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Abstract

Industrial hemp (Cannabis sativa L.; Cannabaceae), traditionally cultivated for fiber, also repre-
sents a valuable source of nutrient-rich seed oil. In this study, cold-pressed hemp seed oils
from three Romanian varieties (Teodora, Silvana, and Armanca) were evaluated for their
fatty acid composition, minor bioactive constituents, antioxidant activity, growth-promoting
property toward probiotic strains in vitro, and molecular docking interactions with pro-
biotic targets. Gas chromatography revealed a fatty acid profile dominated by linoleic
(49.4-51.9%), oleic (16.3-22.8%), and o-linolenic acids (9.8-14.4%), resulting in favorable
PUFA /SFA ratios (5.17-6.39) and w-6/w-3 ratios (3.93-5.53). The oils also contained phenolics
(118-160 mg GAE/kg), chlorophylls (6.18-8.31 mg/kg), and carotenoids (2.58-3.37 mg/kg),
which contributed to their antioxidant activity (DPPH inhibition 35.92 uM TE /100 g—43.37 uM
TE/100 g). Broth microdilution assays against Lacticaseibacillus rhamnosus GG, L. paracasei
ATCC BAA-52, and L. acidophilus ATCC 4356 demonstrated strain- and dose-dependent
potential to promote probiotic growth under in vitro conditions. While L. rhamnosus and
L. paracasei were inhibited at low concentrations and only mildly stimulated at higher lev-
els, L. acidophilus showed robust growth promotion, reaching +54.7% effect and CP = 1.55
with Teodora oil at 16 mg/mL. Molecular docking highlighted strong binding affinities of
v-linolenic and linoleic acids with key metabolic enzymes involved in probiotic metabolism
(hydratase, enolase, glyceraldehyde-3-phosphate dehydrogenase, ribonucleoside hydrolase),
forming stable hydrophilic and hydrophobic interactions which are explored in defining the
stability of the ligand-protein complexes. These results indicate that both major fatty acids and
minor bioactive constituents contribute to the nutritional and antioxidant value of Romanian
hemp seed oils and reveal a potential to promote probiotic growth under in vitro conditions,
as supported by complementary in silico evidence.

Keywords: Cannabis sativa; hemp seed oil; fatty acids; antioxidant activity; in vitro probiotic
growth; Lactobacillus; molecular docking
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1. Introduction

Industrial hemp (Cannabis sativa L.; Cannabaceae), traditionally cultivated for its
fibrous biomass, has emerged as a nutritionally valuable crop. Historically, this versatile
plant has been exploited for a wide array of applications—including seeds, oils, textiles,
pharmaceuticals, dietary supplements, cosmetics, narcotics, and, more recently, sustainable
innovations such as insulation materials, biocomposites, and biodiesel—addressing the
global imperative for renewable energy sources [1-4].

Agronomically, hemp is recognized for its high yield potential and minimal input
requirements. Its inherent tolerance to drought and pests renders it a low-maintenance
crop. Environmentally, hemp cultivation is advantageous due to its reduced water demand,
lack of pesticide dependency, and natural weed suppression, which collectively diminish
the need for chemical interventions [5]. Furthermore, industrial hemp contributes signifi-
cantly to carbon sequestration, owing to its rapid biomass accumulation in agroecological
systems [6].

Hemp seed oil is distinguished by its favorable lipid composition, notably its high con-
tent of polyunsaturated fatty acids (PUFAs), including linoleic acid (w-6) and «-linolenic
acid (w-3), typically in a ratio ranging from 3:1 to 5:1. This ratio mirrors those found in tra-
ditional Japanese and Mediterranean diets, which are epidemiologically linked to reduced
cardiovascular risk [7,8]. As essential fatty acids cannot be synthesized endogenously,
dietary intake is crucial [9]. Hemp oil is a significant source of these fatty acids. Hemp
oil serves as a rich source of these compounds. Oleic acid, a monounsaturated fatty acid
present in hemp seed oil, exhibits considerable variability across cultivars and growing
conditions—for example, USO31 grown in Italy contains up to 16.73% oleic acid [10],
whereas Earlina8FC cultivated in Poland contains approximately 10.34% [11]. Oleic acid is
associated with diverse biological activities, including antioxidant, anti-inflammatory [12],
hypocholesterolemic [13], neuroprotective [14], and potential anticancer properties [15], and
plays a pivotal role in modulating oxidative stress, membrane fluidity, and immune-neural
homeostasis [16].

Beyond its lipid profile, hemp seed oil is enriched with bioactive phytochemicals such
as polyphenols, carotenoids, and tocopherols, which contribute to its antioxidant potential
and oxidative stability [17-19]. These substances contribute to antioxidant activity and may
help protect edible oils from lipid oxidation. In the human body, they are associated with
significant biological functions, including antioxidant and anti-inflammatory actions [20,21].
The oxidation process can be enhanced by a considerable concentration of chlorophyll,
a natural pigment found in hemp seed oil, which is also obtained during cold pressing [22].

Recent investigations have highlighted the modulatory effects of hemp seeds and
their extracts on gut microbiota composition [23-25]. The gut microbiome is a complex
community of microorganisms associated with enhanced digestion and efficient nutrient
utilization [26]. Dietary inclusion of hemp seeds has been shown to enhance popula-
tions of beneficial bacteria such as Lactobacilli, Clostridiaceae, Rikenellaceae, Bifidobacterium
bifidum, and Bacteroides fragilis [23-25,27]. Conversely, there has been a noted decrease in
coliform bacteria [25] and other opportunistic bacteria, including Bilophila wadsworthia and
Desulfovibrio [23]. The fiber fraction of hemp seeds, particularly xylose-rich hemicellulose,
appears to exert prebiotic effects [28,29]. Additionally, w-3 and w-6 fatty acids in hemp oil
may influence microbial diversity and support metabolic health [24,30,31].

From an industrial perspective, various extraction techniques are employed to obtain
hemp seed oil [32]. Cold pressing remains the preferred method due to its solvent-free
operation and low-temperature processing, which preserves thermolabile compounds
despite lower yields. Alternative methods include supercritical fluid extraction (SFE),
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ultrasound-assisted extraction (UAE), and microwave-assisted extraction [33-35]. Cold
pressing is also economically and environmentally favorable [33,36].

The emergence and utilization of computational biology tools to assess the molecular
interactions between identified natural compounds and putative microbial proteins has
improved the mechanistic insight into the biological activities of natural products [37,38].
Virtual screening techniques, including molecular docking and binding energy calculations,
offer mechanistic insights into the bioactivity of natural products and are increasingly
integrated into drug discovery pipelines [39,40]. However, the current study sort to hy-
pothesize the possibility of interactions between the identified fatty acids and putative
microbial proteins defined with in silico characterization.

Although Romania has a longstanding tradition in hemp cultivation and varietal
development, limited data exist on its native strains. This study focuses on three Romanian
dioecious cultivars—Teodora (THSO), Silvana (SHSO), and Armanca (AHSO)—developed
at the Lovrin Agricultural Research and Development Station. This study offers the first
comparative analysis of cold-pressed hemp seed oils from three Romanian cultivars. It
covers their chemical makeup, pigment and phenolic levels, antioxidant activity, and
in vitro effects on probiotic growth, all supported by in silico molecular docking studies.
This study is critical because it links the biochemical makeup of locally grown varieties to
their potential nutritional and functional uses. This connection helps improve Romanian
hemp germplasm and supports future advances in nutraceuticals.

2. Results
2.1. Quantification of Fatty Acids

The profile of fatty acids identified in the analyzed Cannabis seed oils is presented in
Table 1, showing the presence of fifteen distinct fatty acids.

Table 1. Fatty-acid composition of Romanian hemp seed oils expressed as percentage of total
identified FAMEs (%). Compounds identified by GC-MS based on NIST 2017 mass spectral matches
and verified using calculated retention indices (RI) relative to the Supelco 37-component FAME
Mix (Rlref).

Fatty Acid as Methyl Ester

Percentage of Total Compounds RIc RlIref THSO SHSO AHSO
(%)
Palmitoleic acid (C16:1, w-7) 1870 1869 0.063 £ 0.008 @ 0.073 £0.015% 0.089 £+ 0.010 2
Palmitic acid (C16:0) 1920 1921 7.051 +0.109 © 6.531 £0.078 2 7.895+0.163 ¢
Heptadecanoic acid (C17:0) 2024 2026 0.024 + 0.006 2 0.031 +0.0172 0.026 +0.0102
Linoleic acid (C18:2, w-6) 2093 2090 51512+ 0.252%  51.858 +0.106>  49.424 +0.1122
a-Linolenic acid (C18:3, w-3) 2094 2091 9.852 4 0.093 @ 14.365 £ 0.125¢  12.600 + 0.082 P
v-Linolenic acid (C18:3, w-6) 2105 2110 2.463 £+ 0.087 @ 3.591 £ 0.105 € 3.150 + 0.180 ®
Oleic acid (C18:1, w-9) 2117 2118 22780 £0.203¢  16.343 +£0.1162  18.697 + 0.126 "
Vaccenic acid (C18:1, w-7) 2120 2119 1.075 +0.028 @ 1.014 +0.043 2 1.326 + 0.094 ®
Stearic acid (C18:0) 2132 2130 3.194 £ 0.087 @ 3.468 4+ 0.074° 3.575 + 0.087 ©
Arachidonic acid (C20:4, w-6) 2270 2274 0.511 +£0.0172 0.938 4+ 0.029 ® 1.082 4+ 0.044 €
11-Eicosenoic acid (C20:1, w-9) 2354 2356 0.292 +0.047 2 0.321 £0.029 2 0.409 £ 0.078 @
Arachidic acid (C20:0) 2429 2433 0.785 £ 0.0312 0.844 £ 0.033 2 1.024 4+ 0.012°
Behenic acid (C22:0) 2529 2531 0.206 £+ 0.0152 0.205 £+ 0.103 2 0.283 £+ 0.016 2
Lignoceric acid (C24:0) 2761 2760 0.050 £+ 0.0152 0.046 £+ 0.030 2 0.079 4+ 0.030 #
Unassigned C20 PUFA * - - 0.142 +0.015% 0.372 +0.019° 0.341 4+ 0.018®
SFA 11.310 £ 02312 11.125+0.1283  12.880 4+ 0.090 P
MUFA 24210 £0.226¢  17.752 +0.1482  20.520 + 0.299 ©
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Table 1. Cont.

Fatty Acid as Methyl Ester

Percentage of Total Compounds Rlc Rlref THSO SHSO AHSO
(%)
PUFA 64.478 £0.3032  71.123 £0.160¢  66.598 + 0.106 P
w-3 9.852 +0.093 2 14.365 £ 0.125¢  12.600 + 0.094
w-6 54.486 +0.263?  56.388 £ 0.061¢  53.656 & 0.037 2

Hemp seed oil: THSO-Teodora; SHSO-Silvana; AHSO-Armanca; SFA-saturated fatty acids,
MUFA-monounsaturated fatty acids; PUFA-polyunsaturated fatty acids. * This compound was ex-
cluded from w-3 total and ratio calculations. Results are presented as the mean of three replicates & standard
deviation (SD) (n = 3). Different lowercase letters (a—c) indicate statistically significant differences (p < 0.05)
among samples within the same row, as determined by ANOVA. Means that sharing a letter is not significantly
different. C16:1: AHSO vs. SHSO: p = 0.291; AHSO vs. THSO: p = 0.067; SHSO vs. THSO: p = 0.516; C16:0:
AHSO vs. SHSO: p < 0.001; AHSO vs. THSO: p < 0.001; SHSO vs. THSO: p = 0.005; C17:0 AHSO vs. SHSO:
p =0.863; AHSO vs. THSO: p = 0.994; SHSO vs. THSO: p = 0.810; C20:4 AHSO vs. SHSO: p = 0.004; AHSO vs.
THSO: p < 0.001; SHSO vs. THSO: p < 0.001; Unassigned C20 PUFA AHSO vs. SHSO: p = 0.156; AHSO vs. THSO:
p <0.001; SHSO vs. THSO: p < 0.001; C18:2 AHSO vs. SHSO: p < 0.001;AHSO vs. THSO: p < 0.001; SHSO vs.
THSO: p = 0.103; C18:3 w-3 all pairs < 0.001; C18:3, w-6 AHSO vs. SHSO: p = 0.014;AHSO vs. THSO: p = 0.002;
SHSO vs. THSO: p < 0.001; C18:1, w-9: all pairs < 0.001; C18:1, w-7: AHSO vs. SHSO: p = 0.002; AHSO vs. THSO:
p =0.006; SHSO vs. THSO: p = 0.497; C18:0 AHSO vs. SHSO: p = 0.325; AHSO vs. THSO: p = 0.003; SHSO vs.
THSO: p = 0.015; C20:1 AHSO vs. SHSO: p = 0.202; AHSO vs. THSO: p = 0.090; SHSO vs. THSO: p = 0.805; C20:0
AHSO vs. SHSO: p < 0.001;AHSO vs. THSO: p < 0.001; SHSO vs. THSO: p = 0.083; C22:0 AHSO vs. SHSO:
p =0.327; AHSO vs. THSO: p = 0.338; SHSO vs. THSO: p = 1.000; C24:0 AHSO vs. SHSO: p = 0.328; AHSO vs.
THSO: p = 0.395; SHSO vs. THSO: p = 0.986; SFA:AHSO vs. SHSO: p < 0.001;AHSO vs. THSO: p < 0.001; SHSO vs.
THSO: p = 0.395; MUFA: all pairs < 0.001; PUFA: all pairs < 0.001; w-3: all pairs < 0.001; w-6: AHSO vs. SHSO:
p < 0.001; AHSO vs. THSO: p = 0.002; SHSO vs. THSO: p < 0.001.

