia as SIRT1 Modulator. Int. J. Mol. Sci. 2019, 20, 507. [CrossRef] [PubMed]

118. Fukumoto, S.; Hsieh, C.-M.; Maemura, K.; Layne, M.D.; Yet, S.-F.; Lee, K.-H.; Matsui, T.; Rosenzweig, A.; Taylor, W.G.; Rubin, J.S.;
et al. Akt Participation in the Wnt Signaling Pathway through Dishevelled. J. Biol. Chem. 2001, 276, 17479–17483. [CrossRef]
[PubMed]

119. Zhang, K.; Song, H.; Yang, P.; Dai, X.; Li, Y.; Wang, L.; Du, J.; Pan, K.; Zhang, T. Silencing dishevelled-1 sensitizes paclitaxel-
resistant human ovarian cancer cells via AKT/GSK-3β/β-catenin signalling. Cell Prolif. 2015, 48, 249–258. [CrossRef] [PubMed]

120. Wang, G.; Feng, C.-C.; Chu, S.-J.; Zhang, R.; Lu, Y.-M.; Zhu, J.-S.; Zhang, J. Toosendanin inhibits growth and induces apoptosis in
colorectal cancer cells through suppression of AKT/GSK-3β/β-catenin pathway. Int. J. Oncol. 2015, 47, 1767–1774. [CrossRef]

121. Zhao, L.; Miao, H.-C.; Li, W.-J.; Sun, Y.; Huang, S.-L.; Li, Z.-Y.; Guo, Q.-L. LW-213 induces G2/M cell cycle arrest through
AKT/GSK3β/β-catenin signaling pathway in human breast cancer cells. Mol. Carcinog. 2016, 55, 778–792. [CrossRef]

122. Ozman, Z.; Iptec, B.O.; Sahin, E.; Eskiler, G.G.; Ozkan, A.D.; Kaleli, S. Regulation of valproic acid induced EMT by AKT/GSK3β/
β-catenin signaling pathway in triple negative breast cancer. Mol. Biol. Rep. 2021, 48, 1335–1343. [CrossRef]

123. Wei, L.; Dong, Y.; Sun, Y.; Mei, X.; Ma, X.; Shi, J.; Yang, Q.; Ji, Y.; Zhang, Z.; Sun, H.; et al. Anticancer property of Hemp Bioactive
Peptides in Hep3B liver cancer cells through Akt/GSK3β/β-catenin signaling pathway. Food Sci. Nutr. 2021, 9, 1833–1841.
[CrossRef]

124. Liu, Y.; Duysen, E.; Yaktine, A.L.; Au, A.; Wang, W.; Birt, D.F. Dietary energy restriction inhibits ERK but not JNK or p38 activity
in the epidermis of SENCAR mice. Carcinogenesis 2001, 22, 607–612. [CrossRef]

http://doi.org/10.1021/acs.jafc.1c01487
http://www.ncbi.nlm.nih.gov/pubmed/34353019
http://doi.org/10.1007/s11746-011-1841-9
http://doi.org/10.1016/S0027-5107(01)00183-X
http://doi.org/10.1301/nr.2007.dec.S140-S146
http://doi.org/10.1101/gad.183434.111
http://doi.org/10.1111/j.1600-065X.2011.01091.x
http://doi.org/10.1016/j.cell.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18267068
http://doi.org/10.1080/08923970802709197
http://www.ncbi.nlm.nih.gov/pubmed/19555204
http://doi.org/10.1016/j.biocel.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17693123
http://doi.org/10.1007/s10059-011-0042-6
http://www.ncbi.nlm.nih.gov/pubmed/21331775
http://doi.org/10.1007/s11010-016-2923-7
http://doi.org/10.1016/j.ijbiomac.2019.05.082
http://doi.org/10.5483/BMBRep.2004.37.2.139
http://doi.org/10.1016/j.molcel.2009.07.025
http://doi.org/10.1038/cddis.2014.221
http://doi.org/10.1073/pnas.1423449112
http://doi.org/10.1089/ars.2006.8.99
http://www.ncbi.nlm.nih.gov/pubmed/16487042
http://hdl.handle.net/2097/34600
http://hdl.handle.net/2097/34600
http://doi.org/10.1371/journal.pone.0160939
http://www.ncbi.nlm.nih.gov/pubmed/27509024
http://doi.org/10.3390/ijms20030507
http://www.ncbi.nlm.nih.gov/pubmed/30691004
http://doi.org/10.1074/jbc.C000880200
http://www.ncbi.nlm.nih.gov/pubmed/11278246
http://doi.org/10.1111/cpr.12161
http://www.ncbi.nlm.nih.gov/pubmed/25643607
http://doi.org/10.3892/ijo.2015.3157
http://doi.org/10.1002/mc.22321
http://doi.org/10.1007/s11033-021-06173-8
http://doi.org/10.1002/fsn3.1976
http://doi.org/10.1093/carcin/22.4.607