The predominant fatty acids identified across all samples, listed from highest to
lowest concentration, were linoleic acid (C18:2w-6), oleic acid (C18:1w-9), x-linolenic acid
(C18:3w-3), palmitic acid (C16:0), stearic acid (C18:0), y-Linolenic acid (C18:3w-6) and
vaccenic acid (C18:1, w-7). Significant differences (p < 0.05) were noted among the varieties
for most fatty acids analyzed, except palmitoleic acid, heptadecanoic acid, eicosenoic acid,
behenic acid, and lignoceric acid, which did not exhibit statistically significant differences
(p > 0.05).

The fatty acids were categorized into saturated fatty acids (SFA), monounsaturated
fatty acids (MUFA), and polyunsaturated fatty acids (PUFA). SFA exhibited the lowest
values, with palmitic acid (6.531-7.895%) and stearic acid (3.194-3.575%) being the pre-
dominant saturated fatty acids across all varieties. MUFA was dominated by oleic acid
(16.343-22.780%), while PUFA constituted the most substantial portion of the oil, with
linoleic acid (49.424-51.858%) and «-linolenic acid (9.852-14.365%) being the most preva-
lent. Significant differences (p < 0.05) were observed among the varieties in the SFA, MUFA,
and PUFA fractions. The PUFA /SFA ratio in the oil extracted from variety SHSO (6.394)
was the highest, followed by variety THSO (5.700) and variety AHSO (5.171). Statistically
significant differences (p < 0.05) were observed among the three varieties (Figure 1).

The findings for w-3 and w-6 show that the extracted oils mainly consist of unsaturated
fatty acids, particularly «-linolenic acid and linoleic acid, which are the primary fatty
acids. Among the varieties, variety SHSO showed the highest w-3 content at 14.365%,
followed by variety AHSO at 12.600%, and variety THSO, which had the lowest value
of 9.852%. Statistically significant differences (p < 0.05) were observed among the varieties.
About w-6 content, statistically significant differences (p < 0.05) were observed among the
samples. The SHSO sample exhibited the highest w-6 concentration (56.388%), followed
by THSO with 54.486%. At the same time, AHSO recorded the lowest value, 53.656%.
The w-6/w-3 ratio was significantly influenced by the variety and followed the order:
THSO > AHSO > SHSO.
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Figure 1. PUFA/SFA and w-6/w-3 ratios in hemp seed oil. Hemp seed oil: THSO-Teodora;
SHSO-Silvana; AHSO-Armanca. Results are presented as the mean of three replicates & standard
deviation (SD) (n = 3). Different lowercase letters (a—c) indicate statistically significant differences
(p < 0.05), as determined by ANOVA. PUFA /SFA: all pairs < 0.001; w-6/w-3: all pairs < 0.001.

2.2. Total Phenolic Content and DPPH Scavenging Activity

The levels of total phenolics and DPPH scavenging activity in the different hemp seed
oil samples were quantified and are presented in Figure 2.

A TPC B DPPH

mg GAE/kg
1

THSO SHSO AHSO
THSO SHSO AHSO

Figure 2. (A) Total phenolic content (TPC) and (B) DPPH scavenging activity of hemp seed oil.
Hemp seed oil: THSO-Teodora; SHSO-Silvana; AHSO-Armanca. Results are presented as the
mean of three replicates + standard deviation (SD) (1 = 3). Different lowercase letters (a—c) indicate
statistically significant differences (p < 0.05), as determined by ANOVA. TPC: all pairs < 0.001; DPPH:
all pairs < 0.001.

The total phenolic content in the various hemp seed oil samples ranged from
118.71 mg GAE/kg to 159.91 mg GAE/kg, exhibiting statistically significant differences
(p < 0.05) among the samples. In terms of DPPH radical scavenging activity, the results
ranged from 35.92 uM TE/100 g in sample AHSO to 38.25 uM TE /100 g in sample SHSO
and 43.37 uM TE /100 g in sample THSO, with significant differences (p < 0.05) observed
between them.

2.3. Total Chlorophylls and Carotenoids Content of Hemp Seed Oil

The levels of chlorophylls and carotenoids in the various hemp seed oil samples were
measured and are shown in Figure 3.

The total chlorophyll content was determined to be between 6.18 mg/kg and
8.31 mg/kg of oil, also showing statistically significant variation (p < 0.05) among the
samples. Likewise, the total carotenoid content varied from 2.58 mg/kg to 3.37 mg/kg
of oil, with significant differences (p < 0.05) noted among the tested samples. The total
chlorophyll/total carotenoids ratio decreases in order THSO > AHSO > SHSO.
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THSO SHSO AHSO

u total chlorophyll B total carotenoids THSO SHSO AHSO

Figure 3. (A) Total chlorophylls and carotenoids content of hemp seed oil. (B) Ratio of total chlorophyll
to total carotenoids. Hemp seed oil: THSO-Teodora; SHSO-Silvana; AHSO-Armanca. Results are
presented as the mean of three replicates + standard deviation (SD) (n = 3). Different lowercase
letters (a—c) indicate statistically significant differences (p < 0.05), as determined by ANOVA. Total
chlorophyll: all pairs < 0.001; total carotenoids: all pairs < 0.001; total chlorophyll/total carotenoids:
all pairs < 0.001.

Pearson’s correlation analysis revealed a statistically significant and robust positive
relationship between TPC and DPPH values (r = 0.896, p = 0.01), with a 95% confidence
interval ranging from 0.572 to 0.978. This finding underscores the pivotal role of phenolic
compounds in modulating the antioxidant capacity of hemp seed oils. The high correlation
coefficient suggests that phenolics are likely the primary contributors to the observed
radical scavenging activity, complementing the antioxidant effects of unsaturated fatty
acids and pigments such as carotenoids and chlorophylls. These results are consistent
with previous studies on plant-derived oils, where phenolic compounds have been shown
to enhance oxidative stability and confer health-promoting properties through their free
radical neutralization mechanisms [17]. Taken together, the strong TPC-DPPH correlation
reinforces the relevance of total phenolic content as a reliable indicator of antioxidant
potential in hemp seed oils. This relationship not only validates the analytical approach
employed but also provides a valuable criterion for selecting cultivars with enhanced
nutraceutical value. Detailed correlation statistics, including confidence intervals, are
provided in Supplementary Data S1.

2.4. Evaluation of the In Vitro Probiotic Growth-Promoting Effect

The OD values were used in formulas (5) and (6) and the results are presented in
Table 2 as mean =+ SD values of %Effect of hemp seed varieties on probiotic selected strains
and Table 3 as Mean =+ SD values of the Potentiation Coefficient (CP).

In case of L. rhamnosus, at lower concentrations (0.3-5 mg/mL), all oils exerted clear
inhibitory effects, ranging from —43.81% (THSO) to —51.32% (SHSO). As the dose increased,
the inhibitory response diminished, shifting towards neutrality or slight stimulation at
9-16 mg/mL. SHSO showed the most pronounced stimulation (+16.83% at 16 mg/mL),
followed by THSO (+2.43%), while AHSO remained weakly inhibitory (—6.88%).

Similar to L. rhamnosus, L. paracasei was strongly inhibited at 0.3 mg/mL, with THSO
showing the most pronounced suppression (—49.62%). However, inhibition decreased
with increasing concentrations, and at 16 mg/mL, THSO significantly promoted growth
(+20.92%). In contrast, SHSO and AHSO remained inhibitory at all concentrations (up
to —8.32%).

Unlike the other strains, L. acidophilus responded positively to hemp oils starting
at relatively low doses. THSO showed a dose-dependent stimulation, from 1.46% at
0.6 mg/mL to +54.74% at 16 mg/mL, highlighting a dramatic growth-promoting effect.
SHSO and AHSO were less effective, producing modest stimulation (+10.95% and +2.92%
at 16 mg/mlL, respectively). These results position L. acidophilus as the most responsive
probiotic to hemp oil supplementation, particularly when treated with THSO.
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Table 2. Mean =+ SD values of %Effect for each probiotic strain (L. rhamnosus, L. paracasei, and L.
acidophilus) exposed to the three hemp seed oils (THSO, SHSO, AHSO).

Lacticaseibacillus rhamnosus

Lactobacillus paracasei subsp.

Lactobacillus acidophilus

(GG; HN001) paracasei ATCC BAA-52 ATCC 4356
mg/mL THSO SHSO AHSO THSO SHSO AHSO THSO SHSO AHSO
% probiotic growth-promoting effect
03 —43.81 —51.32 —26.24 —49.62 —23.66 —30.89 —4.38 —11.68 —10.95
’ +0.017%  4+0.0262  +0.012¢  +0.0172 +0.012¢ +0.022b  +0.017¢ 4+0.0272 +0.024P
06 —13.97 —17.35 —15.03 —14.46 —12.05 —10.62 1.46 . —0.73 —5.84
’ +0.023f  +0.0199 +0.028°¢ +0.02849 +0.015° +0.0238 +0.0211 +0.0118 +0.025¢
13 —12.70 —13.65 —13.86 —-10.62 —10.84 —9.64 6.57 219 —-5.11
: +0.014)  +0.021® +0.0158 +0.0118 +0.019f +0.025! +0.018' +0.012) +0.0134
25 —10.90 —12.91 —12.49 —9.86 —9.42 —9.31 8.03 219 —3.65
’ +0.029™  +£0.0117  +0.024%  +0.013F  +0.0277  +0.021% +0.016™ +0.014]  +0.015f
5 —7.94 —6.67 —-12.06 —3.40 —8.98 -9.20 13.87 2.92 0.73
+0.018™  £0.027P  +0.013!  +0.014* +0.029™ +0.018! +0.013P +0.029% +0.014"
9 0.42 —4.76 —10.90 —1.42 -7.78 -9.09 13.87 9.49 146
+0.022* £0.0169 +£0.025™ +0.024°5 +0.016P +0.026™ +0.022P +0.023™ £0.015!
16 2.43 16.83 —6.88 20.92 —3.61 —8.32 54.74 10.95 2.92
+0.020%  4+0.030t +0.023°  +0.020t +0.0159 +0.023° +0.0129 +0.020° +0.019k
Values represent mean =+ standard deviation (SD) from three replicates (n = 3). Different lowercase letters (a—t)
within the same strain indicate statistically significant differences among concentrations according to two-way
ANOVA followed by Tukey’s post hoc test (p < 0.05). Abbreviations: THSO-Teodora hemp seed oil; SHSO-Silvana
hemp seed oil; AHSO-Armanca hemp seed oil.
Table 3. Mean = SD values of the Potentiation Coefficient (CP).
mg/mL Lucticus(eci;lg.c;'_lll;i) SPll;zmnosus Luctobacillu; 412‘21:32 :_;;l;rsp.pamcusei Lactobacillus acidophilus ATCC 4356
THSO SHSO AHSO THSO SHSO AHSO THSO SHSO AHSO
. 0.56 0.49 0.74 0.50 0.76 0.69 0.96 0.88 0.89
’ +0.022 P +0.0152 +0.028 +0.016 2 +0.023 ¢ +0.012° +0.019 cde +0.013 2 +0.027 2b
06 0.86 0.83 0.85 0.86 0.88 0.89 1.01 0.99 0.94
’ +0.018 de +0.0134 +0.0274 +0.028 4 +0.0194 +0.0144 +0.027 defg +0.012 ¢def 40,015 abe
13 0.87 0.86 0.86 0.89 0.89 0.90 1.07 1.02 0.95
’ +0.019 def +0.024 de +0.012 de +0.0254 +0.0214 +0.017 de +0.024 8hij +0.018efgh 40,023 bed
”5 0.89 0.87 0.88 0.90 0.91 0.91 1.08 1.02 0.96
’ +0.029 defg +0.014 def +0.017 def +0.027 de +0.013 def +0.024 def +0.014 hijk +0.029 efgh 40,016 dee
5 0.92 0.93 0.88 0.97 0.91 0.91 1.14 1.03 1.01
+0.021 °f& +0.016 8 +0.025 def +0.018 f8 +0.022 def +0.015 def +0.022 k +0.017 fehi 40,028 defg
9 1.00 0.95 0.89 0.99 0.92 0.91 1.14 1.09 1.01
+0.011 N +0.0238"  +0.026 defs +0.026 8 +0.020 def +0.029 def +0.011k +0.0250k  +£0.026 defs
16 1.02 117 0.93 1.21 0.96 0.92 1.55 111 103
+0.0201 +0.022 +0.015 8 +0.011h +0.018 ©fg +0.024 def +0.020! +0.027 % +0.015 f8ji

Values represent mean =+ standard deviation (SD) from three replicates (n = 3). Different lowercase letters (a—1)
within the same strain indicate statistically significant differences among concentrations according to two-way
ANOVA followed by Tukey’s post hoc test (p < 0.05). Abbreviations: THSO-Teodora hemp seed oil; SHSO-Silvana
hemp seed oil; AHSO-Armanca hemp seed oil; CP-Potentiation Coefficient.

The CP values obtained for the three probiotic strains (Lacticaseibacillus rhamnosus
GG, Lactobacillus paracasei subsp. paracasei ATCC BAA-52, and Lactobacillus acidophilus
ATCC 4356) exposed to hemp seed oil fractions are presented in Table 3.

For L. rhamnosus GG, CP values generally remained below 1.0 at lower concentrations
(0.3-2.5 mg/mL), indicating no potentiation or slight inhibition, except with AHSO at
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0.3 mg/mL (0.74). A moderate increase was observed at 16 mg/mL with SHSO (1.17),
suggesting strain- and fraction-specific stimulation.

For L. paracasei ATCC BAA-52, CP values were close to unity across most concentra-
tions, reflecting neutral effects. The most notable stimulation was observed at 16 mg/mL
with THSO (1.21), while SHSO and AHSO fractions showed negligible or inhibitory trends.

In contrast, L. acidophilus ATCC 4356 exhibited the highest responsiveness, with CP
values consistently > 1.0 for THSO at >1.3 mg/mL, reaching 1.55 at 16 mg/mL. SHSO
and AHSO fractions also supported growth (up to 1.11 and 1.03, respectively), although to
a lesser extent.

Opverall, hemp seed oil exerted a strain-dependent in vitro probiotic growth-promoting
effect, most pronounced in L. acidophilus ATCC 4356, particularly with the total oil frac-
tion (THSO), while L. rhamnosus GG and L. paracasei ATCC BAA-52 showed weaker or
concentration-specific responses.

2.5. Molecular Docking Results

The seven (7) fatty acids identified with high abundance in the seed oil of the current
study were screened for their docking potential against four Lactobacillus strain protein
targets to explore the putative inhibitors based on the binding affinity score and interaction
properties. The recorded binding affinities between the ligands and receptors (Table 4)
displayed interesting binding interactions supported by the docked complexes. y-Linolenic
acid has the binding energy of —7.4 kcal/mol with hydratase and establishes two hydrogen
bonds (Glu B:387 and Ser B:389) in the presence of alkyl/pi-alkyl strong interactions
(Figure 4a). Furthermore, linoleic acid, «-linoleic acid, oleic acid and stearic acid also
showed interesting binding interaction with the hydratase protein target (Table 4).

Table 4. Docking Results of Hydratase (4IA6), Enolase (4MKS), Glyceraldehyde-3-phosphate dehydro-
genase (5]9G), Ribonucleoside hydrolase (QND) with seven (7) fatty acid ligands of high abundance.

Binding Energy (kcal/mol) Amino Acid Residues Involved in Binding Interaction

S/No Ligands (Fatty
Acids) 41A6 4MKS  5]9G 8QND 41A6 4MKS 519G 8QND
VAL B:77, ARG ARG A:12, ILE
B:78, PHE ARG B:34, A:13,SER ASN
Palmitic acid B:398, VAL ILE A:125,PRO )
! C16:0 -1 —45 —43 —44 B:407, VAL B:36,ARG A:127,CYS D'llg?]' 61;HE
B:461, VAL B:408 A:156, PHE )
B:463 A:324
MET A:185,
ALA A:187,
PHE A:214 ARG A:12,ILE
LEU A217, ARG B:88, A13,CYS
Linoleic acid ’ PHE B:350, A, ILE C:19,
2 C189 -7.8 -55 —4.8 -5.1 PHE A:219, 1 F B:353 A:156, HIS PEE C+169
TRP A:343,ILE (oo A:183, ARG
A:378, GLU o A:239
A:387, TYR
A:411
MET B:185,
ALA B:187,
PHE B:214,
LEUB:217, ARG B:88,  ASP A:38, LEU ,
a-Linolenic PREB219, © 1yRB:133, A9, THR ILE D:19,
3 : 74 ~5.5 -5.6 -5.3 TRP B:343, ILE i P PHE D:169,
acid C18:3 . LEUB:134, A:40,PRO A:82,
B:378,GLU PHE B:350 PHE A:104 TYRD:226
B:387,HIS h '
B:393, TYR
B:411, LEU

B:413
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Table 4. Cont.

Binding Energy (kcal/mol)

Amino Acid Residues Involved in Binding Interaction

S/No Ligands (Fatty
Acids) 41A6 AMKS  5J9G 8QND 41A6 4MKS 5J9G 8QND
MET B:185,
ALA B:187,
PHE B:214, ,
LEU B:217, TYR A:133, ASN A:37,
LEU A:134, ILE
-Linoleni PHEB219, ~ pppasso, ASNASLEU g9 an
4 y-Linolenic 74 55 5.0 54 TRP B:343, ILE 20N A:39,GLU S
acid C18:3 ILE C:45,HIS
B:378,GLU Ads3ALA  ABLPROAg2, -
B:387, SER s PHE A:104 :
B:389,HIS '
B:393, TYR
B:411
VAL B:77, ARG
B:78'TIEII{I;B:35O' ILE ARG B:12, ILE ASP
Oleic acid _ B:36,ARG B:13,SER D:20,PHE
5 C18:1 —52 —48 —41 -51 B:398 GLN A:120, THR B:125,CYS D:169,HIS
B:405, VAL A375 B:156 D:237
B:461, VAL : : :
B:463,
GLY A:11,ASP ILE
B:38,LEU A:19,GLU
6 Vaccenic acid 55 sy e s TYR A:3, VAL ?‘;{IS Aéiii' B:39,THR A:168,PHE
C18:1 : : : : A:533 PHE A3 B:40,PHE A:169,ASN
: B:104,TYR A:170,HIS
B:105 A237
ILE D:19,
ARGBSL ALA popo, ASNADB7ASP i
Stearic acid B:187, ILE e A:38, LEU ARG
7 earic ac 62 —49 —49 47 B:292, TRP A:39,PRO
C18:0 B:36,ASP D:234,PHE
B:343, PHE A:82,PHE
i A:374 o4 D:169, HIS
: : D:237

Pink color: Alkyl/p-Alkyl bonds, green color: Hydrogen bonds, faint-green: carbon-hydrogen bonds, red color:

unfavorable bonds, purple color: sigma/pi-sigma bonds.

TN AP
r .
J q E
ARG B B:387
. .4 ALA
&:5 ‘ ‘ K B:412
- SER
Al N B:389
THR VET)
HIs S ~ A B:184  B:8S
8:393
PHE
8:214
THR W
B:391 B:82 ILE LEY
:3 T 8217
8:219
GLY
8:377
Internctions
[ voncer wass 7 mo
[ pE—— [ st
(a) y-Linolenic acid interaction with Hydratase
ALA
B:35
ASP @
B:374 A/;\§7P4 ‘
ARG .
B:34 A :
[ ] "
[ I
= Q
G \
GLU [
B:373 ARG : ]
( B:120 B \
THR
B:375 ILE
B:36 A:120
ARG
A:34
ARG ALA
A:408 A:401

Figure 4. Cont.
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ER A
AL87 6w ILE SR 239 A214

LEU
GLY X
\ & D193
ASP ASN

" 021 DI
< \‘ MET AN

ILE I?SZPU D:154 D:45
D9 :
HIS PHE
B AP D23 ASN ALA
0238 D162 Uy 083

ARG
0234, fi

Interactions

D van der Wasls D Pi-akyl

‘ . ‘Conventional Hydrogen Bond

(d) Stearic acid interaction with Ribonucleoside hydrolase

Figure 4. Architecture of the best binding interaction between the compounds and the four Lactobacil-
lus protein targets.

The highest binding affinity (—5.5 kcal/mol) with 4MKS was observed in the docking
result involving linoleic acid, x-linolenic acid and y-Linolenic acid. Although the strong
hydrogen bonds were seen in the molecular interaction of palmitic acid, y-Linolenic acid,
oleic acid and stearic acid, with one or more hydrogen bonds formed, particularly the
protein amino acid residues Arg A:120, Asp A:374, Thr A:375, Ala A: 383, Arg B:408 while
the interior part of the protein is involved in hydrophobic interaction (Figure 4b).

a-linolenic acid fared better in terms of the binding affinity to 5]9G (—5.6 kcal/mol).
More importantly, all seven fatty acids interact strongly with the protein by having both hy-
drophilic and hydrophobic interactions (Figure 4c). At the ribonucleoside hydrolase protein,
the y-Linolenic acid ligand showed the highest binding affinity value with —5.4 kcal/mol.
On the other hand, a more favourable interaction is observed with stearic acid, having three
hydrogen bonds (Ile D:19, Asp D:20, Arg D:234) and two alkyl interactions (Phe D: 169, His
D:237) (Figure 4d).

3. Discussion

The fatty acid composition of hemp seed oils obtained from Romanian cultivars in this
study aligns broadly with previously reported profiles from other European varieties, while
also revealing distinct quantitative differences. For instance, Mendoza-Perez et al. [41],
observed only minor deviations in oils derived from Spanish-grown hemp, whereas Alonso-
Esteban et al. [42] reported higher linoleic acid concentrations (54.99-57.36%) in unhulled
seed oils, followed by «-linolenic acid (12.85-15.87%) and oleic acid (11.92-17.31%) as the
predominant fatty acids. Similarly, Golimowski et al. [43] found comparable fatty acid
patterns in Polish cultivars, though with generally lower proportions than those identified
in our samples—except for oleic acid, which was notably higher. These variations may
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be attributed to cultivar-specific traits and the influence of geographic and environmental
conditions on lipid biosynthesis.