Molecules 2022, 27, 7924 19 of 19

125. Tang, C.-H.; Ten, Z.; Wang, X.-S.; Yang, X.-Q. Physicochemical and Functional Properties of Hemp (Cannabis sativa L.) Protein
Isolate. J. Agric. Food Chem. 2006, 54, 8945–8950. [CrossRef] [PubMed]

126. House, J.D.; Neufeld, J.; Leson, G. Evaluating the Quality of Protein from Hemp Seed (Cannabis sativa L.) Products Through the
use of the Protein Digestibility-Corrected Amino Acid Score Method. J. Agric. Food Chem. 2010, 58, 11801–11807. [CrossRef]
[PubMed]

127. Callaway, J.C. Hempseed as a nutritional resource: An overview. Euphytica 2004, 140, 65–72. [CrossRef]
128. Norajit, K.; Gu, B.-J.; Ryu, G.-H. Effects of the addition of hemp powder on the physicochemical properties and energy bar

qualities of extruded rice. Food Chem. 2011, 129, 1919–1925. [CrossRef]
129. Grasso, N.; Alonso-Miravalles, L.; O’Mahony, J.A. Composition, Physicochemical and Sensorial Properties of Commercial

Plant-Based Yogurts. Foods 2020, 9, 252. [CrossRef] [PubMed]
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131. Zając, M.; Guzik, P.; Kulawik, P.; Tkaczewska, J.; Florkiewicz, A.; Migdał, W. The quality of pork loaves with the addition of hemp

seeds, de-hulled hemp seeds, hemp protein and hemp flour. LWT 2019, 105, 190–199. [CrossRef]
132. Korus, J.; Witczak, M.; Ziobro, R.; Juszczak, L. Hemp (Cannabis sativa subsp. sativa) flour and protein preparation as natural

nutrients and structure forming agents in starch based gluten-free bread. Food Sci. Technol. 2017, 84, 143–150. [CrossRef]
133. Sabeena Farvin, K.H.; Baron, C.P.; Nielsen, N.S.; Otte, J.; Jacobsen, C. Antioxidant activity of yoghurt peptides,

Part 2-Characterisation of peptide fractions. Food Chem 2010, 123, 1090–1097. [CrossRef]
134. Dabija, A.; Codina, G.G.; Gâtlan A-MSănduleac, E.T.; Rusu, L. Effects of some vegetables proteins addition on yogurt quality. Food Ind.

2018, 13, 181–192. Available online: https://doaj.org/article/81642b004c9642a49dfea3df5e7a5cc4 (accessed on 13 November 2022).
135. Douglas, K. Amino Acid Composition of an Organic Brown Rice Protein Concentrate and Isolate Compared to Soy and Whey

Concentrates and Isolates. Foods 2014, 3, 394–402. [CrossRef]
136. Gorissen, S.H.; Crombag, J.J.; Senden, J.M.; Waterval, W.A.; Bierau, J.; Verdijk, L.B.; van Loon, L.J. Protein content and amino acid

composition of commercially available plant-based protein isolates. Amino Acids 2018, 50, 1685–1695. [CrossRef] [PubMed]
137. Abdel-Aal ES, M.; Hucl, P. Amino acid composition and in vitro protein digestibility of selected ancient wheats and their end

products. J. Food Compos. Anal. 2002, 15, 737–747. [CrossRef]
138. Sampelayo, M.S.; Pérez, M.L.; Extremera, F.G.; Boza, J.J.; Boza, J. Use of different dietary protein sources for lactating goats: Milk

production and composition as functions of protein degradability and amino acid composition. J. Dairy Sci. 1999, 82, 555–565.
[CrossRef]

139. Wang, Q.L.; Xiong, Y.L. Processing; Nutrition; and Functionality of Hempseed Protein: A Review. Compr. Rev. Food Sci. Food
Safety 2019, 18, 936–952. [CrossRef]

140. Wang, Q.; Jin, Y.; Xiong, Y.L. Heating-Aided pH Shifting Modifies Hemp Seed Protein Structure, Cross-Linking, and Emulsifying
Properties. J. Agric. Food Chem. 2018, 66, 10827–10834. [CrossRef]

141. Pérez-Ezquerra, P.R.; Sánchez-Morillas, L.; Davila-Ferandez, G.; Ruiz-Hornillos, F.; García, I.C.; Mañas, M.H.; Martínez, J.L.;
Bartolomé, B. Contact urticaria to Cannabis sativa due to a lipid transfer protein (LTP). Allergol. mmunopathol. 2015, 43, 231–233.
[CrossRef]