The nutritional quality of oils is influenced not only by their fatty acid composition but
also by the balance between these acids, particularly the w-6/w-3 ratio and the PUFA /SFA
balance ratio [44]. Lower w-6/w-3 ratios (ranging from 2:1 to 5:1) have been shown to
have beneficial effects in various conditions, including reduced mortality in heart disease,
decreased inflammation in arthritis, and a lower risk of cancer. The optimal ratio may vary
depending on the disease, but overall, a lower w-6/w-3 ratio is considered more favorable
for health [31]. The PUFA /SFA ratio is a widely used indicator of dietary fat quality and
its impact on cardiovascular health, with higher values generally associated with better
cholesterol profiles and a reduced risk of cardiovascular disease [45].

Siano et al. [46] in their comprehensive analysis of the physicochemical, chemical, and
biochemical characteristics of hemp seeds, 0il, and flour derived from the monoecious
genotype Fedora (Cannabis sativa L.), reported a PUFA /SFA ratio of 6.84 in hemp seed oil,
closely matching the values obtained in our current study. Similarly, Rosso et al. [47] in-
vestigated three Italian hemp cultivars—Carmaenecta, Enectaliana, and Enectarol—grown
in Central Italy, assessing their proximate composition, fatty acid profiles, antioxidant
activity, total phenolic content, and N-trans-caffeoyltyramine levels. Their reported
PUFA /SFA ratios ranged from 5.79 to 6.29, which are comparable to our findings. In
contrast, Mendoza-Pérez et al. [41] recorded higher PUFA /SFA ratios, ranging from 7.18
to 7.43, in their characterization of three hemp varieties (Ferimon, Henola, and Uso-31),
exceeding the values observed in our study. Regarding w-6/w-3 ratios, Islam et al. [48]
evaluated the thermal and oxidative stability of cold-pressed oils from fresh and aged
Henola seeds, reporting ratios between 1.90 and 3.09—figures that align well with our
results. Golimowski et al. [43] compared the cultivars Earlina 8FC, S. Jubileu, and Finola,
examining the influence of genotype and pressing conditions on oil yield and quality, and
found w-6/w-3 ratios ranging from 3.23 to 3.67, consistent with our data. In a subsequent
study, Golimowski et al. [11] assessed the impact of bleaching on oils from Finola, Ear-
lina 8FC, and Secuieni Jubileu, reporting w-6/w-3 ratios between 3.18 and 3.68, further
corroborating the values obtained in our investigation.

Phenolic compounds are valuable minor components present in many vegetable oils,
impacting their antioxidant and antimicrobial properties [49]. Siger et al. conducted an
analysis of methanolic extracts from various cold-pressed oils, including hemp seed oil,
to assess their phenolic composition and antioxidant capacity, reporting a total phenolic
content of 2.45 mg CAE/100 g and a DPPH radical scavenging activity of 76.2% for hemp
oil [50]. In another study by Kalinowska, cold-pressed vegetable oils—specifically hemp
and milk thistle seed oils—were assessed for their chemical composition and antioxidant
properties. The total phenolic content in hemp seed oil varied depending on the solvent
used for extraction, with values increasing in the following order: methanolic extract
(SPE,0.004 mg GAE/g oil) < 80% ethanolic extract (0.011 mg GAE/g oil) < 80% methanolic
extract (0.014 mg GAE/g oil) < ethanolic extract (0.047 mg GAE/g oil) < methanolic extract
(0.154 mg GAE/g oil) [51]. In the study conducted by Muangrat et al., the authors assessed
screw press, accelerated solvent extraction with hexane, and supercritical CO, methods
to determine the most effective technique for maximizing cannabidiol (CBD) yield from
hemp seed oil. For the screw press method, they reported a total polyphenol content of
0.11 mg GAE/g of oil and a DPPH radical scavenging activity of 1.38 umol TEAC/g of
oil [52]. These values align with those reported in our study.

Lower values than those found in our experiment were reported by Siano et al., who
observed a total polyphenol content of 21 mg GAE/kg in oil from the Fedora cultivar hemp
and a DPPH inhibition of 8.2% in their study [46]. Similarly, Mansouri et al. reported
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comparably lower values as well, with a total polyphenol content of 64.42 mg GAE/kg and
a DPPH inhibition capacity of 43.67% for raw hemp seed oil, while optimizing the roasting
process of Moroccan hemp seeds [53].

Elevated levels of total polyphenols in hemp seed oil have been previously reported
by Teh et al. [34]. who investigated the physicochemical and quality attributes of cold-
pressed hemp, flax, and canola seed oils from New Zealand, noting a total phenolic
content of 188.23 mg GAE/100 g in hemp oil. Similarly, Yu et al. [54] evaluated the
antioxidant properties of cold-pressed oils from black caraway, carrot, cranberry, and
hemp seeds, reporting a phenolic content of 0.44 mg GAE/g for hemp seed oil—values
exceeding those observed in our study. Smeriglio et al. [17] further demonstrated the
potent antioxidant activity of cold-pressed oil from the Finola cultivar of Cannabis sativa L.,
with a DPPH radical scavenging capacity of 146.76 mmol TE/100 g and a total phenolic
content of 267.5 mg GAE /100 g. In a targeted analysis of minor bioactive compounds and
cannabidiolic acid in commercial hemp seed oils, 1zzo et al. [55] reported a wide range
of polyphenol concentrations, from 22.1 to 160.8 mg GAE/g. Islam et al. [48], in their
assessment of oil quality from fresh and stored Henola seeds using differential scanning
calorimetry, recorded total phenolic contents between 69.11 and 81.43 mg/100 g and DPPH
radical scavenging activities ranging from 6.96 to 9.11 pmol TE/g—values that are broadly
consistent with our findings.

Hemp seed oil also contains minor compounds, specifically the pigments chlorophyll
and carotenoids. Chlorophylls are lipid-soluble pigments sensitive to heat and light; under
unfavorable conditions during oil extraction or storage, they can lead to the breakdown of
fatty acids [48]. This results in increased rancidity, diminished oil quality, and a reduced
shelf life. Conversely, carotenoids—another type of pigment that contributes to the oil’s
yellow coloration—serve a beneficial antioxidant function [56], aiding in the reduction in
rancidity and helping to maintain color stability during storage [18]. Studies have shown
that a ratio below 2.5 is favorable, suggesting a better antioxidant profile and improved
pigment balance, which are advantageous for oil stability and shelf life [57].

Our findings are consistent with those reported by Izzo et al. [55] who investigated
thirteen commercial hemp seed oil samples from the Italian market to characterize their
chemical composition and quality parameters, to evaluate biochemical variability and
promote their dietary relevance. Their analysis revealed substantial variation in total
chlorophyll content, ranging from 0.41 to 4.81 mg/kg, with an average of 1.46 mg/kg
across samples. Carotenoid levels spanned from 0.18 to 1.73 mg/kg, yielding a mean
concentration of 0.52 mg/kg, while chlorophyll-to-carotenoid ratios varied between 1.98
and 3.83. Muangrat et al. investigated various extraction methods—screw press, hexane-
based accelerated solvent extraction, and supercritical CO,—to identify the most effective
technique for maximizing CBD yield from Thailand hemp seed oil. Using the screw press
method, they determined a chlorophyll a + b content of 3.70 pug/g oil and a carotene content
of 11.01 pg/g oil [52].

Values exceeding those obtained in our study were reported by Tura et al. [22], who
assessed the quality attributes and chemical composition of thirteen commercial hemp
seed oils. Their analysis revealed a broad range of total chlorophyll content, from 0.78
to 75.7 mg/kg of oil, and total carotenoid levels ranging from 2.53 to 33.93 mg/kg. In
a related study, Mansouri et al. [53] applied response surface methodology to optimize
the roasting conditions of Moroccan hemp seeds and compared the physicochemical
characteristics of raw versus roasted samples. Their findings indicated a modest decline
in pigment concentrations following roasting, with chlorophyll decreasing from 39.10
to 36.54 mg/kg and carotenoids from 10.55 to 10.05 mg/kg of oil.
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A significant positive relationship between total phenolic content and DPPH radical-
scavenging activity in the hemp seed oils tested indicates that phenolic compounds signifi-
cantly influence the antioxidant potential of these samples. The strong correlation aligns
with earlier findings that polyphenols in plant-based oils help neutralize free radicals by
donating hydrogen atoms or electrons to stabilize reactive species. Differences in antioxi-
dant capacity across cultivars are mainly due to variations in phenolic content, rather than
differences in unsaturated fatty acids or pigments.

The chemical composition of the hemp oil is correlated with potential health benefits.
The positive impact of using hemp seeds in the diet was demonstrated. It seems that this
contributes to the prevention of the development of numerous chronic diseases [8,56—60].
Recent scientific research demonstrated that many of these diseases are associated with
imbalances or problems in the gut microbiota. Even though the gut microbiome is not
the sole cause of these diseases, alterations in its composition can influence inflamma-
tion, immune response and metabolism [61-63]. Maintaining a healthy and balanced gut
microbiome is crucial for overall well-being and disease prevention. The present study
demonstrated different in vitro probiotic-stimulating activity depending on the type of
hemp oil and the probiotic strain. While L. rhamnosus and L. paracasei were inhibited at
lower concentrations and only slightly stimulated at higher doses, L. acidophilus growth
was generally stimulated in the presence of hemp oils. The greater ability of L. acidophilus to
assimilate fatty acids and adapt to redox conditions may be the cause of this strain-specific
stimulation. Unsaturated fatty acids can be incorporated into the membranes of Lactobacillus
species, improving the permeability and resistance to oxidative stress. The strong binding
affinities of y-linolenic and linoleic acids to key metabolic enzymes (hydratase, enolase,
glyceraldehyde-3-phosphate dehydrogenase, and ribonucleoside hydrolase) suggest that
these compounds may act not only as metabolic substrates but also as modulators of cellular
redox balance. Therefore, enhanced energy metabolism and oxidative stress resilience me-
diated by PUFA uptake and enzyme interaction may be the cause of the observed increase
in optical density and CP values for L. acidophilus. This process is consistent with research
that shows fatty acid supplementation with w-6 and w-3 improves lactic acid bacteria’s
membrane adaptation and redox homeostasis, the supplementation of culture media with
PUFAs has been shown to alter membrane lipid composition in lactobacilli [64], while stress
adaptation studies confirm that changes in the degree of fatty acid unsaturation regulate
membrane fluidity and cell survival [65]. Oleic and linoleic acids are well-established as
essential growth factors for specific Lactobacillus strains [63] and desiccation tolerance in
L. buchneri has been associated with alterations in membrane fatty acid composition [66]
These observations reinforce the hypothesis that the fatty acid profile of hemp seed oils
plays a critical role in mediating strain-specific in vitro probiotic growth-promoting effects.
Among the three oils evaluated, THSO demonstrated the most pronounced stimulation of
Lactobacillus acidophilus, with a growth increase of up to 54.7% and a CP value of 1.55 at
a concentration of 16 mg/mL. Notably, THSO also exhibited the highest levels of phenolic
compounds and antioxidant activity, suggesting a potential synergistic interaction between
its fatty acid constituents and antioxidant compounds in enhancing probiotic performance.

Lactobacillus hydratase (41A6) is reported to be susceptible to the biohydrogenation
of unsaturated fatty acids such as linoleic acid [67]. The present molecular docking study
showed linoleic acid, oleic acid and the isomeric forms of linolenic acid («, y) having
potential to exercise polar interactions with the amino acid residues Glu387 and Ser389,
while also fairing in a number of nonpolar interactions with long hydrocarbon chain of
the fatty acids involving Tyr411 (Table 4). The interaction with Tyr411 is critical as it
provides stability to the ligand-protein complex [68]. The other two glycolytic enzymes,
enolase (4MKS) and glyceraldehyde-3-phosphate dehydrogenase (5]9G) are linked to
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plasminogen/plasmin system which are exploited by several microorganism to increase
their pathogenicity [69]. The hydrogen bonds (Thr375, Arg120) formed by oleic acid with
enolase could be involved in strengthening the binding through polar interaction. In
a similar trend, the observed hydrogen bonds (Cys156, His183, Arg239) by linoleic acid
with glyceraldehyde-3-phosphate dehydrogenase are valuable depiction of the extend
this complex could be stabilized. Consequently, the fatty acids of C. sativa seed oil could
potentially be able to exhibit inhibitory property as explored by the good binding affinity
and strong binding interaction (Figure 4, Table 4). Additionally, the inhibitory potential
of the acids and ribonuleoside hydrolase (8QND) is favored with strong hydrophobic
interaction. More so, stearic acid demonstrated three hydrogen bonds with the amino
acid residues in the binding pocket of the protein (Asp D:20). The current molecular
docking study revealed y-Linolenic acid C18:3 possess the highest affinity (—7.4, —5.5,
—5.0, —5.4 kcal/mol) and interacts fairly well with the four Lactobacillus protein targets,
respectively. Thus, the fatty acids were strongly interacting with the amino acids in the
flexible loop of the protein [70]. Overall, the understanding of the binding affinities and
binding interactions of the ligand-protein complexes hypothesized in this study provides
important plausible insights that could be explored for further utilization of the C. sativa
seed oil inhibitory property.