142. Decuyper, I.; Ryckebosch, H.; Van Gasse, A.L.; Sabato, V.; Faber, M.; Bridts, C.H.; Ebo, D.G. Cannabis Allergy: What do We Know
Anno 2015. Arch. Immunol. Ther. Exp. 2015, 63, 327–332. [CrossRef]

143. Decuyper, I.I.; Green, B.J.; Sussman, G.L.; Ebo, D.G.; Silvers, W.S.; Pacheco, K.; King, B.S.; Cohn, J.R.; Zeiger, R.S.; Zeiger, J.S.; et al.
Occupational Allergies to Cannabis. J. Allergy Clin. Immunol. Pract. 2020, 8, 3331–3338. [CrossRef]

144. Decuyper, I.I.; Van Gasse, A.L.; Cop, N.; Sabato, V.; Faber, M.A.; Mertens, C.; Bridts, C.H.; Hagendorens, M.M.; de Clerck, L.; Rihs,
H.P.; et al. Cannabis sativa allergy, looking through the fog. Allergy Eur. J. Allergy Clin. Immunol. 2017, 72, 201–206. [CrossRef]

145. Park, S.-K.; Seo, J.-B.; Lee, M.-Y. Proteomic profiling of hempseed proteins from Cheungsam. Biochim. Biophys. Acta (BBA)-Proteins
Proteom. 2012, 1824, 374–382. [CrossRef] [PubMed]

146. Aiello, G.; Fasoli, E.; Boschin, G.; Lammi, C.; Zanoni, C.; Citterio, A.; Arnoldi, A. Proteomic characterization of hempseed
(Cannabis sativa L.). J. Proteom. 2016, 147, 187–196. [CrossRef] [PubMed]

147. Mamone, G.; Picariello, G.; Ramondo, A.; Nicolai, M.A.; Ferranti, P. Production, digestibility and allergenicity of hemp
(Cannabis sativa L.) protein isolates. Food Res. Int. 2019, 115, 562–571. [CrossRef] [PubMed]

http://doi.org/10.1021/jf0619176
http://www.ncbi.nlm.nih.gov/pubmed/17090145
http://doi.org/10.1021/jf102636b
http://www.ncbi.nlm.nih.gov/pubmed/20977230
http://doi.org/10.1007/s10681-004-4811-6
http://doi.org/10.1016/j.foodchem.2011.06.002
http://doi.org/10.3390/foods9030252
http://www.ncbi.nlm.nih.gov/pubmed/32110978
http://doi.org/10.1111/jfq.12159
http://doi.org/10.1016/j.lwt.2019.02.013
http://doi.org/10.1016/j.lwt.2017.05.046
http://doi.org/10.1016/j.foodchem.2010.05.029
https://doaj.org/article/81642b004c9642a49dfea3df5e7a5cc4
http://doi.org/10.3390/foods3030394
http://doi.org/10.1007/s00726-018-2640-5
http://www.ncbi.nlm.nih.gov/pubmed/30167963
http://doi.org/10.1006/jfca.2002.1094
http://doi.org/10.3168/jds.S0022-0302(99)75267-7
http://doi.org/10.1111/1541-4337.12450
http://doi.org/10.1021/acs.jafc.8b03901
http://doi.org/10.1016/j.aller.2013.10.002
http://doi.org/10.1007/s00005-015-0352-z
http://doi.org/10.1016/j.jaip.2020.09.003
http://doi.org/10.1111/all.13043
http://doi.org/10.1016/j.bbapap.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22040604
http://doi.org/10.1016/j.jprot.2016.05.033
http://www.ncbi.nlm.nih.gov/pubmed/27265319
http://doi.org/10.1016/j.foodres.2018.09.017
http://www.ncbi.nlm.nih.gov/pubmed/30599980

	Introduction 
	Structure-Modifying Techniques 
	pH-Shift 
	Enzymatic Hydrolysis 

	Assessments of the Antioxidant Ability 
	Reactive Oxygen Species Scavenging Ability 
	Metal Ion Chelating Capacity 
	Assessments of Antioxidant Enzymatic and Non-Enzymatic Activities 

	Structure-Activity Relationship of Antioxidant Peptides 
	Molecular Weight 
	Composition of Amino Acids 
	Sequence of Amino Acids 

	Pre-Clinical Studies on Hemp Seed and Pathogenesis-Related Molecular Mechanisms 
	Anti-Hypertension Effect 
	Anti-Inflammatory Effect 
	Anti-Cancer Effect 

	Hemp Seed Protein Product and Usage 
	Potential Hazard 
	Conclusions and Future 
	References