4. Materials and Methods
4.1. Chemicals

The reagents, including ethanol (Cat. no. 34852-1L-M), Folin-Ciocalteu (Cat. no. 47641-
500mL-F), gallic acid, standard (Cat. no. 398225-100G), 1,1-diphenyl-2-picrylhydrazyl
(DPPH) (Cat. no D9132-1G), potassium hydroxide (Cat. no. 221473-500G), potassium
hydrogen sulfate (Cat. no. 223476-500G), and hexane (Cat. no. 139386-2.5L), were ob-
tained from Sigma-Aldrich Chemie GmbH in Munich, Germany. Sodium carbonate (Cat.
no. 11646929), methanol (Cat. no. 12313607), and diethyl ether (Cat. no. 2362-1L) were
sourced from Geyer GmbH in Renningen, Germany. Trolox (Cat. no 218940010) was ob-
tained from Thermo Fisher Scientific, Janssen Pharmaceuticalaan 3a, Geel, 2440 Belgium.
All reagents used for the chemical analysis were of analytical grade. All culture media used
in microbiological analyses were purchased from Oxoid Limited, Thermo Fisher Scientific
Inc. (Waltham, MA, USA).

4.2. Plant Material

The hemp seed varieties examined in this study, Teodora (THSO), Silvana (SHSO), and
Armanca (AHSO), were cultivated at the Lovrin Agricultural Research and Development
Station (coordinates: 45°57'03"” N, 20°46/32" E). The oils were obtained through a cold-press
technique performed at the station’s specialized Laboratory of Genetics and Breeding of
dioecious hemp using a PU10 hydraulic oil press, with a temperature maintained below
50 °C. The oil was then left for 24 h of decantation.

4.3. Quantification of Fatty Acids

Before gas chromatography (GC) analysis, the fatty acids in the oils were converted
into methyl esters (FAMESs) using a 2 M KOH solution in methanol, following the proce-
dure described by Popescu et al. [71]. The oil was mixed with 4 mL of hexane, followed
by the addition of 400 uL of KOH solution. The mixture was vortexed for 5 min. Next,
500 mg of KHSO,4 was added. The organic layers were separated by centrifugation at
3000 rpm for 15 min and then transferred to vials for GC analysis. FAMEs were ana-
lyzed with a Shimadzu GC-MS QP 2010Plus instrument (Shimadzu Corporation, Tokyo,
Japan), which featured a mass spectrometer (MS) detector and an AT-5MS capillary column
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(B0m x 0.32 mm x 0.25 um). The injection volume was set to 1.0 puL, and the injection port
temperature was maintained at 250 °C. The carrier gas, helium, was set to a flow rate of
1.8 mL/min with a split ratio of 1:100. The oven was initially set to 100 °C and held for
2 min, then ramped at 3 °C/min to 150 °C (held 2 min), followed by a ramp of 5 °C/min
to 250 °C and a final ramp of 10 °C/min to 300 °C. The MS parameters included an ion
source temperature of 210 °C and an interface temperature of 255 °C. Identification and
quantification of FAMEs were conducted using the NISTO05 library and the area normaliza-
tion method. The results of the fatty acid (FA) analysis are reported as a percentage of the
total FAMEs.

4.4. The Preparation of Oil Extracts

To prepare the extract, 2.5 g of oil was thoroughly mixed with 5 mL of hexane and
5 mL of an 80% methanol solution. The mixture was then centrifuged at 5000 rpm for
10 min, resulting in the separation of two distinct phases. The lower phase, containing the
phenolic compounds, was collected and stored at 4 °C for further analysis [72].

4.5. Determination of Total Polyphenol Content

The total polyphenol content in three hemp seed oil extracts was evaluated using
the Folin—Ciocalteu assay [73]. 0.5 mL from each extract was mixed with 1.25 mL of
Folin—Ciocalteu reagent, diluted to 1:10 in water. This mixture was allowed to sit at room
temperature for five minutes before the addition of 1 mL of a 60 mg/mL Na,COj3 solution.
Subsequently, each sample was incubated for 30 min at 50 °C in a Memmert INB500 ther-
mostat (Memmert GmbH & Co. KG—Schwabach, Germany). After incubation, absorbance
was measured at 750 nm using a Specord 205 UV-VIS spectrophotometer (Analytik Jena
AG, Jena, Germany). Each sample was analyzed in triplicate, with results expressed as
mean =+ standard deviation in mg GAE/kg. A calibration curve was constructed with gallic
acid as a standard across a range of 0-200 pg/mL (R? = 0.9986).

4.6. DPPH Radical Scavenging Activity Assay

A 0.3 mM solution of 1,1-diphenyl-2-picrylhydrazyl (DPPH) in ethanol was created
to assess antioxidant activity [74]. To this, 1 mL of the oil extract (250 mg/mL) was
added to 2.5 mL of the DPPH solution, and the blend was thoroughly shaken before being
kept in the dark at room temperature for 30 min. After incubation, the absorbance was
measured at 518 nm using a UV-VIS spectrophotometer (Specord 205; Analytik Jena AG,
Jena, Germany) [73]. The control sample was made by substituting the oil extract with
70% ethanol. Each sample was analyzed in triplicate, and the average result was noted.
The antioxidant capacity was quantified as the percentage of radical scavenging activity
(RSA), calculated using the following formula:

RSA (%) = (ACA:“‘S> x 100 (1)
where: A, = absorbance value of the control sample and As = absorbance value of the
extract sample.

Antioxidant activity was reported as uM Trolox equivalents per 100 g by constructing
a DPPH-Trolox calibration (1.0-25 pg mL™1), interpolating Trolox-equivalent (TE) for
samples from the regression, and converting to pM using Trolox’s molar mass and the
sample solution concentration [75].
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4.7. Chlorophyll and Carotenoids Determination

The concentrations of chlorophyll and carotenoids in the hemp seed oil samples were
measured using the procedure described by Izzo [55]. Each oil sample, weighing 0.100 g,
was placed in a centrifuge tube, with the total volume adjusted to 3 mL using absolute
diethyl ether. The mixture was thoroughly vortexed and then subjected to ultrasound
treatment for one minute. Absorbance readings were taken at 470 nm, 640 nm, and 663 nm
using a UV-VIS spectrophotometer (Specord 205; Analytik Jena AG, Jena, Germany), with
the solvent serving as a blank reference. The pigment concentrations (ug/mL) in the oils
were calculated using the appropriate equation.

Chlorophyll a (Chl a) = 9.93 x Agez — 0.78 X Aga (2)
Chlorophyll b (Chl b) =17.60 X A 449 — 2.81 X Aggs 3)
Chlorophylla + b =7.12 x A g3 + 16.80 X Agap 4)

Total carotenoids — 100 x A470 — 0.522><2 6Ch1a —7.25 x Chlb 5)

where: A7) = absorbance readings at 470 nm; Aggo = absorbance readings at 640 nm;
Age3 = absorbance readings at 663 nm.
Pigment content in the oil was expressed as mg of pigment per kg of oil (mg/kg) using
the equation.
cl xV xR

o= SIS ©)

where: c is the amount of pigment in oil (mg/kg), ¢; is the pigment concentration (pg/mL),
V is the initial volume (mL), R is the dilution factor (if applicable), G is the measured mass
of oil (g).

4.8. Evaluation of the In Vitro Probiotic Growth-Promoting Effect

Measurement of O.D. [76] to determine cell density is advantageous over the plate
count method used previously [77] because it is a more rapid and straightforward technique
to determine probiotic-stimulating activity. Preliminary experiments revealed that the O.D.
method yielded consistent results similar to those obtained by the plate count method.

The probiotic growth-promoting activity of the three hemp seed oils (THSO, SHSO,
AHSO) was tested against Lactobacillus rhamnosus GG, L. paracasei ATCC BAA-52, and
L. acidophilus ATCC 4356 at final concentrations ranging from 0.3 to 16 mg/mL. The results
showed clear strain- and dose-dependent effects, with marked differences among the
three oil varieties.

Broth microdilution assays were carried out in sterile 96-well flat-bottom plates (SPL
Life Sciences, Korea). Hemp seed oil (0.3-16 mg/mL), emulsified with 0.1% Tween 80
(CAS 9005-65-6; Merck KGaA, Darmstadt, Germany) in MRS broth (Oxoid, CM0359B), was
mixed with probiotic suspensions (L. rhamnosus GG, L. paracasei ATCC BAA-52, L. acidophilus
ATCC 4356). After incubation at 37 °C for 24 h, bacterial growth was quantified by optical
density measurements at 600 nm using a microplate reader (BIORAD PR 1100, Hercules, CA,
USA). The control wells contained MRS broth supplemented with 0.1% Tween 80, the same
concentration used for oil emulsification. For each oil concentration, sterile media blanks
consisting of MRS broth supplemented with 0.1% (v/v) Tween 80 and the corresponding
oil concentration (without bacterial inoculum) were prepared in parallel to account for
background light scattering from the emulsified oils. The mean ODg value of each blank
was subtracted from the corresponding inoculated sample to obtain the corrected ODgg. All
triplicate ODgq values reported in Supplementary File S3 represent these blank-corrected
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readings, which were subsequently used to calculate %Effect and Potentiation Coefficient
(CP). All statistical analyses were performed using the blank-corrected ODgg data.

Two indices were calculated to evaluate the in vitro probiotic growth-promoting effect:
% Effect versus control and the Potentiation Coefficient (CP). The % Effect versus control
was calculated using the OD measurements with the following Equation (7):

ODsample — ODcontrol
ODcontrol

%Effect = x 100 (7)
The Potentiation Coefficient (CP) was calculated for each concentration according to

the formula:
_ ODsample

CP = ODcontrol

(®)

4.9. Molecular Docking Protocol

The crystal structures of four proteins were retrieved from protein data bank,
www.rcsb.org (accessed on 13 July 2025) (PDB ID: 41A6, 4MKS, 5]9G, 8QND) [78]. The
15 fatty acids identified in the oil were downloaded from https://pubchem.ncbi.nlm.nih.
gov/ (accessed on 14 July 2025) in SDF format [79].

Molecular docking was performed using PyRx-Python Prescription 0.8. The proteins
were prepared as macromolecules and converted to .pdbqt, while the fatty acids were also
prepared for docking and converted to ligands in .pdbqt format. The docking simulations
were carried out on whole proteins. The grid box coordinates were set to cover the entire
protein structures to allow possible binding pose of sites other than the proteins active
site, 4Al6 (center X = —43.2116, Y = 21.1678, Z = —24.2391; size X = 108.2871, Y = 85.1366,
Z = 75.6535), 4MKS (center X = —45.8371, Y = —41.6539, Z = 4.0849, size X = 75.5076,
Y =72.6848, Z = 60.3495), 5]9G (center X = 18.1954, Y = 39.5496, Z = 1.9677; size X = 76.7661,
Y =75.6436, Z = 82.8988) and 8QND (center X = 52.0286, Y = 2.5919, Z = 18.2901; size
X =929826,Y =57.0042, Z = 99.1795). The 3D and 2D binding interaction between the
protein and ligand was visualised in BIOVIA Discovery Studio Visualizer v21.1.0.20298
(BIOVIA, San Diego, CA, USA). The docking exhaustiveness was set at 8.

4.10. Statistical Analysis

Statistical analysis was performed using JASP software (version 0.19.3.0). For chemical
composition, pigment, total phenolic, and antioxidant data, one-way ANOVA followed
by Tukey’s post hoc test was applied to determine significant differences among cultivars,
with the significance level set at p < 0.05. For microbiological growth assays, a two-way
ANOVA was performed to evaluate the effects of oil type and con-centration, as well as their
interaction (oil x concentration) on %Effect and Potentiation Coefficient (CP) values. When
significant effects were observed, pairwise comparisons were conducted using Tukey’s
post hoc test (p < 0.05). The assumptions of normality and homogeneity of variances were
assessed prior to ANOVA using Shapiro-Wilk and Levene’s tests, respectively. When these
assumptions were not met, data were appropriately transformed to improve compliance
before analysis. All assays were conducted in triplicate, and results are expressed as
mean + standard deviation (SD). Statistically significant differences among groups are
indicated by lowercase superscript letters in the tables and figures.

5. Conclusions

This study demonstrated that cold-pressed hemp seed oils from Romanian varieties
are rich in polyunsaturated fatty acids, with favorable PUFA /SFA and w-6/w-3 ratios that
support their role as health-promoting dietary fats. Alongside their fatty acid profile, the
oils contain phenolic compounds, chlorophylls, and carotenoids, which contribute to antiox-
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idant stability and may synergize with PUFAs to enhance biological effects. The probiotic
growth-promoting assays revealed clear strain-dependent responses, with L. acidophilus
showing robust stimulation in contrast to the weaker effects observed in L. rhamnosus
and L. paracasei. These functional outcomes were consistent with molecular docking re-
sults, where y-linolenic and linoleic acids displayed strong binding interactions with key
metabolic enzymes of Lactobacillus, involved in probiotic metabolism, suggesting a bio-
chemical basis for strain-specific benefits. Taken together, the integrated chemical, micro-
biological, and computational analyses provide strong evidence that hemp seed oils may
act as multifunctional nutraceuticals, combining antioxidant potential with proven in vitro
probiotic growth-promoting effects. While the integration of chemical, microbiological, and
computational approaches offers valuable preliminary insights, the study is limited by its
in vitro design and optical-density-based readouts. Future investigations incorporating
metabolite profiling, fermentation end-product analysis, and in vivo validation will be
essential to confirm the functional significance of the observed growth-stimulation effects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants14223465/s1. Supplementary File S1: Chemical composition,
pigment content, total phenolics, antioxidant activity, and statistical analysis. Supplementary File S2:
In-vitro probiotic data and statistical analysis. Supplementary File S3: FAME area tables, TPC DPPH
replicate values, and raw per-well OD.

Author Contributions: Conceptualization, D.F, D.O., A.H., M.AS. and I.P,; methodology, D.E, D.O.,
A.H., M.A.S. and I.P; software, D.F,, D.O., A.H.,, M.A.S. and I.P,; validation, D.F,, D.O., A.H., M.A.S.
and LP; formal analysis, D.F.,, D.O., AH, M.AS,, 1P, AB.,CB, E.A., C.D. and LR,; investigation,
D.F,D.O.,, AH, M.AS, 1P, AB,CB.,EA., C.D.and I.R,; data curation: D.E, D.O., A.H., M.A.S. and
LP; writing—original draft preparation, D.E, D.O., AH, M.AS, LP, AB.,, CB, E.A, CD.and LR;
writing—review and editing, D.F,, D.O., A H., M.A.S,, L.P. and L.R; visualization, D.F,, D.O., A H.,
M.AS, LP,CB., AB., E.A., CD.and LR supervision, D.F, D.O., AH., M.AS,, LP. and LR.; funding
acquisition, I.R. All authors have read and agreed to the published version of the manuscript.

Funding: This study is supported by the University of Life Sciences “King Mihai I” Timisoara.

Data Availability Statement: The analytical datasets supporting this study are archived within the
Interdisciplinary Research Platform of the University of Life Sciences “King Michael I” of Timisoara
(USVT), which issues official analytical bulletins for authorized determinations. To ensure trans-
parency, summarized datasets and statistical outputs are provided as Supplementary File S1-S3.
Additional raw data can be obtained from the corresponding author upon reasonable request.

Acknowledgments: We have carried out this study with the support of the Interdisciplinary Research
Platform be-longing to the King Mihail I University of Life Sciences, Timisoara, where all the analyses
were conducted.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

1. Viéisdnen, T.; Batello, P; Lappalainen, R.; Tomppo, L. Modification of Hemp Fibers (Cannabis sativa L.) for Composite Applications.
Ind. Crops Prod. 2018, 111, 422-429. [CrossRef]

2. Iftikhar, A.; Zafar, U.; Ahmed, W.; Shabbir, M.A.; Sameen, A.; Sahar, A.; Bhat, Z.F.; Kowalczewski, PL.; Jarzebski, M.; Aadil, R M.
Applications of Cannabis sativa L. in Food and Its Therapeutic Potential: From a Prohibited Drug to a Nutritional Supplement.
Molecules 2021, 26, 7699. [CrossRef] [PubMed]

3. Mnekin, L.; Ripoll, L. Topical Use of Cannabis sativa L. Biochemicals. Cosmetics 2021, 8, 85. [CrossRef]

4. Enarevba, D.R;; Haapala, K.R. The Emerging Hemp Industry: A Review of Industrial Hemp Materials and Product Manufacturing.
AgriEngineering 2024, 6, 2891-2925. [CrossRef]

5. Rupasinghe, H.P.V,; Davis, A.; Kumar, S.K.; Murray, B.; Zheljazkov, V.D. Industrial Hemp (Cannabis sativa subsp. Sativa) as an

Emerging Source for Value-Added Functional Food Ingredients and Nutraceuticals. Molecules 2020, 25, 4078. [CrossRef]


https://www.mdpi.com/article/10.3390/plants14223465/s1
https://www.mdpi.com/article/10.3390/plants14223465/s1
https://doi.org/10.1016/j.indcrop.2017.10.049
https://doi.org/10.3390/molecules26247699
https://www.ncbi.nlm.nih.gov/pubmed/34946779
https://doi.org/10.3390/cosmetics8030085
https://doi.org/10.3390/agriengineering6030167
https://doi.org/10.3390/molecules25184078

Plants 2025, 14, 3465 19 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Rehman, M.; Fahad, S.; Du, G.; Cheng, X,; Yang, Y,; Tang, K; Liu, L.; Liu, E-H.; Deng, G. Evaluation of Hemp (Cannabis sativa L.)
as an Industrial Crop: A Review. Environ. Sci. Pollut. Res. 2021, 28, 52832-52843. [CrossRef]

Callaway, J.C. Hempseed as a Nutritional Resource: An Overview. Euphytica 2004, 140, 65-72. [CrossRef]

Farinon, B.; Molinari, R.; Costantini, L.; Merendino, N. The Seed of Industrial Hemp (Cannabis sativa L.): Nutritional Quality and
Potential Functionality for Human Health and Nutrition. Nutrients 2020, 12, 1935. [CrossRef]

EFSA Panel on Dietetic Products, Nutrition, and Allergies (NDA). Scientific Opinion on Dietary Reference Values for Fats,
Including Saturated Fatty Acids, Polyunsaturated Fatty Acids, Monounsaturated Fatty Acids, Trans Fatty Acids, and Cholesterol.
EFSA J. 2010, 8, 1461. [CrossRef]

Occhiuto, C.; Aliberto, G.; Ingegneri, M.; Trombetta, D.; Circosta, C.; Smeriglio, A. Comparative Evaluation of the Nutrients,
Phytochemicals, and Antioxidant Activity of Two Hempseed Oils and Their Byproducts after Cold Pressing. Molecules 2022,
27,3431. [CrossRef] [PubMed]

Golimowski, W.; Teleszko, M.; Marcinkowski, D.; Kmiecik, D.; Grygier, A.; Kwasnica, A. Quality of Oil Pressed from Hemp Seed
Varieties: ‘Earlina 8FC’, ‘Secuieni Jubileu” and ‘Finola’. Molecules 2022, 27, 3171. [CrossRef]

Pefna-Véazquez, G.I.; Serrano-Sandoval, S.N.; Rodriguez-Rodriguez, J.; Antunes-Ricardo, M.; Guajardo-Flores, D. Anti-
Inflammatory and Antioxidant Activity of Functional Lipids Extracted through Sustainable Technologies from Mexican Opuntia
Ficus-Indica Seeds. Food Chem. 2025, 467, 142258. [CrossRef] [PubMed]

Yang, Z.-H.; Nill, K.; Takechi-Haraya, Y.; Playford, M.P.; Nguyen, D.; Yu, Z.-X; Pryor, M.; Tang, J.; Rojulpote, K.V.; Mehta, N.N.;
et al. Differential Effect of Dietary Supplementation with a Soybean Oil Enriched in Oleic Acid versus Linoleic Acid on Plasma
Lipids and Atherosclerosis in LDLR-Deficient Mice. Int. |. Mol. Sci. 2022, 23, 8385. [CrossRef]

Gongalves, M.; Vale, N.; Silva, P. Neuroprotective Effects of Olive Oil: A Comprehensive Review of Antioxidant Properties.
Antioxidants 2024, 13, 762. [CrossRef] [PubMed]

Carrillo, C.; Cavia, M.D.M.; Alonso-Torre, S.R. Antitumor Effect of Oleic Acid; Mechanisms of Action: A Review. Nutr. Hosp.
2012, 27, 1860-1865. [CrossRef]

Santa-Maria, C.; Lopez-Enriquez, S.; Montserrat-de La Paz, S.; Geniz, I.; Reyes-Quiroz, M.E.; Moreno, M.; Palomares, F.; Sobrino, E;
Alba, G. Update on Anti-Inflammatory Molecular Mechanisms Induced by Oleic Acid. Nutrients 2023, 15, 224. [CrossRef]
Smeriglio, A.; Galati, E.M.; Monforte, M.T.; Lanuzza, E.; D’ Angelo, V.; Circosta, C. Polyphenolic Compounds and Antioxidant
Activity of Cold--Pressed Seed Oil from Finola Cultivar of Cannabis sativa L. Phytother. Res. 2016, 30, 1298-1307. [CrossRef]
Mygdalia, A.; Panoras, I.; Vazanelli, E.; Tsaliki, E. Nutritional and Industrial Insights into Hemp Seed Oil: A Value-Added Product
of Cannabis sativa L. Seeds 2025, 4, 5. [CrossRef]

Cocan, I; Negrea, M.; Cozma, A.; Alexa, E.; Poiana, M.-A.; Raba, D.; Danciu, C.; Popescu, I.; Cadariu, A.I; Obistioiu, D.; et al.
Chili and Sweet Pepper Seed Oil Used as a Natural Antioxidant to Improve the Thermo-Oxidative Stability of Sunflower Oil.
Agronomy 2021, 11, 2579. [CrossRef]

Adouane, M.; Kadri, N.; Benzitoune, N.; Lakhdari, C.; Djellal, S.; Ousmer, L.; Kernou, O.-N.; Remini, H.; Dahmoune, F.; Madani, K.
The Optimization of Antioxidant and Anti-Inflammatory Activities of Carotenoids, Total Polyphenols, and Indole Alkaloids from
Coral Astroides Calycularis and Their Interactions Using Simplex-Centroid Designs. Chem. Pap. 2024, 78, 7905-7925. [CrossRef]
Santacroce, L.; Bottalico, L.; Charitos, I.A.; Castellaneta, F.; Gaxhja, E.; Topi, S.; Palmirotta, R.; Jirillo, E. Exploitation of Natural By-
Products for the Promotion of Healthy Outcomes in Humans: Special Focus on Antioxidant and Anti-Inflammatory Mechanisms
and Modulation of the Gut Microbiota. Antioxidants 2024, 13, 796. [CrossRef]

Tura, M.; Mandrioli, M.; Valli, E.; Gallina Toschi, T. Quality Indexes and Composition of 13 Commercial Hemp Seed Oils. . Food
Compos. Anal. 2023,117,105112. [CrossRef]

Nissen, L.; Casciano, F; Babini, E.; Gianotti, A. Beneficial Metabolic Transformations and Prebiotic Potential of Hemp Bran and Its
Alcalase Hydrolysate, After Colonic Fermentation in a Gut Model. Sci. Rep. 2023, 13, 1552. [CrossRef]

Ben Necib, R.; Manca, C.; Lacroix, S.; Martin, C.; Flamand, N.; Di Marzo, V.; Silvestri, C. Hemp Seed Significantly Modulates
the Endocannabinoidome and Produces Beneficial Metabolic Effects with Improved Intestinal Barrier Function and Decreased
Inflammation in Mice Under a High-Fat, High-Sucrose Diet as Compared with Linseed. Front. Immunol. 2022, 13, 882455.
[CrossRef]

Vispute, M.M.; Sharma, D.; Mandal, A.B.; Rokade, J.J.; Tyagi, PK.; Yadav, A.S. Effect of Dietary Supplementation of Hemp
(Cannabis sativa) and Dill Seed (Anethum graveolens) on Performance, Serum Biochemicals and Gut Health of Broiler Chickens.
J. Anim. Physiol. Anim. Nutr. 2019, 103, 525-533. [CrossRef]

Yadav, S.; Jha, R. Strategies to Modulate the Intestinal Microbiota and Their Effects on Nutrient Utilization, Performance, and
Health of Poultry. J. Anim. Sci. Biotechnol. 2019, 10, 2. [CrossRef]

Winders, T.M.; Holman, D.B.; Schmidt, K.N.; Luecke, S.M.; Smith, D.]J.; Neville, B.W.; Dahlen, C.R.; Swanson, K.C.; Amat, S.
Feeding Hempseed Cake Alters the Bovine Gut, Respiratory and Reproductive Microbiota. Sci. Rep. 2023, 13, 8121. [CrossRef]


https://doi.org/10.1007/s11356-021-16264-5
https://doi.org/10.1007/s10681-004-4811-6
https://doi.org/10.3390/nu12071935
https://doi.org/10.2903/j.efsa.2010.1461
https://doi.org/10.3390/molecules27113431
https://www.ncbi.nlm.nih.gov/pubmed/35684369
https://doi.org/10.3390/molecules27103171
https://doi.org/10.1016/j.foodchem.2024.142258
https://www.ncbi.nlm.nih.gov/pubmed/39637671
https://doi.org/10.3390/ijms23158385
https://doi.org/10.3390/antiox13070762
https://www.ncbi.nlm.nih.gov/pubmed/39061831
https://doi.org/10.3305/nh.2012.27.6.6010
https://doi.org/10.3390/nu15010224
https://doi.org/10.1002/ptr.5623
https://doi.org/10.3390/seeds4010005
https://doi.org/10.3390/agronomy11122579
https://doi.org/10.1007/s11696-024-03643-8
https://doi.org/10.3390/antiox13070796
https://doi.org/10.1016/j.jfca.2022.105112
https://doi.org/10.1038/s41598-023-27726-w
https://doi.org/10.3389/fimmu.2022.882455
https://doi.org/10.1111/jpn.13052
https://doi.org/10.1186/s40104-018-0310-9
https://doi.org/10.1038/s41598-023-35241-1

Plants 2025, 14, 3465 20 of 22

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Kamle, M.; Mahato, D.K.; Sharma, B.; Gupta, A.; Shah, A.K.; Mahmud, M.M.C.; Agrawal, S.; Singh, J.; Rasane, P.; Shukla, A.C,;
et al. Nutraceutical Potential, Phytochemistry of Hemp Seed (Cannabis sativa L.) and Its Application in Food and Feed: A Review.
Food Chem. Adv. 2024, 4, 100671. [CrossRef]

Ramos-Sanchez, R.; Hayward, N.J.; Henderson, D.; Duncan, G.J.; Russell, W.R.; Duncan, S.H.; Neacsu, M. Hemp Seed-Based Foods
and Processing By-Products Are Sustainable Rich Sources of Nutrients and Plant Metabolites Supporting Dietary Biodiversity,
Health, and Nutritional Needs. Foods 2025, 14, 875. [CrossRef]

Zou, B.; Zhao, D.; Zhou, S.; Kang, ].X.; Wang, B. Insight into the Effects of Omega-3 Fatty Acids on Gut Microbiota: Impact of a
Balanced Tissue Omega-6/Omega-3 Ratio. Front. Nutr. 2025, 12, 1575323. [CrossRef]

Simopoulos, A.P. The Importance of the Ratio of Omega-6/Omega-3 Essential Fatty Acids. Biomed. Pharmacother. 2002, 56,
365-379. [CrossRef] [PubMed]

Horablaga, N.M.; Cozma, A.; Alexa, E.; Obistioiu, D.; Cocan, I.; Poiana, M.-A.; Lalescu, D.; Pop, G.; Imbrea, I.M.; Buzna, C.
Influence of Sample Preparation/Extraction Method on the Phytochemical Profile and Antimicrobial Activities of 12 Commonly
Consumed Medicinal Plants in Romania. Appl. Sci. 2023, 13, 2530. [CrossRef]

Aladi¢, K.; Jarni, K.; Barbir, T.; Vidovi¢, S.; Vladi¢, J.; Bili¢, M.; Joki¢, S. Supercritical CO2 Extraction of Hemp (Cannabis sativa L.)
Seed Oil. Ind. Crops Prod. 2015, 76, 472-478. [CrossRef]

Teh, S.-S.; Birch, EJ. Effect of Ultrasonic Treatment on the Polyphenol Content and Antioxidant Capacity of Extract from Defatted
Hemp, Flax and Canola Seed Cakes. Ultrason. Sonochem. 2014, 21, 346-353. [CrossRef]

Allay, A.; Benkirane, C.; Moumen, A.B.; Rbah, Y.; Fauconnier, M.-L.; Caid, H.S.; Elamrani, A.; Mansouri, F. Microwave-Assisted
Extraction of Hemp Seed Oil: Process Optimization for Enhancing Oil Yield and Bioactive Compound Extractability. Int. |. Food
Sci. 2025, 2025, 7381308. [CrossRef]

Durazzo, A.; Fawzy Ramadan, M.; Lucarini, M. Editorial: Cold Pressed Oils: A Green Source of Specialty Oils. Front. Nutr. 2022,
8, 836651. [CrossRef] [PubMed]

Stanzione, F; Giangreco, I.; Cole, J.C. Use of Molecular Docking Computational Tools in Drug Discovery. Prog. Med. Chem. 2021,
60, 273-343. [CrossRef] [PubMed]

Obistioiu, D.; Hulea, A.; Cocan, I.; Alexa, E.; Negrea, M.; Popescu, 1.; Herman, V.; Imbrea, ILM.; Heghedus-Mindru, G;
Suleiman, M.A; et al. Boswellia Essential Oil: Natural Antioxidant as an Effective Antimicrobial and Anti-Inflammatory Agent.
Antioxidants 2023, 12, 1807. [CrossRef]

Thuy, T.T.D.; Lu, H.-F; Bregente, C.].B.; Huang, E-C.A.; Tu, P-C.; Kao, C.-Y. Characterization of the Broad-Spectrum Antibacterial
Activity of Bacteriocin-like Inhibitory Substance-Producing Probiotics Isolated from Fermented Foods. BMC Microbiol. 2024,
24, 85. [CrossRef]

Majumdar, G.; Mandal, S. Exploring the Inhibitory Role of Persicaria Hydropiper Bioactive Compounds against 2KID Protein
Associated with Staphylococcus Aureus Biofilm Formation: Molecular Docking and Pharmacological Property Analysis. Res. J.
Pharm. Technol. 2023, 16, 3189-3194. [CrossRef]

Mendoza-Pérez, R.]J.; Nathia-Neves, G.; Blanco, B.; Vela, A.J.; Caballero, P.A.; Ronda, F. Physicochemical Characterisation of Seeds,
Oil and Defatted Cake of Three Hempseed Varieties Cultivated in Spain. Foods 2024, 13, 531. [CrossRef]

Alonso-Esteban, ].I.; Gonzélez-Fernandez, M.].; Fabrikov, D.; Torija-Isasa, E.; Sdnchez-Mata, M.D.C.; Guil-Guerrero, ].L. Hemp
(Cannabis sativa L.) Varieties: Fatty Acid Profiles and Upgrading of y-Linolenic Acid—Containing Hemp Seed Oils. Eur. |. Lipid Sci.
Technol. 2020, 122, 1900445. [CrossRef]

Golimowski, W.; Teleszko, M.; Zajac, A.; Kmiecik, D.; Grygier, A. Effect of the Bleaching Process on Changes in the Fatty Acid
Profile of Raw Hemp Seed Oil (Cannabis sativa). Molecules 2023, 28, 769. [CrossRef]

Floares (Oarga), D.; Obistioiu, D.; Hulea, A.; Suleiman, M. A ; Popescu, I.; Berbecea, A.; Samfira, I.; Radulov, I. Antimicrobial and
Antioxidant Properties of Sambucus nigra L. (Elderflower) Oil: A Molecular Docking and Biochemical Study. Agronomy 2025,
15, 310. [CrossRef]

Chen, J.; Liu, H. Nutritional Indices for Assessing Fatty Acids: A Mini-Review. Int. J. Mol. Sci. 2020, 21, 5695. [CrossRef]

Siano, E; Moccia, S.; Picariello, G.; Russo, G.L.; Sorrentino, G.; Di Stasio, M.; La Cara, E; Volpe, M.G. Comparative Study of
Chemical, Biochemical Characteristic and ATR-FTIR Analysis of Seeds, Oil and Flour of the Edible Fedora Cultivar Hemp
(Cannabis sativa L.). Molecules 2018, 24, 83. [CrossRef]

Rosso, E.; Armone, R.; Costale, A.; Meineri, G.; Chiofalo, B. Hemp Seed (Cannabis sativa L.) Varieties: Lipids Profile and
Antioxidant Capacity for Monogastric Nutrition. Animals 2024, 14, 2699. [CrossRef]

Islam, M.; Rajagukguk, Y.V; Siger, A.; Tomaszewska-Gras, J. Assessment of Hemp Seed Oil Quality Pressed from Fresh and
Stored Seeds of Henola Cultivar Using Differential Scanning Calorimetry. Foods 2022, 12, 135. [CrossRef] [PubMed]

Zhang, Y.; Xiao, H.; Lv, X.; Wang, D.; Chen, H.; Wei, F. Comprehensive Review of Composition Distribution and Advances in
Profiling of Phenolic Compounds in Oilseeds. Front. Nutr. 2022, 9, 1044871. [CrossRef] [PubMed]

Siger, A.; Nogala-Kalucka, M.; Lampart-Szczapa, E. The content and antioxidant activity of phenolic compounds in cold-pressed
plant oils. J. Food Lipids 2008, 15, 137-149. [CrossRef]


https://doi.org/10.1016/j.focha.2024.100671
https://doi.org/10.3390/foods14050875
https://doi.org/10.3389/fnut.2025.1575323
https://doi.org/10.1016/S0753-3322(02)00253-6
https://www.ncbi.nlm.nih.gov/pubmed/12442909
https://doi.org/10.3390/app13042530
https://doi.org/10.1016/j.indcrop.2015.07.016
https://doi.org/10.1016/j.ultsonch.2013.08.002
https://doi.org/10.1155/ijfo/7381308
https://doi.org/10.3389/fnut.2021.836651
https://www.ncbi.nlm.nih.gov/pubmed/35223938
https://doi.org/10.1016/bs.pmch.2021.01.004
https://www.ncbi.nlm.nih.gov/pubmed/34147204
https://doi.org/10.3390/antiox12101807
https://doi.org/10.1186/s12866-024-03245-0
https://doi.org/10.52711/0974-360X.2023.00524
https://doi.org/10.3390/foods13040531
https://doi.org/10.1002/ejlt.201900445
https://doi.org/10.3390/molecules28020769
https://doi.org/10.3390/agronomy15020310
https://doi.org/10.3390/ijms21165695
https://doi.org/10.3390/molecules24010083
https://doi.org/10.3390/ani14182699
https://doi.org/10.3390/foods12010135
https://www.ncbi.nlm.nih.gov/pubmed/36613351
https://doi.org/10.3389/fnut.2022.1044871
https://www.ncbi.nlm.nih.gov/pubmed/36386934
https://doi.org/10.1111/j.1745-4522.2007.00107.x

Plants 2025, 14, 3465 21 of 22

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Kalinowska, M.; Ptoriska, A.; Trusiak, M.; Golebiewska, E.; Gorlewska-Pietluszenko, A. Comparing the Extraction Methods,
Chemical Composition, Phenolic Contents and Antioxidant Activity of Edible Oils from Cannabis sativa and Silybum marianu
Seeds. Sci. Rep. 2022, 12, 20609. [CrossRef]

Muangrat, R.; Kaikonjanat, A. Comparative Evaluation of Hemp Seed Oil Yield and Physicochemical Properties Using Supercriti-
cal CO;y, Accelerated Hexane, and Screw Press Extraction Techniques. J. Agric. Food Res. 2025, 19, 101618. [CrossRef]

Mansouri, F; Allay, A.; Moumen, A.B.; Benkirane, C.; Taaifi, Y.; Belhaj, K.; Addi, M.; Hano, C.; Fauconnier, M.-L.; Caid, H.S.; et al.
Laboratory-Scale Optimization of Hemp Seed Roasting Temperature and Time for Producing a High-Quality Pressed Oil. J. Food
Process. Preserv. 2023, 2023, 8261279. [CrossRef]

Yu, L.L.; Zhou, K.K; Parry, ]. Antioxidant Properties of Cold-Pressed Black Caraway, Carrot, Cranberry, and Hemp Seed Oils.
Food Chem. 2005, 91, 723-729. [CrossRef]

Izzo, L.; Pacifico, S.; Piccolella, S.; Castaldo, L.; Narvaez, A.; Grosso, M.; Ritieni, A. Chemical Analysis of Minor Bioactive
Components and Cannabidiolic Acid in Commercial Hemp Seed Oil. Molecules 2020, 25, 3710. [CrossRef]

Michalak, M.; Bloriska-Sikora, E.; Dobros, N.; Spatek, O.; Zielifiska, A.; Paradowska, K. Bioactive Compounds, Antioxidant
Properties, and Cosmetic Applications of Selected Cold-Pressed Plant Oils from Seeds. Cosmetics 2024, 11, 153. [CrossRef]
Ferfuia, C.; Zuliani, F.; Piani, B.; Costa, L.D.; Corazzin, M.; Turi, M.; Baldini, M. Bleaching Techniques Impact on Some Quality
Parameters in Two Different Cold-pressed Oils Obtained at Farm Scale. J. Food Process Eng. 2023, 46, €14357. [CrossRef]
Sokota-Wysoczanska, E.; Wysoczaniski, T.; Wagner, J.; Czyz, K.; Bodkowski, R.; Lochynski, S.; Patkowska-Sokota, B. Polyunsatu-
rated Fatty Acids and Their Potential Therapeutic Role in Cardiovascular System Disorders—A Review. Nutrients 2018, 10, 1561.
[CrossRef] [PubMed]

Cerino, P,; Buonerba, C.; Cannazza, G.; D’Auria, J.; Ottoni, E.; Fulgione, A.; Di Stasio, A.; Pierri, B.; Gallo, A. A Review of Hemp
as Food and Nutritional Supplement. Cannabis Cannabinoid Res. 2021, 6, 19-27. [CrossRef]

Leonard, W.; Zhang, P,; Ying, D.; Fang, Z. Hempseed in Food Industry: Nutritional Value, Health Benefits, and Industrial
Applications. Compr. Rev. Food Sci. Food Saf. 2020, 19, 282-308. [CrossRef]

Durack, J.; Lynch, S.V. The Gut Microbiome: Relationships with Disease and Opportunities for Therapy. J. Exp. Med. 2019, 216,
20-40. [CrossRef]

Pires, L.; Gonzélez-Paramds, A.M.; Heleno, S.A.; Calhelha, R.C. The Role of Gut Microbiota in the Etiopathogenesis of Multiple
Chronic Diseases. Antibiotics 2024, 13, 392. [CrossRef]

Navarro-Garcia, F.; Sdnchez, M.; Nombela, C.; Pla, J. Virulence Genes in the Pathogenic Yeast Candida albicans. FEMS Microbiol.
Rev. 2001, 25, 245-268. [CrossRef] [PubMed]

Kankaanpad, P.; Yang, B.; Kallio, H.; Isolauri, E.; Salminen, S. Effects of Polyunsaturated Fatty Acids in Growth Medium on Lipid
Composition and on Physicochemical Surface Properties of Lactobacilli. Appl. Environ. Microbiol. 2004, 70, 129-136. [CrossRef]
[PubMed]

Siroli, L.; Braschi, G.; Rossi, S.; Gottardi, D.; Patrignani, F; Lanciotti, R. Lactobacillus Paracasei A13 and High-Pressure
Homogenization Stress Response. Microorganisms 2020, 8, 439. [CrossRef] [PubMed]

Wu, J.; Li, Y; Cai, Z,; Jin, Y. Pyruvate-Associated Acid Resistance in Bacteria. Appl. Environ. Microbiol. 2014, 80, 4108-4113.
[CrossRef]

Kuhl, G.C.; Mazzon, R.R.; Simas Porto, B.L.; Zamboni Madaloz, T.; Razzera, G.; Patricio, D.D.O.; Linehan, K.; Ahern, G.;
Mathur, H.; Ross, P; et al. Oleate Hydratase in Lactobacillus delbrueckii subsp. Bulgaricus LBP UFSC 2230 Catalyzes the Reversible
Conversion between Linoleic Acid and Ricinoleic Acid. Microbiol. Spectr. 2021, 9, e01179-21. [CrossRef]

Khoshnevis, S.; Neumann, P; Ficner, R. Hydratase from Lactobacillus Acidophilus in a Ligand Bound Form (LA LAH): 4ia6.
RCSB PDB 2013. [CrossRef]

Hurmalainen, V.; Edelman, S.; Antikainen, J.; Baumann, M.; Lahteenmiki, K.; Korhonen, T.K. Extracellular Proteins of Lactobacillus
crispatus Enhance Activation of Human Plasminogen. Microbiology 2007, 153, 1112-1122. [CrossRef]

Shaposhnikov, L.A.; Chikurova, N.Y.; Atroshenko, D.L.; Savin, S.S.; Kleymenov, S.Y.; Chernobrovkina, A.V.; Pometun, E.V,;
Minyaev, M.E.; Matyuta, 1.O.; Hushpulian, D.M.; et al. Structure-Functional Examination of Novel Ribonucleoside Hydrolase C
(RihC) from Limosilactobacillus reuteri LR1. Int. ]. Mol. Sci. 2023, 25, 538. [CrossRef] [PubMed]

Popescu, I.; Okros, A.; Nita, S.; Alexa, E. Evaluation of the Oils Stability Obtained by Cultivatingsome Sunflower Hybrids High
Oleic High Stearic (Hohs) in the Western Region of Romania. In Proceedings of the International Multidisciplinary Scientific
GeoConference: SGEM, Vienna, Austria, 15 December 2023; pp. 201-206.

Sebii, H.; Karra, S.; Ghribi, A.M.; Danthine, S.; Blecker, C.; Attia, H.; Besbes, S. Moringa, Milk Thistle, and Jujube Seed Cold-Pressed
Oils: Characteristic Profiles, Thermal Properties, and Oxidative Stability. Foods 2024, 13, 1402. [CrossRef]

Floares Oarga, D.; Berbecea, A.; Obistioiu, D.; Hulea, A.; Hotea, I.; Buzna, C.; Sabo, L.A.; Panda, A.O.; Radulov, I. Nutritional
Profile and Antioxidant Properties of Hemp (Cannabis sativa L.) Seed from Romania. Appl. Sci. 2025, 15, 2178. [CrossRef]


https://doi.org/10.1038/s41598-022-25030-7
https://doi.org/10.1016/j.jafr.2024.101618
https://doi.org/10.1155/2023/8261279
https://doi.org/10.1016/j.foodchem.2004.06.044
https://doi.org/10.3390/molecules25163710
https://doi.org/10.3390/cosmetics11050153
https://doi.org/10.1111/jfpe.14357
https://doi.org/10.3390/nu10101561
https://www.ncbi.nlm.nih.gov/pubmed/30347877
https://doi.org/10.1089/can.2020.0001
https://doi.org/10.1111/1541-4337.12517
https://doi.org/10.1084/jem.20180448
https://doi.org/10.3390/antibiotics13050392
https://doi.org/10.1111/j.1574-6976.2001.tb00577.x
https://www.ncbi.nlm.nih.gov/pubmed/11250036
https://doi.org/10.1128/AEM.70.1.129-136.2004
https://www.ncbi.nlm.nih.gov/pubmed/14711634
https://doi.org/10.3390/microorganisms8030439
https://www.ncbi.nlm.nih.gov/pubmed/32244939
https://doi.org/10.1128/AEM.01001-14
https://doi.org/10.1128/Spectrum.01179-21
https://doi.org/10.2210/pdb4IA6/pdb
https://doi.org/10.1099/mic.0.2006/000901-0
https://doi.org/10.3390/ijms25010538
https://www.ncbi.nlm.nih.gov/pubmed/38203708
https://doi.org/10.3390/foods13091402
https://doi.org/10.3390/app15042178

Plants 2025, 14, 3465 22 of 22

74.

75.

76.

77.
78.
79.

Balasoiu (Jigau), R.A.C.; Obistioiu, D.; Hulea, A.; Suleiman, M.A.; Popescu, I.; Floares (Oarga), D.; Imbrea, LM.; Neacsu, A.-G.;
Smuleac, L.; Pascalau, R; et al. Analysing the Antibacterial Synergistic Interactions of Romanian Lavender Essential Oils via Gas
Chromatography—Mass Spectrometry: In Vitro and In Silico Approaches. Plants 2024, 13, 2136. [CrossRef]

Poiana, M.-A.; Alexa, E.; Radulov, I.; Raba, D.-N.; Cocan, I.; Negrea, M.; Misca, C.D.; Dragomir, C.; Dossa, S.; Suster, G. Strategies
to Formulate Value-Added Pastry Products from Composite Flours Based on Spelt Flour and Grape Pomace Powder. Foods 2023,
12,3239. [CrossRef]

Patruica, S.; Adeiza, S.M.; Hulea, A.; Alexa, E.; Cocan, I.; Moraru, D.; Imbrea, 1.; Floares, D.; Pet, I.; Imbrea, E,; et al. Romanian
Bee Product Analysis: Chemical Composition, Antimicrobial Activity, and Molecular Docking Insights. Foods 2024, 13, 1455.
[CrossRef] [PubMed]

Huebner, J.; Wehling, R.L.; Hutkins, R.W. Functional Activity of Commercial Prebiotics. Int. Dairy . 2007, 17, 770-775. [CrossRef]
Available online: https://www.rcsb.org/ (accessed on 13 July 2025).

Available online: https://pubchem.ncbi.nlm.nih.gov/ (accessed on 14 July 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/plants13152136
https://doi.org/10.3390/foods12173239
https://doi.org/10.3390/foods13101455
https://www.ncbi.nlm.nih.gov/pubmed/38790755
https://doi.org/10.1016/j.idairyj.2006.10.006
https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/

	Introduction 
	Results 
	Quantification of Fatty Acids 
	Total Phenolic Content and DPPH Scavenging Activity 
	Total Chlorophylls and Carotenoids Content of Hemp Seed Oil 
	Evaluation of the In Vitro Probiotic Growth-Promoting Effect 
	Molecular Docking Results 

	Discussion 
	Materials and Methods 
	Chemicals 
	Plant Material 
	Quantification of Fatty Acids 
	The Preparation of Oil Extracts 
	Determination of Total Polyphenol Content 
	DPPH Radical Scavenging Activity Assay 
	Chlorophyll and Carotenoids Determination 
	Evaluation of the In Vitro Probiotic Growth-Promoting Effect 
	Molecular Docking Protocol 
	Statistical Analysis 

	Conclusions 
	References

